Power and Electrical Engineering

2012730

Application of the Integrated Mathematical Model of
Compressor and Induction Motor for Technical
Diagnostics

Aleksandrs Gasparjans', Aleksandrs Terebkovs?, “Latvian Maritime Academy, Anastasia Zhiravetska,

Riga Technical University

Abstract - The technical diagnostics of the electrical
compressor is proposed basing on the control of electromagnetic
processors in induction electric motor. The crankshaft of the
compressor if hardly connected with the shaft og the motor.
Therefore the present technical condition of the compressor
(uneven angular velocity and acceleration, time moments of on
and off of the valves, ageing of the bearings, etc.) is determined
with the spectral distribution of the current consumed by the
motor against the rotation angle of the compressor crankshaft.
Thus the induction motor is constantly operating in the dynamic
regime. The dynamic regime of the electric drive is well to be
analysed by means of vector model. A widely applied on board
the vessels operation cycle of double-stage compressor is
considered for the investigation.
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1. DESCRIPTION OF THE ELECTRIC COMPRESSOR
INSTALLATION

Fig 1 demonstrates a differential double-stage compressor.
Pistons of the first stage (low pressure) 11 and high pressure
12 are one whole element. Air with its initial pressure Py is
inhausted through filter 1 and through inhaust valve 2 of the
first stage is proceeding to the cylinder space of the low
pressure. While piston 11 goes up the compressed air is
extruded through the exhaust valve 3 to the pathway of the
average pressure P,. This pathway is equipped with protective
valve 5, sensor of instant pressure 6, refrigerator 7, moisture
oil separator 8. Cooled and cleaned air of average pressure P1
goes to the high pressure cylinder through exhaust valve 9.
The compression of gas in the high pressure cylinder takes
place due to the down movement of valve 11, 12.

Relatively to the compressing period in the cylinder of low
pressure the compressing period in the second stage is shifted
for 180° rotation angle of the crankshaft. It allows aligning of
the rotation torque on the shaft of the compressor. The
compressed gas of high pressure through the exhaust valve of
the second stage 10 and refrigerator 13 goes to moisture oil
separator 16 and further to receiver 17 and then to consumers.

The pathway of the high pressure has protective valve
14 and sensor of instant pressure 15. The flywheel of the
compressor has sign BMT with sensor BMT 18. For defining
the angular velocity and angular acceleration of the crankshaft
the uniformly placed magnetic signs are used.
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20 and sensor of angular velocity 19. The compressor is driven
by means of three-phase induction motor 21.

Theoretical indicative pV diagram of the double-stage
compressor is demonstrated in fig.2. [1], [2].

At a single-stage adiabatic compressing the expended work
would be equal to the square 6-8-1-2-6, that is larger than the
square of isothermal compressing 6-7-4-1-2-6. At the double-
stage compressing the work of the adiabatic compressing of
the first stage is characterised with square 3-9-1-2-3. After the
compressing up to intermediate pressure P; the gas goes to
intermediate refrigerator 7 (fig.1) along adiabatic curve 1-9,
where it is cooled at constant pressure P; till the initial
temperature. Cooling results in the decreasing of the gas
volume for value 9-4 equal to the difference V3-V,. The initial
point of pressure is back to the initial isotherm 1-4-7. The
adiabatic pressure at the second stage will be represented with
adiabatic curve 4-5 (straight line). Work of compressing. Fig.2

Fig.1. Electric compressing installation

indicated with square 6-5-4-3-6. Therefore at the double-stage
compressing we gain work equal to the square 5-8-9-4-5,
shaded in the diagram. The work for gas compressing and
movement in the double-stage compressor during one turn of
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the crankshaft corresponds to the indicating diagram square F;
and indicating work L; on a scale k, of pV diagram. (Fig.2)

Li = koF'z b (1)
where k- is a scale factor; F;— square of indicating diagram

(fig.3). Indicating power A is numerically equal to the
indicating work per second.

N, =Ln, )

where n - is a rotation frequency of the crankshaft,
-1
sec”.

The operation processes in the piston compressors take place
with the period equal to one turn of the crankshaft. The
position of the compressor piston and changing of the cylinder
volume is according to the law of a crank gear:

dV., /de=0.785[sin ¢ + %sin 2¢](Dlgw/2) (3)

According to the rotation angle ¢ the cylinder volume
V. will be equal to

V. =0,785(D’¢/2) [2a+1+4/ —cosp— 4/, cos 2],

“)
where ¢ = %; A= rl ;S - is a piston stroke, r -

is a radius of the crank, | - length of the connecting rod, ¢ -
angle of rotation of the electro compressor shaft.
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Fig.2. Theoretical indicating pV diagram

The angle of rotation of the crankshaft ¢ is measured
by means of sensor 19 (fig.1), the instant values of the
pressure in the compressor cylinders - by means of sensors 6
and 15 (fig.1). Using the obtained values the current volume
of the compressor cylinders is calculated and a real pV-
diagram is created. The diagnostics of the compressor is
realised comparing the obtained pV-diagram with the
reference one - comparing of the squares, calculation of its
squares, actual location of the points 1-9 in the reference
frame «p» and «V» (fig.2). The difference between the real
and ideal pV-diagrams is fixed and input for the comparison
into the diagnostic matrix of failures. The matrix forms a
report on the current technical condition of the compressor.

The instant resistive torque on the compressor shaft is
not constant and depends on the shaft rotation angle ¢.
Therefore the rotation torque of the induction motor is not
constant. The induction motor operates in dynamic mode the
parameters of which are strictly connected with the dynamic
parameters of the compressor. It is convenient to connect the
mathematical model of the piston compressor with that of
three-phase induction motor.

1L MATHEMATICAL MODEL OF THREE-PHASE INDUCTION
MOTOR WITH SQUIRREL-CAGE ROTOR IN DYNAMIC
REGIMES.

The investigation and analysis of the induction motors
behaviour in dynamic regimes results in the necessity to
develop so called vector models of these machines.
Mathematical description of electromechanical transformation
of power in electrical machines is based on the development
of Kirchhoff's differential equations and their solutions [5]. In
matrix type the equations of voltages for three phases of stator
A, B, C and three-phases of rotor a, b, ¢ for the model (fig.3)
can be written as:

[R]-[i()]+ % [w(@®)]-[U(H)]=0, (5)

where:
[U(¢)] - matrix of voltages (U, Up, Uc;0,0;,0).

u, = \/E-Ef -sin( @, -1),
uy =2 -E, sin(, -t ), ©)

U, = \/E-Ef -sin(w, -t +2F),
E, - phase rms value of the supply voltage;
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Fig.3. Equivalent physical model of induction motor

o, = p*f*r - angular velocity of the stator field rotation, with
the number of poles pairs - p , at

the network frequency f;,

[ R ] - square diagonal matrix of active resistances
(R4;Rp;Rc; Ry Ry R);

[i()]- - column matrix of the instant values of the phases
currents;

_BUA (t)_
Vo)
7,
7,0

EAON

- column matrix of the instant

[v@]=

values of the phase flux linkages. (6)

Conventionally the flux linkages of the phases can be divided
into flux linkages produced with phase currents stationary
according to the considered phase and those rotating with the
speed of the rotor.

WYy (t): Was (t) + WYar (t)y

Wi ()= Vs (1) + Wa (1),

Ve ()= Ve (1) + e (1),

Vo ()= Yar (1) + Was (1), (7)
Wi ()= Wi (1) + Wis (1),

Wc (t) = ‘Ilcr (t) + ‘IIL'S (t)y

where:

V(1) = (L +3L)i (1) +3 L cos(p)ig (1) + 5 L cos(2p)ic (2);
V(1) = %Ll cos(p)i (1) + (I, + %Ll)iB )+ %Ll cos(p)i.(1);
Voo () = 3Ly cos(p)i, () +3 Ly cos(p)iy (1) + (] + 3 L))ic (D)
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¥, (t)=3M cos[py,(O)]i,(t) +3 M cos[py, (?) +
+pli, (t) + 3 M cos[py, (t) - pli. (2);

V. (t)=3M cos[py, (&) — pli, () + 3 M cos[ py, ()]i, (t) +
+3M cos[py, (1) + pli. (2);

V., (1)=2M cosl py, (6) + pli, (1) + 2 M cos[py, (1) -
= pli, (1) ++3 M cos[ py, (D)]i (2);

Y, (0)= (1, +3 L,)i, (1) +3 L, cos(p)iy (1) + 5 L, cos(2p)i, (1);
¥, (t)=2L,cos(p)i,(t)+(, +3L,)i,(t)+3 L, cos(p)i.(t);
Y, (1) =%L,cos(2p)i,(t)+3 L, cos(p)i, () + (1, +3 L,)i.(1);
V. (1)=3M cos[py, ()i, () +3 M cos[py,(t) -

= pliy ) ++3M cos[py, (t) + plic (1);

V(1) =5 M cos[py, (t) + pli, (t) + 3 M cos[ py, ()i, (1) +

+3M cos[py, (1) — plic (t);

Y., (t)=3Mcos[py,(t)— pli,(t) + 5 M cos[py,(t) + pli,(t) +

+ %M COS[p}/r (t)]lc (t)

®)
Summing up of the components of equations (7,8) results in
the full flux linkages of the phases.
The solution of the phases voltages equations (5) together with
the equation of rotor movement allows define the character of
the transient process, calculate the currents, flux linkages and
the electromagnetic torque of the motor [5, 6]:

JF QO+ M =My,

9
Ly ()= Q) =0, )

where:

J - the moment of inertia of rotor;

M - electromagnetic torque influencing the rotor;

Mp, — the rotating torque of the electro compressor,

Q('t ) - the rotor rotation speed.

The values of the windings currents are calculated according
to the expressions given in paper [4].

The expression for the electromagnetic torque influencing the
rotor:

M :%{[Wc(t)_TB(t))]'iA(t)+[SUA(U_
_Tc(t)]'iB(t)"‘[g/A(t)_g/B(t)]'ic(U}

On the other hand the rotating torque of the compressor is:

M=X

w 2

(10)

(11)

(12)

where N; — indicating power of compressor,
M k Nm — 18 an efficiency factor of the compressor and electric
motor.
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An algorithm and programming package of the mathematical
approach under consideration was developed for analysis and
numerical solution of the mathematical model of induction
motor in dynamic regimes. For the solution of differential
equations systems for the mathematical model under
consideration the method of Runge-Kutta is supposed to be the
most optimal where the range of the step is defined complying
with the pre-set values of local and global quantisation errors.

The full flux linkage of the phases and the position of
the main magnetic flux vector can be obtained from the instant
values of stator currents and voltages.

III. BLOCK-DIAGRAM OF THE MEASUREMENT PART OF THE
COMPRESSOR DIAGNOSTIC SYSTEM
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Fig.4. The block diagram of the measurement part

The measurement part of the diagnostic system has two
channels. The channel of measuring of compressor parameters
consists of 5 sensors - sensors of instant value of pressures of
the first and second stages (P; and P,), sensor of vibration of
accelerometer Q, sensor of the upper dead point TCD, sensor
of the angle position ¢ of the crankshaft. The data in square
brackets define positions of these sensors in fig.1. The
analogue signals from the sensors of instant pressure of the
first (P;) and the second stage (P,) come to the inputs of
analogue-digital converter CAP. This is the same place where
the signals from the vibro-sensor Q come. Pulse (digit) signals
from the sensors of upper dead point TCD and angle position
¢ of the crankshaft come to the interface I/O. The information
in digital form from the CAP output also comes to the
interface 1/0. The output if I/O interface is connected to
microcontroller MK and further to computer C. Computer
processes the obtained information. The second channel exists
for the measurement of the instant values of the currents and
voltages of induction electric motor [21 in fig.1]. The instant
values of the currents and voltages of induction motor stator
are measured by means of transformer sensors I and U and
with their converters transfer the signals in digital form to

microcontroller MK. Computer C (fig.4) calculates full flux
linkages of the phases, electromagnetic rotating torque, its
comparison with resistive torque of the compressor, etc. The
current position of the rotor of induction motor ( compressor
crankshaft), angular velocity (angular acceleration), and
transition through the upper dead point is followed by sensors
18 and 19 (fig.1).

IV. CONCLUSIONS

A simultaneous investigation of the diagnostic parameters of a
compressor and induction motor and their comparison with
reference quantities on the basis of a unified mathematical
model gives an opportunity of full evaluation of the current
technical condition of an electric compressor installation and
prediction of its residual life.
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Aleksandrs Gasparjans, Aleksandrs Terebkovs, Anastasija Ziravecka. Kompresora un asinhrona dzingja apvienota matemaitiska modela pielietofana
tehniskajai diagnostikai

Raksta ir aprakstita divpakapju elektriska kompresora tehniskas diagnostikas sist€ma. Elektriska dzin&ja un kompresora apvienotais matematiskais modelis tika
pamatots kopa ar mériSanas dalas blokshému. Tiek piedavata elektriskd kompresora tehniskas diagnostikas sistéma, pamatota ar elektromagnétisko procesu vadibu
asinhronaja dzingja. Kompresora klokvarpsta ir stingri savienota ar elektriska dzing&ja varpstu. Tadgjadi kompresora darbibas cikla esosie stavokli (nevienmerigie
lepkiskie atrums un paatrindjums, varstu atvérsanas un aizvérSanas momenti, gultnu novecosanas utt.) nosaka elektriskaja dzingja atkariba no kompresora klokvarpstas
pagrieziena lenka patérétas stravas spektralo sastavu. Tadgjadi asinhronais elektrodzingjs visu laiku darbojas dinamiska rezima. Dzingja dinamisko rezimu ir izdevigi
analiz&t ar vektoriala modela palidzibu. Elektrisko masinu energijas elektromehaniskas parveidoSanas procesu matematiskais apraksts tiek pamatots ar Kirhhofa
diferencialo vienadojumu sastadiSanu un risinasanu. Lai izanaliz&tu un skaitliski atrisinatu asinhrona dzingja matematisko modeli dinamiskajos reZzimos, tika izstradats
aplikota matematiska aparata algoritms un programmu komplekss. Par visoptimalako metodi §a2 modela diferencialo vienadojumu sist€mas risinajumam akceptéta
Runge-Kuttes metode ar mainigo soli, kur sola vértiba tiek noteikta no diskretizéSanas lokalas un globalas kliidas uzdoto vértibu apmierinasanas nosacijuma. Tika
aplakots kugos plasi pielietota divpakapju kompresora darba cikls. Kompresora un asinhrona dzingja diagnostikas parametru vienlaiciga izpéte un salidzinasana ar to
etalonu parametriem uz apvienota matematiska modela bazes lauj vispusigi novertét kompresora iekartas eso$o stavokli un prognozet paliekoso resursu.

Anexcanap Iacnapsn, Anexcanap TepeGkoB, Anactacus Kupasenkas. Ilpumenenne o0beIMHEHHOH MaTeMATHUYECKOH MoJeIH KoOMIpeccopa H
ACHHXPOHHOIO0 IBUIaTeJIsl JJIsl TEXHHYECKOii THarHOCTUKHU

Omnucana cucTeMa TEXHHYECKOH MAMATHOCTHKU JABYXCTYIECHUaTOH O3IEKTPOKOMIPECCOPHOH yCTaHOBKH. JlaHO MaTeMaTHueckoe OOOCHOBaHHE OOBEIMHEHHOMN
MaTeMaTHYeCKOil MOJENH OJJIEKTPOJBHTATeNsl M KOMIpeccopa, OlOK-cxeMa H3MepHTeNnbHOW udacTH. [Ipeiuiaraercst cucTeMa TEXHHYECKOH IHArHOCTHKU
9NIEKTPOKOMIIPECCOPA, OCHOBAHHAsI HA KOHTPOJIE DIEKTPOMArHUTHBIX IIPOLIECCOB B ACHHXPOHHOM dNIeKTpoaBurareine. Konenuarsiii Ban koMIpeccopa jKeCcTKO CBS3aH C
BaJIOM JIeKTpoABUTaTels. I109TOMy Tekylee TeXHHIECKOe COCTOsIHIE KOMIIpeccopa (HepaBHOMEpPHBIE YII0Basi CKOPOCTh U YIJIOBOE YCKOPEHHE, MOMEHTHI OTKPBITHS
1 3aKPBITUS KIIAIIAHOB, H3HOC HMOAIIMITHAKOB U T.JI.) OLPEJeNseT CIEKTPAIBHBINH COCTaB NOTPEOIIeMOro IEKTPOIBHIaTeNIeM TOKa B 3aBHCHMOCTH OT yIJIa II0BOPOTa
KOJIGHYaTOro Baja KoMmpeccopa. T.0. aCHHXPOHHBIH 37I€KTPOIBHIaTeNb BCE BpeMs paboTaeT B JHHAMHYECKOM pexuMe. JJMHAMUYECKHH PEXXUM 3JIeKTPOJBUIaTelIs
yOOOHO aHHIM3UPOBATh C IIOMOIIBIO BEKTOPHOH Mojenu. MaremMaTHdecKoe OIMCaHHE IPOIECCOB DIEKTPOMEXaHHYECKOTO IpeoOpa3oBaHHs OJHEPIHU B
NIEKTPUYECKHX MAIIHAX OCHOBAHO Ha COCTAaBJICHUH U pelleHnn JuddepeHIuaIbHeIX ypaBHeHnH Kupxroda. s aHann3a 1 YUCIEHHOTO PEIIeHHs MaTeMaTHIeCKON
MOZIeNIH aCHHXPOHHOTO ABHUTraTels B JHHAMHYECKHX PEXHMax, pa3paO0TaH aArOpPUTM H IPOTPAMMHBIH KOMIUIEKC HPEICTAaBICHHOTO MAaTEeMAaTHYECKOTO amlapaTa.
Hanbomnee onTUManbHBIM METOJOM peUIeHUs cUcTeM NuddepeHIHaNnbHbIX YPaBHEeHHH, IPEACTaBICHHON MaTeMaTHIeCKOH MoJIeH, sBisieTcss Meton Pynre-Kyrra ¢
NepeMEHHBIM IIIaroM, B KOTOPOM BEJIMYMHA Iara ONpeAeNisieTcss W3 YCIOBHS YHOBICTBOPEHMS 3aJaHHBIX 3HAYCHHH JIOKAIBHOH M TJIOOAIBHOH OIIMOOK
JucKpetHzanuu. PaccMOTpeH paboumii LMK ABYXCTYNEHYAaTOro KOMIPECCOpa, IIMPOKO HPHUMEHSEMbIi Ha MOpPCKUX cynax. OJHOBpEMEHHOE HCCIe0BaHUE
JUarHOCTHYECKUX IapaMeTPoB KOMIpEcCopa M ACHHXPOHHOTO JJIEKTPOJBUTATeNss M KX CpPaBHEHHE C OJTAJOHHBIMH 3HAUCHHSAMHM Ha 0Oa3e OOBeIUHEHHOMN
MaTEMaTHYECKOH MOJEIH MO3BOJISET MPOU3BECTH IOJIHYIO OLEHKY TEKYILIEro TEXHHUYECKOTO COCTOSHHUS 3JIEKTPOKOMIIPECCOPHOHN YCTAHOBKHM M IPOTHO3UPOBATH €&
OCTaTOYHBIH pecypc.
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