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Abstract

Compressed air generation systems are a necessary facility for most enterprises; they also belong to the most
energy-consuming equipment category. Study of transients of these systems' operation is a prerequiste for creating
new, more efficient algorithms of multi-compressor control systems. The paper presents the results of devel opment
and research of the operation algorithms of multi-compressor control systems. It is proposed that major solutions for
the sart/shutdown of specific compressors and changing their productivity should be implemented on a
programmable logic controller that will function as the master for the local controllers of the individua compressors.
A high-speed flow meter based on the differential pressure method for measuring the air flow-rate has been
developed and implemented. The flow meter provides an auxiliary informative signal.

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

1. Introduction

Compressed air is an important source of energy in modern production environments. It is used for driving into
action various pneumatic actuating mechanisms such as pneumatic cylinders, isolation and control valves and gates,
vibrators, etc. The advantages that such mechanisms offer are the high speed and strong force combined with the
small size and simple structure. They are suitable for use in explosive environments. Compressed air isalso used asa
reactant in technological oxidation, fractionation, cooling, filtering, blowing, drying and aeration. Table 1[1] presents
the list of the main industries that widely use compressed air.

In general, each of the production processes listed in Table 1 uses at least two medium-power air compressors
(from 30 to 600 kW [7, 8]) or more. As the production capacity rises, the need for compressed air grows, which
resultsin the increasing number of compressor systems. When two or more compressors are used, the system is called
amulti-compressor system [3].

The process of such reconstruction can be quite lengthy, and as a result of the production modernization, the
compressor equipment may consequently consist of units differing in power, production date and manufacturer. This
isnot a mgjor drawback, as the productivity of such multi-compressor systems resulting from the production increase
should be able to change in a flexible way depending on the air consumption, the number of pieces of technological
equipment used and its productivity. However, an important task that arises is an effective control of such a multi
compressor system, which consists in minimizing the energy losses and reducing the number of turn ons and offs of
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specific compressor units. The loss of control of a multi-compressor system is referred to as control gap, and it is
discussed in [3].

Table 1. Industries using the compressed air.

Clothing industry

Conveying, clamping, tool powering, controlsand actuators, automated equi pment

Automotive industry

Tool powering, stamping, control and actuators, forming, conveying

Chemicals

Conveying, controls and actuators

Food production

Dehydration, bottling, controlsand actuators, conveying, spraying coatings, cleaning, vacuum packing

Furniture

Air piston powering, tool powering, clamping, spraying, controls and actuators

General Manufacturing

Clamping, stamping, tool powering and cleaning, control and actuators

Lumber and Wood

Sawing, hoisting, clamping, pressure treatment, controls and actuators

Metals Fabrication

Assembly station powering, tool powering, controls and actuators, injection molding, spraying

Petroleum Process gas compressing, controlsand actuators
Primary Metals Vacuum melting, controls and actuators, hoisting
Pulp and Paper Conveying, controls and actuators

Rubber and Plastics

Tool powering, clamping, controlsand actuators, forming, mold press powering, injection molding

Stone, Clay and Glass

Conveying, blending, mixing, controlsand actuators, glass blowing and molding, cooling

Textiles Agitating liquids, clamping, conveying, automated equipment, controls and actuators, loom jet weaving,
spinning, texturizing

According to [10], the energy costs make up morethan 75 % of the life-cycle costs of an air compressor (Fig. 1).

Fig. 1. Life-cycle cost structure for an air compressor.

For energy-efficient operation of air compressors, a variety of methods of control and organization of their operation
can be used, and one of the mogt effective is maintaining the compressed air pressure in the system at a level dightly
exceaeding a st-point value [7,11]. However, this method of multi-compressor system control requires an accurate
regulation of the pressure and smooth switching of the compressorsin order to reduce pressure swingsin the system.

Today, enterprises mostly use rotary screw compressors [7, 8], lubricant-injected or Iubricant-free (when the
compressed air is used in direct contact with a product). These compressors are often equipped with frequency
converters for a smooth regulation of productivity. Frequency converters in air multi-compressor systems not only
provide for increasing the energy efficiency, but they also meet the need for a smooth regulation of productivity with
minimum swings of the compressed air pressure in the system.
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2. General characterigtic of the variable load of compressed air consumption

When compressed air is used in a production environment for cooling, at product discharge or at selection of
large-volume buffer capacity, the instantaneous compressed air flow surges. Such processes in a large production
environment can be concurrent or occur separately, but the multi-compressor system is supposed to be responsive to
the change of pressure and flow-rate in the system and maintain the compressed air pressure within the set range.
Therefore, such systems are assigned to variable [oad systems, in which compressed air flow-rate can double in a few
seconds; the increase in this value can be even more drastic. For instance, Fig. 2 presentsthe historical trend of the air
demand variation in a brewery environment.

Fig. 2. Historical trend of the air flow-rate variation at Carlsberg Ukraine PJSC, Lviv Brewery.

To ensure energy-efficient operation of air compressors, it is recommended that the main master controller
should be used in multi-compressor systems for selecting and turning on/off compressors with needed productivity in
order to ensure a stable value of the compressed air pressurein case of a drastic change of the flow-rate [7,11].

Modern industry widdy uses programmable logic controllers, which make it possible to input informative
signals from pressure, temperature and flow sensors. Data is collected in one place and then transferred to the high-
level control. Programmable logic controllers support different data transfer protocols, which is convenient for
building afieldbus.

Therefore, the formulation of principles and algorithms of specific compressors' control in a multi-compressor
system is of topical importance.

3. Building control systemsfor fixed-speed compressor systems

Modern compressors are equipped with individual control systems, which control them depending on a fixed set-
point pressure value or a certain set-point pressure range. Rotary screw compressors operate in three modes [7]: load
(the mode in which the compressor works and creates a set pressure in the system), unload (the mode in which the
compressor works but does not create pressure in the system) and standby (the mode in which the compressor does
not work but awaits a start signal).

In the unload mode, the compressor consumes 15-35 % [3] of the energy consumed at the full productivity,
which is why a continuous operation of the unit in the unload mode decreases the general energy efficiency of the
multi-compressor system.
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Fig. 3. Cascade control dgorithm for a fixed-speed multi-compressor system.

For the control of a multi-compressor system consisting of several fixed-speed compressors, a so-called
cascade control system is used. In such a system, each individual control system has its specific range of pressure
values set up for it, upon reaching which this compressor gtarts. When the upper limit of the range is reached, the
compressor switches into the unload mode, and if the pressure does not decrease, the compressor switches into the
stand-by mode (Fig. 3).

4. Control systemsfor variable-speed compressor systems

When using frequency converters in compressor control systems, it is necessary to select an appropriate
compressor whose drive will be powered from the frequency converter. As shown in [3], a wrong choice of variable-
load compressor results in the operation of two or more compressors, thereat, the fixed-speed compressors
continuoudly switch from the load mode into the unload mode, and the variable-speed compressor operates in the
oscillatory mode. Therefore, when selecting a compressor supposed to operate at a variabl e rotation speed of the drive
in order to change the productivity, one should consider whether it will provide for at least the minimum required
compressed air flow-rate. This is due to the fact that compressor manufacturers specify the minimum permissible
motor rotation speed allowing continuous operation of the compressor. At a continuous operation of such a
compressor with a frequency converter at the maximum productivity, the electricity consumption will exceed that for
a similar fixed-speed compressor. This stems from the energy conversion efficiency of the frequency converter and
additional losses at the motor caused by the eddy currents, and these losses are often underestimated. According to
[2], the most efficient operation of variable-speed compressors is achieved at up to 80 % of their maximum
productivity. Thereat, as shown in [11], for variable-speed compressors the most efficient operation in air multi-
compressor systems is ensured for the operation in the maximum productivity mode.

The simplest control system for a variable-load compressor based on a programmable logic controller using a
frequency converter is shown in Fig. 4.

Such a functiona block diagram is suitable for an individual compressor. If another fixed-speed compressor
operates in parale with it, the PID controller of the first compressor will not cope with a disturbance occurring at
starts and shutdowns or loads and unloads. In other words, at the moments when such disturbances occur, the PID
controller should be influenced by shutting off | and D components or by releasing part of the controller output signal
which was input by these components. This function is obvioudy to be performed by a special master controller,
which will implement general control of the multi-compressor system.
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Fig.4. Functiona block diagram for regulating the pressure by changing
the rotation speed of the variable-load compressor drive.

An example of significant pressure swings for the cascade fixed-speed compressors and operation of the
variable-load compressor with the maximum productivity is shown in Fig. 5.
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Fig. 5. Historical trend of the multi-compressor system operation with a PID-control ler
in the variable-load compressor control system:1 — set-point to the frequency converter
from the PID-controller output, % (the compressor productivity is 1175 Nm*/hr);
2 —air flow-rate a normal conditions, m*/hr. (measured by the differential pressure method);
3 — pressure downstream of the filter, bar; 4 —functional block diagram of the fixed-load compressor
(a —unload mode; b —load mode; ¢ — standby mode).

This historical trend shows that during the operation of the multi-compressor system there was a control gap. It
consists in the fact that the variable-load compressor cannot produce an on-time response to the disturbance that
arises when garting a fixed-load compressor. Apparently, in this control system it would be better and more efficient
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if the fixed-load compressor operated in the base load mode, and the variable-load compressor responded to all these
relatively small surges in the flow-rate. In order to achieve this, the variable-load compressor control algorithm
should be improved to incorporate specific features for the moments of starts and shutdowns of the fixed-load
COMpressor.

In [4] it is proposed that the integral component of the controller should be changed depending on the value of
the parameter being regulated. It is not clear, however, how this is to be done, as such controllers have variable
structure and variable parameters. There are gtrict rules for the change of their structure and parameters; for instance,
the gain factor or the integral controller can be changed only when the mismatching error signal crosses zero.
Otherwise, this will be equivalent to causing a step disturbance and will put the system into the oscillatory mode of
operation.

In [1, 5] the authors propose applying fuzzy logic for changing PID controller parameters depending on the
pressure in the system and the speed of its variation. However, any controller supposed to implement fuzzy logic is
itself a controller with a variable structure and parameters. All the above limitations hold true for thisimplementation,
too. Similar algorithms are proposed for compressor systems consisting of one unit, but there are no cases of their
practical implementation and usein industrial environments.

Obvioudy, for the multi-compressor system control in conditions of significant air flow-rate variation, control
algorithms have to be quite sophisticated with strict rules for the change of the productivity of variable-load
compressors, order of starting and shutting down fixed-load units and control of load and unload modes.
Undoubtedly, as new auxiliary anticipatory signals are eventually introduced, researchers will work towards refining
them.

5. Defining the requirementsto developing a control algorithm for a multi-compr essor system

When building the multi-compressor control systems using programmable logic controllers, the following points
should be taken into consideration:

1) the control algorithm must have a variable structure and variable parameters;

2) the main algorithm isto be implemented on a programmable [ogic controller - the master; the local controllers
must be configured in such away so that the main algorithm implementation is not interfered with;

3) the start time of the fixed-load compressor is determined experimentally;

4) it is necessary to determine the time during which the compressor can work in the unload mode and the time
needed for transition into the load mode;

5) it is necessary to find out the limitations on the minimum permissible rotation speed of the compressor drive,
at which the cooling and lubrication modes are not disturbed;

6) it is advisable to expand the range of frequency variation of the power consumed by the compressor drive for
drives up to 55-60 Hz;

7) the compressed air pressure at the receiver output downstream of the system is to be considered the main
signal for the control system operation;

8) the compressed air flow-rate at the system output isto be used as an auxiliary signal.

Our study showed that it is most advisable that the auxiliary anticipatory signal on air flow-rate change should be
obtained when measuring the compressed air flow-rate using the differential pressure method. The practically
implemented flow meter for the multi-compressor system is shown in Fig. 6. It isan all-welded single unit towhich a
differential manometer with a valve device assembly is connected.

Its major advantage is the high operation speed, which can be increased even more by using a differential
manometer with an analogue conversion circuit. For most intelligent differential manometers, thetime constantis1 s.
The differential pressure flow meter is designed for the minimum possible pressure drop in order to minimize the
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pressure losses at the primary device. Thereat, the limitations stipulated by the rules for calculating standard primary
devices can be dismissed here [6], as the air metering istechnological, and a more important use of the flow meter is
the formation of the anticipated signal on air flow-rate for the multi-compressor control system.

Fig. 6. General view of the flow meter for measuring the compressed air flow-rate
in the pipeline downstream of the multi-compressor system reciever.

The drawback of the method is the limited range of flow-rate measurement. Thermal flow meters which
implement the hot-wire method feature a much wider measurement range but a lower speed of operation. The
measurement range for the air flow-rate can be extended to include lower values, and the anticipatory signal can be
respectively obtained at lower values of the flow-rate by using two differentiadl manometers, as shown in Fig. 7.

e
1
| S
Comp | ;
om (essed

air

/

Fig. 7. Functional diagram of the compressed air differential pressure
flow meter with using two differential manometers:
1 - pipeline; 2 — primary device; 3 — main differential manometer;
4 —auxiliary differential manometer.

In this diagram, the auxiliary manometer is directly connected to the drains of the main manometer and isin the
overload operation mode most of the time. The use of the compressed air flow meter allows obtaining an auxiliary
anticipatory signal on the flow-rate variation.
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6. Development and study of the functional block diagram of the multi-compressor control system using
a programmable logic controller

Taking into account the outcomes of the previous studies, the functional block diagram of the multi-compressor
control system was developed, in which the programmable logic controller functions as the master, and the local
controllers of the control systems of the individual compressors are configured with maximum adaptation as the
master’ sdaves. The diagram is shown in Fig. 8.
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Fig. 8. Functional block diagram of the multi-compressor control system using the master controller and
auxiliary feedback on the flow-rate: FT — differentia pressure flow meter; PT — pressure sensor;
PLC — programmable logic controller; f(x) —flow signd transfer function.

nm3/h

Fig. 9. Historical trend of the multi-compressor system operation using a programmable
logic controller inthe control system and introducing an auxiliary flow-rate feedback:
1 — set-point to the frequency controller from the PID-controller output, %
(the compressor productivity is 1175 nm®/h); 2 — air flow-rate a normal conditions, m*/hr.
(measured by the differentia pressure method);
3 — pressure downstream of the receiver, bar; 4 — pressure set-point downstream of the receiver, bar;
5 —functiona block diagram of the fixed-load compressor (a — unload mode, b —load mode).
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The two compressors operate in the fixed-speed mode, while the motor of the third compressor unit is powered
from the frequency converter. The system uses two informative signals — the pressure in the pipeline downstream of
thereceiver and the air flow-rate in the pipeline downstream of thereceiver.

The developed system was implemented at Carlsberg Ukraine PISC, Lviv Brewery and was studied with two
operation algorithms. The first algorithm did not use the informative signal on the air flow-rate. The time histories of
the control system operation reflected the air pressure surges at the outlet of the multi-compressor system, and one of
them has been already presented (see Fig. 5 above).

The second, improved algorithm of the multi-compressor control system used the air flow-rate signal, and an
example of the time histories of the multi-compressor system operation according to this agorithm is shown in Fig. 9.

This historical trend confirms that the introduction of the auxiliary feedback on the air flow-rate and general
control of the multi-compressor system by the master controller ensure more accurate maintenance of the air pressure
at the system output at a variable air consumption. Therefore, the second algorithm is better than the first one. Further
study can focus on improving the modes of control of starts and shutdowns of the fixed-speed compressors and the
modes of switching the compressors from the unload status to the load one.

7. Conclusion

The study resulted in formulating the main principles of building the control algorithms for medium-power
multi-compressor systems. The modes of compressed air consumption by a brewery were studied. The operation
trends of the multi-compressor control system were explored applying the two devel oped agorithms. The differential
pressure flow meter was implemented, the signal from which makes it possible to devise more efficient control
algorithms for the multi-compressor system.
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Bu0ip cTpyKTYpHOI cXeMH CHCTeMH KepyBaHHS MYJbTHKOMIIPECOPHOIO
YCTAHOBKOIO /ISl O/ICPsKAHHA CTHCHEHOI0 NOBITPA

Poman Koxomiko, Onekcannp Kpins, borman Kpinb

Hayionanvnuii ynieepcumem “ Jlvgiecorxa nonimexuixa” , eyi. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalisa

CucreMu A1 OEp)KaHHS CTHCHEHOI'O IMOBITPS € HEOOXIJHOI CKIAJIOBOIO OUIBIIOCTI MiJAPHEMCTB, 1 BOHU €
OITHUM 13 HAWOUIBIIHNX CIIOXKHMBAYIB €IEKTPUYHOI eHeprii. JloCiIKeHHS epeXiTHUX MPOLIECiB POOOTH IIMX YCTAHOBOK
€ HeoOXiJHOIO INepeIyMOBOIO IPU CTBOPEHHI HOBHX €(EKTHBHININX aJrOPUTMIB POOOTH CHUCTEM KepyBaHHS
MYJIBTHKOMIIPECOPHUMH YCTaHOBKaMu. Pe3ynbratm po3poOKHM Ta [OCIHI/DKEHHS aITOpPUTMIB pPOOOTH CHUCTEM
KEpYBaHHS MYJIbTUKOMIPECOPHUMHU YCTaHOBKAMH PO3IJITHYTO B Wil CTAarTi. 3alpOlIOHOBAHO OCHOBHI PIllICHHS 3i
BMUKaHHS 1 BUMHUKAaHHS OKPEMHX arperaTiB Ta 3MiHI HPOAYKTHBHOCTI peaii3yBaTh Ha BiJIBHOIPOIPAMOBAaHOMY
JIOTIYHOMY KOHTpOJIepi, SIKMH BUKOHYBaTHMe (yHKIiI0O Macrepa Ui JIOKaJbHUX KOHTPOJEPIB OKPEMHX
KOMITPECOpHUX arperatiB. Po3poOisieHnii Ta peayi3oBaHUil IIBHIKOMIFOYMI BUTPATOMIp JUISi BUMIPIOBaHHS BUTPAaTH
CHOXKUBAHOTO IOBITPS 32 METOJIOM 3MIHHOTO Mepenaay THUCKY, KU 3aCTOCOBAHO SIK JAOJATKOBHH iH(OpPMAaTHBHUI
CHUTHaJ.

Kaw4oBi cioBa:  MyIbTHKOMIIDECOPHA  yCTaHOBKA; KOMIIPDECOPHMI — arperar; CTHUCHEHE IOBITpS;
BIUJILHOITPOTPaMOBAHHH JIOTTYHUN KOHTPOJIEP; YaCTOTHUH NPUBIL.



