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Abstract

Electric compressor installations are widely applied in marine transport and industry. So far in the theory of drive the mathematical models of induction electric motor have been considered separately. This paper suggests an integrated mathematical model of electric compressor installation. Taking into account that the compressor and electric motor are mechanically rigidly connected to each other, the processes taking place in both units are physically interconnected. The integrated mathematical model takes into account these connections as well as parameters of pipes and physically-mechanical properties of the pumped liquids (gases). The suggested mathematical model can be used for technical diagnostics of the electric compressor installation. There are the obtained in modeling environment MatLab graphs of the processes of physical parameters changes in the installation.

Anotācija

Elektriskās kompresoru iekārtas ir plaši pielietotas jūras transportā un industrijā. Līdz šīm brīdim piedziņas teorijā asinhronā elektriskā dzinēja matemātiskie modeļi tika aplūkoti atsevišķi. Šīs raksts piedāvā elektriskās kompresoru iekārtas vienotu matemātisko modeli. Ņemot vērā faktu, ka kompresors un elektriskais motors ir cieti savienoti viens ar otru, procesi abos divos ir savstarpēji saistīti. Integrētais matemātiskais modelis ņem vērā gan šīs saistības gan arī caurules parametrus un šķidrumu (gāzu) fiziski-mehāniskās īpašības. Piedāvāts matemātiskais modelis var būt pielietots elektrisko kompresoru iekārtu tehniskai diagnostikai. Rezultāti tiek aprakstīti ar iegūtiem MatLab vidē iekārtas fizisko parametru izmaiņu procesu grafikiem. 
Introduction

Electro compressor installations are widely used in marine transport and industry. So far in the theory of drive the mathematical models of induction electric motor and compressor were considered separately. The given article suggests an integrated mathematical model of an electric compressor installation. Taking into account that the compressor and electric drive are rigidly bounded mechanically therefore the processes taking place in the both aggregates are physically interconnected. The integrated mathematical model allows these connections to be taken into the account as well as pipeline parameters, physic-mechanical features of the liquids (gases) pumped over. The suggested mathematical model could be applied for the technical diagnostics of electric compressor installation. 

Most of all induction motor and compressor are connected directly, shaft to shaft, without any gear and V-belt transmission. 
1. Mathematic model of compressor

While down moving of piston 3 (fig. 1) the process of gas suction takes place through input valve 1 of the valve box. While up moving of piston 3 the gas is compressed and at a particular pressure output valve 2 is open. The moments of opening and closing of self-actuating valves1 and 2 depend on the condition and regulation of springs of these valves. The compressed gas goes cooler and separator 5. The output of the compressor is supplied with safety valve 4.
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Fig. 1. Electric compressor and its cinematic structure.

As it is known the power (rotation torque) on the shaft of the compressor of the single action is changed according to the sine law in the dependence on the rotation angle of the (fig. 2), [7]. Therefore the load torque on the shaft of the induction motor, instant angle velocity and instant angle acceleration are changed according to the same law. The induction motor thus permanently operates in a quasi-stationary mode. In compliance with all this the consumed current and flux linkage are changed in the induction motor. 
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Fig.2. The power on the compressor shaft

in dependence on the crankshaft rotation angle.

The work on gas compressing and transmitting in a single-stage compressor is correspondent in scale k0 of   pV- diagram at one turn of crankshaft of the indicating diagram area Fi or indicating work Li. (fig.3).
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(1) 
where  k0 - scale factor; Fi – area of the indicating diagram (fig.3).

Indicating power Ni is numerically equal to the indicating wok per second:
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where  n - rotation frequency of the crankshaft , sek-1.

The operation processes in piston compressors take place with the period equal to one full turn of the crankshaft.
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Fig. 3. Indicating pV- diagram.
The location of compressor piston and changing of the cylinder volume are according to the law of crank mechanism:
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(3)

Volume of the cylinder Vcil according to the rotation angle φ will be equal
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where 
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S - piston run; r - crank radius; l - connecting rod length; φ - the rotation angle of electric compressor shaft.

During the operation of the compressor an inside energy of gas U, its mass m and volume V are changed according to the shaft rotation angle φ:
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where Usak , 
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sak - initial value of the inside energy and mass in the cylinder of the compressor; Q- heat exchange with the cylinder enclosure; 
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 - mass consumptions of gas outdoing the cylinder; 
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- mass consumptions of gas ingoing to the cylinder; ip  io –enthalpy of the gas ingoing and outdoing into and from the cylinder; ω-angle velocity of the shaft rotation; n1 – number of chambers from which the gas come to the cave;  n2 – number of chambers where gas comes from the cylinder.

It is convenient to integrate mathematic model of the piston compressor with that of three-phase induction motor according to four common parameters: angle of shaft rotation φ, power in the shaft N, rotation torque M and rotation angular velocity ω.
2. Mathematic model of induction squirrel-cage motor

As it is necessary to investigate different regimes of motor operation (including emergency regimes as well), it seems reasonable to describe the mathematical model of induction motor in phase coordinates [3]. In accordance with electric machines theory [1, 2] stator of the motor could be equivalent to three phase windings (A, B, C), rotor - to two windings (D, Q) with relatively perpendicular axes (fig.4).
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Fig. 4. Equivalent model of the windings of motor with squirrel-cage rotor.

The initial differential equations of squirrel-cage induction motor are the following [2, 3]:
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(6)

 where  u А , uВ , uС – voltages on the terminals of stator windings;

(A, (B, (C, iA, iB, iC - full flux linkages and currents of phase stator windings correspondently;

(D, (Q, iD, iQ - flux linkages and currents of equivalent damper windings along longitudinal and transverse axes correspondently;

R - active resistances of stator and rotor windings correspondently.

Equation of the shaft balance:
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where φ - angle of the axis turn of A-phase winding according to winding D of the rotor (fig.4.).

The windings flux linkages in the equation system (6) are correlated with the currents as follows:
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(8)

where L, M - are self-inductivities of the windings and mutual inductivities

among the windings correspondently.

After the applying of the obtained above expressions (8) and transformations demonstrated in [6], we will get the matrix equation of currents:
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where 
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- an inverted matrix of self-inductivities and mutual inductivities of the windings.

The rotation torque M of induction motor is:
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(10)

On the other side the rotation torque of the compressor is equal to:
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 where Ni- indicating power of the compressor; 
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- efficiency factor of compressor and electric motor. 
Fig. 5 demonstrates the curves of pressure changing in the valve box of the compressor according to the shaft rotation angle φ, taken for real compressor (red color curves) and obtained in mathematical modeling in MatLab - Simulink environment (blue color curves). 
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Fig. 5. Curves describing pressure in the valve box of compressor according to the shaft rotation angle φ. 

Blue color marks the curve of pressure obtained as a result of mathematical modeling. Red color - is a curve of real pressure.


Analysis of the changes of the pressure according to the shaft rotation angle gives the possibility to detect the following defects in the compressor operation: fig.5.a demonstrates the decreasing of the pressure according to the ideal characteristics as well as the changes of the shaft rotation angle φ at which the compressed gas starts its outgoing from the low pressure chamber to the high pressure chamber. The reason of these changes is in the low pressure consumption in the shaft, it is open earlier that results in compressor inability to develop the necessary power. Figure 5.b demonstrates maximum pressure difference from the ideal characteristics, as well as changes at a different shaft rotation angle φ at which ingoing of compressed gas from low pressure chamber into high pressure chamber is completed that detects a defect of high pressure induction valve.  In figure 5.c we can see that when real characteristics provides less pressure than the ideal one the compressor does not develop full power, one of the reasons of that is defect of low pressure stage valve or enclosure defect. 
Conclusions
1. An integrated mathematical model of two objects of piston compressor and three-phase squirrel-cage induction motor has been developed. 

2. The suggested mathematical model could be applied for the technical diagnostics of the ship's electric compressor installation.
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