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INFLUENCE OF MISALIGNMENT OF CONNECTION OF ELECTRICAL
MACHINE SHAFTS ON THE NATURE OF ELECTRIC POWER
OF THE INDUCTION MOTOR

Purpose. To identify the vibration power components caused by misalignment of electrical machine shafts in the instantaneous
power of the induction motor.

Methodology. The power components of the induction motor are analytically determined taking into account the power caused
by torque vibrations on the shaft. Based on this, using the methods of mathematical modelling in the visual programming environ-
ment, the known model of a three-phase induction motor with a short-circuited rotor has been made. In addition, elements and
connections are introduced which realize the formation of the moment caused by the imbalance of rotating masses. Using Fourier
transform of the electric power of the induction motor, we determine its discrete spectrum. Experimental research is conducted on
the electric power of the induction motor with a short-circuited rotor, in similar model conditions, on laboratory equipment. With
the use of a virtual device synthesized in the LabVIEW package, the wavelet analysis of stator electric power of the motor of labora-
tory electrotechnical complex is performed.

Findings. Differential equations of the induction motor with a short-circuited rotor in abc coordinate system are obtained,
which reflect the distribution of instantaneous power in the machine taking into account the vibration moment. As a result of
modelling according to the specified equations of the induction machine, in the conditions of full symmetry of parameters of the
scheme and the mode with eccentricity of rotating masses, low-frequency vibrations of electric power of a stator with frequency of
25 Hz have been found. Similar results were obtained as a result of wavelet analysis of the electric power of an induction motor of
a laboratory electrotechnical complex.

Originality. Rationality of use of instantaneous electrical power of induction motor stator for detection of vibration caused by
misalignment between its shaft and the shaft of another machine has been substantiated, which allows detecting vibration without
complex methods of measuring vibration displacement and its derivatives.

Practical value. Detecting vibration by measuring the electrical parameters of the stator circuit of the induction motor and
determining the vibrations of its instantaneous power without the use of specialized equipment significantly simplify the procedure

of vibration diagnostics at its early stages.
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Introduction. The energy balance is an important issue in
the study of induction motor drives. As the analysis of using
electric drives made according to “semiconductor frequency
converter — an induction machine” scheme has found that
both traditional and modern electric drives still have under-
used reserves of increasing energy efficiency of electrome-
chanical energy conversion [1].

There are some characteristics of power of the induction;
high operational and energy and, consequently, economic
characteristics of the induction motor (IM) are achieved
mainly at operation on natural characteristics with loads close
to nominal. That means, while working from the network, the
motor consumes a constant reactive power equal to the nomi-
nal power at rated voltage, and while reducing the torque and
consumed active power, a disadvantage of induction motors
appears — a decreasing power factor [2]. Therefore, the issue
of energy balance is also relevant when creating the induction
machine control system to minimize losses and to provide
greater economic efficiency.
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The imperfection of the mechanical connection of the
machine structure with the driven working mechanism and
the mechanical forces occurring at the attachment points of
the electric machine supports lead to vibrations in the ma-
chine. Additionally, vibrations are amplified in long-term op-
erated machines due to the disturbance of the axial symmetry
of the rotor of the corresponding air clearance [3] and wear of
bearing units [4]. The use of vibration-diagnostic equipment
in such cases can be difficult both technically and financially.

Literature review. A number of works are devoted to the
problem of energy indicators, distribution of electrical param-
eters and power in the induction machine [2, 5, 6]. Thus, the
method of estimation of energy indicators and criteria de-
pending on the chosen criterion and design task at the devel-
opment of induction machines is considered in [2]. The issues
of research on energy and electromechanical processes of the
induction machine are considered in [5]. The power balance is
calculated taking into account the losses in the stator and rotor
copper, as well as in the stator steel. Also, in this paper reactive
power is calculated consumed from the network. The paper [6]
presents a theoretical study on energy conversion in induction
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machines with natural characteristics and with increasing
load. Namely, the analysis is conducted of changes of compo-
nents of electrical losses, which are divided into losses that do
not depend on the load on the shaft (magnetization losses
consisting of losses in the stator copper from the magnetizing
current and losses in steel) and variable losses depending on
the load (load losses, consisting of losses in the stator and rotor
copper from the load current). As a rule, a single-line substitu-
tion scheme is used for the calculations in the above cases [7].

Of course, more complex analytical models are used when
dealing with induction machine modes, caused by both stator volt-
age and current, which are due to asymmetric parameters [8, 9].

Special attention should be paid to the study on energy pro-
cesses in inductive machines that are subject to vibration, be-
cause the causes of this phenomenon are quite numerous. Vi-
brations of electrical machines can occur both from the power
supply, load, technological connections, and from the motor
itself. So, in [10], studies were carried out on the influence of
mechanical vibrations of the induction motor on electrical and
mechanical power due to unbalanced shaft of the working
mechanism. Analysis of the obtained results showed that the vi-
bration of the motor leads to power fluctuations in the steady
state, while the fluctuation amplitude of electric power is greater
than the amplitude of the mechanical power. In paper [11], non-
stationary processes during engine start-up and run-out are
considered with fastening defects available, which indicate the
occurrence of resonant amplification of vibrations, which leads
to an increase in electromechanical power on the motor shaft. In
paper [12], it an analysis is carried out of experimental studies on
vibration power of the induction motor when operated from an
asymmetric power supply, which showed that vibration power is
a significant part of engine power consumption, which must be
taken into account in the overall energy balance, but the authors
carry out calculation of mechanical power on the basis of the
data obtained from vibration sensors in the laboratory.

At the same time the problem of determining the energy
distribution of inductive machine remains relevant due to the
fact of its power supply from a three-phase electric source [7].
It is necessary to take into account the fact that energy conver-
sion processes in an induction machine are accompanied by
time changes in phase voltages and currents in each phase as
well as change in mechanical momentum and speed on the
shaft. It means that there is a conversion of energy, which is
transmitted by three channels through the phase lines con-
nected to the stator and the channel of energy transmission on
the machine shaft, taking into account electromagnetic, elec-
tromechanical and mechanical processes.

Purpose. Justification of the expediency of using the instan-
taneous power of the inductive machine to identify vibrations
that occur under the influence of mechanical disturbances.

Results. Analytical representation of the inductive electrical
machine is performed on the basis of balance equations of its
electromagnetic system, taking into account the process of elec-
tromechanical transformation and mechanical movement of the
rotor [13, 14]. The development of views from the position of
construction of control systems for induction electrical machines
leads to the use of mathematical techniques that simplify the syn-
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thesis of control systems. As a result, certain transformations are
used and are considered the equations of the machine in moving
coordinates abc, moving coordinate system xyz oriented by the
given vector, fixed coordinate system ofi0, moving coordinate
system dg0 oriented by vector of rotor flux linkage ratio [13, 14].

Let us consider the initial system of equations of the in-
duction machine. The equation of electric balance of stator
and rotor windings is [14]
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where ug, u, are stator and rotor phase voltages; y,, y, are stator
and rotor phase flux linkages; i, i. are stator and rotor phase
currents; r;, r,.are active resistance of stator and rotor windings.
In case of a short-circuited rotor — u,= 0.

Flux linkages are the most complex dependencies, which
analytically look as follows
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Where W, Wagrs Wiy are flux linkages of stator phase and stator
phase, stator phase and rotor phase, rotor phase and rotor phase,
respectively. These flux linkages are due to the phenomena of
self-induction and mutual induction of the respective windings.

Electromagnetic moment M,,, formed in this case by the
magnetic flux in the air gap is balanced by the moment of me-
chanical load M,;, dynamic moment due to the inertia of rotat-
ing masses J and the moment of resistance to rotation of the
machine M,

VA
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Determine the power balance of the rotor and stator cir-
cuits by multiplying the left and right sides of the electrical bal-
ance equations by the stator and rotor current respectively
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Let us make an energy balance for the induction machine
in all phases [14]. Power entering the stator

Ps= uasias + uasias + ulISillS (4)

is divided by the active resistance of the stator windings (p,),
electromagnetic power of self-induction and mutual induction of

the stator (p,,) and power transmitted through the air gap (p,,,,;)
) ) <)
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The power transmitted through the air gap is equal to the
sum of the mechanical power and electromagnetic power of
the rotor

pem.s:pem+pem,r' (6)

Mechanical power has the form
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The electromagnetic power of the rotor is equal to the sum
of the power of self-induction and mutual induction of the ro-
tor windings (p,,) and power losses in the active resistance of
the rotor windings (p,.,)
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Fig. 1. Computerised laboratory complex:

a — functional diagram; b — external view

d .
Pimr =Posr T Pry =Z(Wamr FVWarsr T Varer )lar +

d . d .
+ E(wbmr T Wortr + W prer )lbr + E(wcmr FVWeoror TWerer )lcr + (8)

2 2 2
+ (rarlar + rbrlbr + rcrlcr)'
Thus, the equation of power balance for the induction mo-
tor with a short-circuited rotor is

ps:prAs+pG,s+p1d+pj+pm+pc&r+pr‘r' (9)

In characterising the power consumption of the induction
motor, it should be noted that the time dependence of this
power, under steady-state static load and supply voltage, is
constant and conditioned by the mechanical power (p,,), pow-
er of mechanical losses (p,,) and the power of the ohmic resis-
tance of the windings (p,, + p,.,). The electromagnetic induc-
tion power of stator (p,,) and rotor (p,,), provided that the
parameters of the machine and the mode parameters are sym-
metrical, are mutually compensated summing up the phases.
The rotating mass of the flywheels is also equal to zero (p)).
The change in the nature of power can be caused by both me-
chanical vibrations and electromagnetic ones due to internal
defects [8]. Internal defects include violations of the symmetry
of the stator electromagnetic system, rotor electromagnetic
system due to defects in steel or windings, unbalanced air
clearance, defects in bearing assemblies [15]. Of course, the
availability of changes in the mechanical load and voltage deg-
radation affect the change in the nature of power consumption
that is used to build electric drive control systems [9].

Practical part. Consider an electromechanical system,
which is an electric machine with a load attached to its shaft.
This system in the laboratory is implemented by connecting
the induction motor and the DC motor (Fig. 1, a).

Electric machines are rigidly mounted on the frame, their
mechanical connection is made by a coupling with elastic ele-
ments (Fig. 1, ). In the absence of specialized equipment for
shaft alignment, the alignment is performed with an error re-
sulting in mechanical vibrations. Frequency converter (FC)
and thyristor converter (SC) (Fig. 1, a) were used to regulate
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the mode of induction motor (ACM) and DC motor (DCM),
respectively. The DC machine excitation winding is powered
by a diode bridge rectifier (DR). The induction machine can
be powered without the use of a frequency converter provided
by the operation of the switching unit (SwU). The power cir-
cuits are protected by protection units (PU1 and PU2). Using
the current and voltage sensor (SznU) unit, the corresponding
signals can be detected and transmitted to Input/Output (I/O)
device USB6008. The specified device is connected to a com-
puter using the USB2.0 interface. The stand receives electric-
ity from a laboratory transformer (77") whose primary winding
is connected to the laboratory network. The protection devices
used in the stand are not shown in the functional diagram
(Fig. 1, a).

The study on the mode of electric energy consumption by
the induction motor in case of shaft alignment error is carried
out. To do this, in accordance with the differential equations
above, taking into account the method of modelling the in-
duction motor [7], we investigate the change in electric power
of the induction motor. To do this, [7] we will introduce ele-
ments and connections that realize the formation of mechani-
cal vibration moment in the known model [16]. For this pur-
pose, the mechanical movements caused by the rotation of the
motor shaft are taken into account in the availability of a spe-
cific unbalance (e) which is numerically equal to the distance
of the centre of shaft mass from its axis of rotation. Provided
the vertical stiffness, which is characterized by coefficients (c,,
¢,) and damping, which is characterized by coefficients (b,, b,).
The accelerations arising during the rotation of the shaft, as
shown in [10], are determined by the following equations in
the coordinates OX and OY

ﬂ_ﬂ "o ’ _L ’ .
x=— e(¢ sm¢+¢2cos¢) - (bxx +cxx),

o)) o))
" m " 12 2 1 ’
=—Ye(¢"cosp—¢'*sing|——(b,y +c, y),
gy (¢ cos—¢sin) mz(yy )
where x; y; X'—ﬂ' y'—ﬂ' x//—ﬂ‘ y”—ﬂ are dis
8 dt’ dt’ dt’ dt

placement, velocity and acceleration along the axis OXand OY
respectively; my is the total weight of induction motor, DC
motor, couplings with elastic elements and metal frame; m, is
mass of the unbalanced part formed by the misalignment of
the motor shafts; ¢ is a shaft rotation angle. As a result of the
action of these accelerations, there is a corresponding moment
on the motor shaft

M., =m,e(x"sing +y" cosd + g coso),

where g = 9.8 m/s? — free fall acceleration. This component
must be taken into account in the equation of electromechani-
cal power with the corresponding power of vibration P,;; = M,;»

do
Do = M,dw+JEco+ M, o0+M, o=
=Pt Pt Pyt Pup

Based on the visual programming given in the complex the
simulation of the operation mode of the induction motor is
carried out when powered from the network with valid phase
voltage value U = 220 B. Induction motor series AUP71A4Y3
with parameters: P, = 0.55 kW, ny = 1500 r.p.m., [, = 1.17 A,
k;=5.2,m=0.71, J,= 0.0011 kg - m>. Parameters of the me-
chanical part are my = 31.1 kg, m, = 3.5 kg, e=0.003 m, ¢, =
=c, =326 - 10* N/m; b, = b, = 2615 Ns/m. According to for-
mula (4), the phase powers and the total stator power of the
induction motor are obtained. Fig. 2 shows the timing diagram
of phase A power, and Fig. 3 shows the discrete power spec-
trum of phase A in steady state. The spectrum is determined at
the fundamental frequency of 5 Hz. There is a dominance of
the constant power component, the 100 Hz component and
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Fig. 2. Time diagram of A phase power
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Fig. 3. Discrete power spectrum of A phase

the 25 Hz component due to mechanical vibration on the mo-
tor shaft [16, 17].

Fig. 4 shows the motor stator power timing diagram for
all phases, Fig. 5 shows the spectrum of this power. Spec-
trum analysis shows that components with a frequency of
100 Hz are compensated, while components with a frequen-
cy of 25 Hz are amplified. Thus, the power components due
to vibration have a frequency lower than the mains voltage
frequency. Accordingly, the time interval for which the stator
phase currents and voltages of an induction motor should be
recorded as primary power data carriers should be greater
than 0.02 s.

In order to verify the results of induction motor simula-
tion, an experimental study similar to the previously described
was performed on a laboratory stand (Fig. 1). Due to the fact
that the vibrations caused by the alignment error occur at a
frequency lower than the mains voltage frequency.

The expected value of the vibration frequency is known
only from the results of mathematical modelling for the
analysis of the power spectrum using the wavelet transform.
This analysis tool allows us to realise a time domain timing
of the signal to the frequency-time domain, thereby imple-
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Fig. 4. Motor stator power time diagram for all phases
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Fig. 5. Discrete power spectrum of the motor stator for all phases

menting the localization of the existing components in the
signal of individual frequencies in time. The wavelet itself is
a function, usually of a vibratory nature, which meets a
number of conditions for use in the transformation process
[18, 19]:

- locality condition — the wavelet must be continuous,
have a compact medium and be localized in both time and fre-
quency space;

- condition of zero moment — the area of the wavelet must
be equal to zero;

- limitation — the function used as a wavelet must have a
finite value of energy.

To localize the low-frequency power component, the 2"¢
order Gaussian wavelet is used as the parent wavelet

y(t)=(1-r*)-e 2. (10)

In the case of continuous wavelet transform, for operation
in the frequency-time domain, the function of the parent
wavelet y(7) takes the form

1 —b
\va,b(t)=$-w[t7], (11)

where a is the scaling parameter that affects the number of
samples included in the wavelet zone; b is the shift parameter
that changes the position of the wavelet zone in the array pro-
portional to the magnitude of the signal array.

Wavelet transform has a structure similar to the Fourier
transform

W= [ F@O)w,, 0, (12)

where f(r) is signal function; w,,(f) is complex conjugate
wavelet function.

In theory, the conversion is applied to an infinitely long
continuous signal, but due to the limited capabilities of mea-
suring equipment, such a signal cannot be obtained. As a result
of work, the signal on a certain time interval with duration 7'is
fixed. Therefore, during the measurement, a process of sam-
pling on time with fixing of signal values f(#;) on the estab-
lished discrete time interval df = t, — t,_, is carried out. As a
result, an array with dimension N = Tf,, is formed, where the
sampling frequency f; for USB6008 unit used in the laboratory
stand is 10 kHz.

The transformation of A phase power and total power was
performed directly over the array of recorded moments, so the
graphs (Figs. 6, 7) of the abscissa correspond to the shift index
in the array, while the ordinate value scales by the number of
moments, to move to frequency-time values, the shift and
scaling values must be converted to physical quantities and if
the shift index is a time value

Ti=i-dt; i=0,1,2,...,N-1.
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Fig. 6. Power graphs phase A:

a — time plane; b — frequency-time plane
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Fig. 7. Total power:
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Conversion of scaling from quantitative to frequency for a
periodic signal is performed taking into account the fact that
the signal has a limited number of samples per period and is
defined as

1
2:A, 2-a-dt’

where A, is localization area.

From the graphs of A phase power (Fig. 6) and total
power (Fig. 7), there are two ranges of the scaling parame-
ter a = 3.5 £ 0.5, which corresponds to frequencies close to
100 Hz and a = 15 £ 5, which corresponds to frequencies
close to 25 Hz. The graphs also show a significant deviation
of the power of A phase in 25-hertz range compared to the
total power with evident epicentres. Thus, the results ob-

f=
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tained during the experimental study, with a certain quanti-
tative error, confirm the possibility of assessing the vibra-
tion processes of the mechanical part according to the spec-
trum of electrical power of the stator, based on qualitative
phenomena.

Conclusions.

1. Power distribution equation for three-phase induction
machine with a short-circuited rotor has been analytically ob-
tained in three-phase time coordinate system, which generally
reflects electromagnetic and electromechanical processes and
can be used for analysis of machine instantaneous power.

2. The research on the earlier known model of three-
phase induction motor with symmetrical structure of phase
windings, uniform clearance and linear magnetization char-
acteristics with a symmetrical stator voltage system, provid-
ed the mechanical eccentricity of the loader shaft. By means
of wavelet analysis, it was found that in the instantaneous
power of the induction motor, under these assumptions, the
components due to the frequency of the stator voltage and
current are mutually compensated and reflected in the dia-
gram.

3. By analysing the instantaneous electric power of the in-
duction motor under the conditions set out in item 2 using
wavelet transform, the power spectrum components caused by
vibration moment on the motor shaft and having frequencies
lower than the stator voltage and current frequencies are de-
tected.

4. The instantaneous power of the stator was determined as
a result of a physical experiment on a laboratory installation
with the induction motor with a short-circuited rotor based on
phase voltages and currents, whose wavelet transformation us-
ing virtual tool developed in LabVIEW package allowed con-
firming the conclusion obtained in item 3. The main frequency
of stator instantaneous power fluctuations was 25 Hz in math-
ematical modelling, and in case of experiment in the range of
17—32 Hz.

5. The obtained results are a prerequisite for further devel-
opment of the theory of instantaneous power as a factor that
reflects the phenomena in energy conversion and transmission
elements, especially subject to availability of information
about instantaneous power at input and output of the system
element.
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Meta. BusiBieHHSI CKJIadOBMX TMOTYXHOCTi BiOpalii,
BUKJIMKAHOI HECITiBBiCHICTIO 3’€MHAHHS BaJliB €JIEKTPUYI-
HUX MallUH Yy MUTTEBIN MOTYXKHOCTi aCUHXPOHHOTO JBU-
ryHa.

MeToauka. AHAJiTUYHO BU3HAUYEHi CKJIAIOBi MOTYX-
HOCTi aCHHXPOHHOTO IBUTYHA 3 ypaxXyBaHHIM MOTYXXHOCTI,
110 CIIPUYMHEHA KOJUBAaHHIMU MOMEHTY Ha Baiy. Ha min-
CTaBi IbOTO 3 BUKOPUCTAHHSIM METOMiB MaTeMaTHUYHOTO
MOJIEJIIOBAaHHS B CEPEOBUIIL Bi3yalbHOI'O MPOTpaMyBaHHS
cKJIalieHa BimomMa Moaeab Tpu(a3HOTO aCUHXPOHHOTO IBU-
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ryHa 3 KOPOTKO3aMKHEHUM poTopoM. [{ogaTKOBO BBEAEHO
eJIeMEHTH Ta 3B’SI3KU, 10 peani3yloTb (GOpMyBaHHS MO-
MEHTY, 3yMOBJICHOTO HEBPiBHOBaXXEHICTIO 00EPTOBUX Mac.
I3 BukopuctanusiMm @ypbe-TepeTBOPEHHS EIeKTPUIHOI
MOTYXHOCTI aCMHXPOHHOIO JIBUIYHAa BU3HAYEHO ii OUC-
kpeTHuii criektp. [IpoBeneHe excrmepuMeHTaabHE MOCIHi-
JKEHHS €JIEKTPUYHOI MOTYKHOCTI aCUHXPOHHOTO IBUTIYHA
3 KOPOTKO3aMKHEHUM POTOPOM, B QHAJIOTIYHUX MOIENb-
HUM yMOBax, Ha JljabopatopHoMy obJagHaHi. BukopucraH-
HSIM BipTyaJbHOTO TIpUJIaAy, CUHTE30BAaHOTO B TMaKeTi
LabVIEW, BukoHaHuii BeWBJeT-aHai3 €JIEKTPUUYHOI MO-
TY>XHOCTi CTaTopa ABUTYHAa JIaOOPATOPHOTO €IeKTPOTEeX-
HIYHOI'O KOMILJIEKCY.

Pesyabratn. OTpumaHi nudepeHiifHi piBHIHHS aCUHX-
POHHOTO JBUTYHA 3 KOPOTKO3aMKHEHUM POTOPOM y CUCTEMi
KOOpAWHAT abc, 110 BiIOMBAIOTH PO3IOILI MUTTEBOI MOTYXK-
HOCTi B MalllMHi 3 ypaxyBaHHSIM BiOpalliiiHOro MOMEHTY. Y
pe3ynbTaTi MONENIOBAaHHS 3a 3a3HAUEHVMM PiBHSIHHIMU
ACMHXPOHHOI MalllMHU, B yMOBaX MOBHOI CUMETpii mapame-
TPiB CXeMU I peXUMY 3 eKCIIEHTPUCUTETOM 00EpPTOBUX Mac,
BUSIBJIEHI HU3bKOYACTOTHI KOJMBAHHS €JI€KTPUYHOI MOTYXK-

HOCTi ctatopa 3 yactororo 25 I'i. AHajoriuHi pe3yabraTu
OTpUMaHI B pe3yJbTaTi BeWBJET-aHaIi3y €JIEKTPUYHOI T0-
TY>KHOCTi aCUHXPOHHOT'O IBUTYHA J1ab0paTOPHOIO €JeKTPO-
TEXHIYHOTO KOMILIEKCY.

HaykoBa HoBu3Ha. OOIrpyHTOBaHa palliOHAJIbHICTh BU-
KOPUCTAHHS MMUTTEBOI €JEKTPUUYHOI TMOTYXHOCTI cTaTopa
ACMHXPOHHOTO IBUTYHA [IJIs1 BUSIBJIEHHS BiOpallii, BUKJIMKA-
HOI HECIIBBICHICTIO 3’€IHAaHHS HOTO Bajy 3 BaJOM iHIIIOL
MalllMHU, 110 IO3BOJISIE BUSIBJISTUA BiOpallii 6e3 ckiaamHux
METO/IiB BUMipIOBaHHS BiOpalliifHOro 3MillleHHs Ta HOro
MOXiTHUX.

IIpakTyna 3HauumicTb. BusBsieHHs BiOpauii 1UISIXOM
BUMIpIOBaHHS €JIEKTPUUYHUX MapaMeTpiB CTaTOPHOIO KoJia
ACMHXPOHHOTO ABUTYHA i BUBHAUEHHS KOJIMBAHb IOTO MUT-
TEBOI MOTYXKHOCTi 0€3 BUKOPUCTAHHS CIeliali3oBaHOro 00-
JIalHAHHS CYTTEBO CIPOUIYE MPOLIEAYPY BiOPOAIarHOCTUKUA
Ha ii mepIluX eTanax.

KimouoBi ciioBa: acuuxponruii deueyH, Hechiggicnicmv 6a-
18, eNeKMPUYHA NOMYICHICMb, MeXaHIuHI 8i0payii
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