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SIMULATION OF THE IMPACT OF HIGHER HARMONICS ON THE TRANSIENT PROCESS
OF INDUCTION MACHINE FED FROM PWM INVERTERS
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Preliminary communication
In this paper a fundamental mathematical model (algorithm) for determination of condition of induction machine as well as the simulation procedure for
measurement of certain values in program MATLAB has been presented. A scheme of measuring system and results of simulation application are
presented on output lists. Thus, measuring system gradually develops and improves as combination of information and results of previous steps in
modeling with new elements essential for development of researches when induction machine is fed through PWM inverter.
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Simuliranje utjecaja visih harmonika na prijelazni proces indukcionog stroja napajanog iz PWM invertera

Prethodno priopcenje
U radu je prikazan osnovni matemati¢ki model (algoritam) za odredivanje stanja indukcionog stroja kao i postupak simulacije mjerenja pojedinih
vrijednosti u programu MATLAB. Na izlaznim listama prikazana je shema mjernog sustava i rezultati primjene simulacije. Na taj nacin se mjerni sustav
postupno razvija i usavrSava kao kombinacija informacija i rezultata prethodnih koraka u modeliranju s novim elementima znacajnim za razvoj
dijagnostickog sustava kada se indukcioni stroj napaja pomoc¢u PWMinvertera.

Kljucne rijeci: algoritam, dijagnostika; indukcioni stroj; mjerenje; simulacija

1 Introduction

In polyphase and multiple-winding induction
machines in the air gap, beside fundamental harmonics
also occur many harmonics with frequency that is lower
and higher than the fundamental-network frequency, and
have one name- higher harmonics. They are characterized
by time and space distribution in the induction machine
[1, 2]. Time-dependent harmonics reach the gap of stator
and rotor of the induction machine from the machine
derivatives (connections toward electric network, from
mechanical connector such as shaft and from thermal
derivatives) and space-dependent harmonics occur due to
constructive particularities and non-linearity of the
parameters in the machine; this assumption is also valid
for model of double-pole induction machine (p=1) [3, 4].

The first source of higher time harmonics in a steady-
state regime is non-sinusoidal voltage on derivatives of
induction machine. If symmetric and non-sinusoidal
voltages also associate to idealized induction machine the
value of magnetic induction in air gap shall have the form
of associated voltage, which besides the fundamental also
contains the higher harmonics. By knowing the given
voltage form on derivatives of induction machine it is
possible to calculate and measure or simulate the spectral
composition of the fields in the gap.

The second source of higher time harmonics in air
gap is an engine shaft-mechanical derivative of the
induction machine. During the changing of loading
moment M,, or during the changing of speed of rotation n
(frequency) the higher harmonics occur in the air gap. On
the side of mechanical derivative higher harmonics in air
gap can also occur during non-linear change of rotation n
(frequency) and during simultaneous non-linear change of
moment M,, and speed of rotation » (frequency) [5].

Time-dependent higher harmonics can also reach the
air gap through thermal derivatives-from areas that
surround conducting parts of the induction machine. In

the case of non-linear changes of the temperature in the
induction machine environment higher time-dependent
harmonics occur and shape of magnetic field becomes
deformed. The highest values of higher harmonics
amplitudes occur at thermal shocks [4, 6].

Space dependent harmonics occur due to specific
construction and have big influence on energy
transformation process in induction machine. Important
space harmonics of an induction machine are [5]:
fundamental harmonic of magnetic excitation force
(MEF) and MEF teeth and harmonics occurred due to
non-linearity of electric machine parameters, and
technological harmonics occurred due to application of
combined frequencies (in modern induction machines).
Important influence on space harmonics spectra has
eccentricity of rotor and stator axes, conical or ellipsoidal
shape of rotor and deformities in winding positioning of
stator and rotor [1, 5].

That means that in air gap exists the spectrum of field
which can be divided on sets of harmonics, and division
should be performed according to time and space origin.

2 Measurement of significant quantities of the induction
machine

Previously mentioned division of higher harmonics
on time-dependent and space-dependent can be only
considered conditionally because all harmonics are
connected to the energy of a field in the gap and can be
considered only together in the space and time, Fig. 1.

Process equations in induction machines present
mathematical model (algorithm of theoretically idealized
machine) for the analysis of magnetic field in the gap
between  rotor and  stator and  calculation
(measurement/simulation) of spectrum of voltages and
currents harmonics of induction machine that gives the
picture on its condition.
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Figure 1 Scheme [7] and distribution of fields of double-pole
three-phase machine of induction engine 3,4 MW. One flux
line presents unit value 0,005 Wb/m [5]

All modern numerical methods presently used by
engineers for calculation of distribution of magnetic fields
in the gap start from the method of final differences or
from method of finite elements and defined initial
conditions and come to calculation of inductivity and
reactance as inductive parameters of the induction
machine [7].

The aim of this paper is the simulation procedure of
measurement of certain values on the model of three-
phase ideal double-pole induction machine with smooth
rotor and air gap; all parameters are linear and voltage on
derivatives is rectangular with PWM inverter [7, 8].
Induction machine has 3 windings on stator with number
of coils NyNpgN¢ and three windings on rotor with number
of coils N,NyN..

For three-phase induction machine in space system of
phase coordinates A, B, C, a, b, c differential equations
for contours where phase voltages are present are as
follows:
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A Al4 P
., dyyg
Ve =Rpip+ , 1
B By T (D
dy ¢
Vo=Rpi+
c cle Ty
VazRaia+—dW”
dt
- dy,
V, =Rj, +——b . 2
b= T
V=R, + e
dr

The values of mechanical quantities are:

ﬂzﬁ(yé_}?a)m_Tm):>
dt J , (3)
:Jﬂzjz_nﬁzp(];_pwm_Tm)

dt 60 At

where V voltages 4, B, C, a, b, c; i; rotor currents i, and
stator currents i; R,, R, active resistances of stator and
rotor; y; the resultant magnetic fluxes; w, electrical
angular velocity (w,xp); w,, angular velocity of the rotor;
p number of poles induction machines; 7, electromagnetic
torque induction machine; 7, shaft mechanical torque
induction machine; F combined rotor and load viscous
friction coefficient; J combined rotor and load inertia
coefficient.

The resultant flux in phase 4 can be determined from
the relation:

Wa=Lyi,+M pig+M  cic +M 4,0, +
+M i, +M 0,

) (4)

Va =Laia +MaBiB+MaCiC+MAaiA+ (5)

+M iy +M 0,

In the similar way relations for resultant fluxes of
other 5 contours which relates to phases B, C, a, b, c are
written. In the real inductivity coordinates and mutual
inductivity in relations given for fluxes are coefficients
with periodical values, which change as functions of
harmonic at rotation of induction machine rotor [3, 7].

If expressions for fluxes in Eq. (4) and (5) are
included in Eq. (1), (2) and (3), solutions with a few
dozen elements and periodically variable coefficients will
be obtained. In order to avoid these periodical
coefficients, mathematical transition-transformation to
another appropriate system of coordinates is necessary
where in the air gap the field is rotating and can be
presented by resultant vector of rotating field B, By
projecting of resultant vector of rotor currents, voltage,
and flux on certain axes (here on d, g, 0 stator axes),
expressions that correspond to matrices of transitional
values can be determined [7, 9].

3 Matrix of transformation from 0dg components to uvw
components and inverse matrix of reverse process of
transformation from uvw to 0dg

System matrix Odg (Park’s transformation matrix)
corresponds best to induction machines construction
because it takes into account inequality of impedances on
longitudinal and transverse axis and therefore is used in
analysis of transitional processes in electric machines [2].
Transition matrix from Odg components into uvw
components and inverse matrix related to inverse process
of transition from uvw into Odg are defined by Eq. (6) and
(7) [10+13]:

I:TOdq%uvw ] = [Tuvw ] [TOdq ]71 H (6)
[Tuvw—>0dq ]: [TOdq—mvw ]T . (7)

Measuring system of diagnostics of technical
condition of induction machine based on the analysis of
space and time dependent harmonics of magnetic field
must contain sensors for conversion of parameters of
space and time harmonics into unique electrical signal.
With the assistance of 4D converter obtained information
is entered into computer for further processing [14, 15].
Today, PC is mostly used for additional processing and
rarely special controller with appropriate software
support.

Possible scheme with computer support can be
performed in two ways, Fig. 2, through:

1. Simple analysis, measurement and recording of
higher harmonics of voltage and stator currents.

2. Calculation of coefficients of mathematical model
(this procedure is applicable only for basic harmonics [9,
16]).
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Figure 2Basic scheme for diagnostic system

According to the first way, the task comes down to
program writing or to usage of one of the programs for
simulation of induction machine in an open-loop speed
control on a 3,6 kW, 230 V industrial motor
(MATHLAB/Simulink, program Mathematica Wolfram
etc.) [5].

The program memory must contain composition of
harmonics at normal induction machine condition and at
engine running periodically to record results and compare
composition of harmonics regarding the normal engine. A
command for signalling at elevated vibrations or for
disconnection of the engine from the drive at higher
disturbances must be given to the program.

Realization of the first way for writing of a certain
program is not difficult, but procedure itself has some
faults. Primarily, it is necessary to establish correlation
between defects of mechanical parts with parameters that
determine harmonics, and requires a huge amount of
computation when a large number of harmonics should be
retained. On the other hand, this procedure does not allow
the identification of defects. The second way shows that
calculation of coefficients of mathematical model requires
the complex programs, since coefficients are calculated in
the real time and must be compared with values obtained
in the operating process of induction engine.

As discussed the complexity of the second way is
reflected in writing of mathematical model that contains
differential equations for each harmonic respectively,
where massive system of equations, very difficult for
solving, is obtained. Regardless of applied way, 1 or 2, in
both cases a program which performs analysis of higher
harmonics of stator voltages and currents is needed.
Program which refers to spectral analysis must rely on
signals obtained from sensors that contain parameters of
harmonics components, and data about them shall be used
in additional analysis of mathematical model.

4 Simulation of dynamic operation regime of the
induction machine fed by rectangular voltage

The induction machine block operates in any state: as
generator or engine. The operation mode is dictated by the
sign of the mechanical torque (positive for engines,
negative for generators). The electrical part of the
induction machine is represented as the four-poles and the
mechanical part as a second-order system. Electrical
variables are brought to the stator. This is indicated by (°)
sign in the equations given below. All stator and rotor
quantities are in the arbitrary two-axis reference frame (dg
frame). The subscripts used are defined as follows, Fig. 3:

Subscript definition: d: axis quantity d; ¢ axis
quantity g; » rotor quantity; s: stator quantity; L: leakage
inductance; m magnetizing inductance.

Applying Eq. (1)+(7) the following is obtained:
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Figure 3 Equivalent electric schemes and development
on d-axis and g-axis

Mechanical system of quantities is:

d 1

—w,=—I\I,-fo,-T,), 19
O =\l Fo,-T,) (19)
d

—0,=0,. 20
1 On = (20)

Parameters of induction machine block are defined as
follows; all quantities are referred to the stator.

Definition of parameters is: R,, L; stator resistance
and leakage inductance; R', L', rotor resistance and
leakage inductance; L,, magnetizing inductance; R, L',
total stator and rotor inductances; Vi, i,q axis stator
voltage and current; V', i’,q axis rotor voltage and
current; Vi, i,d axis stator voltage and current; V', i';d
axis rotor voltage and current; ¢, @, stator ¢ and d axis;
@'y @'qr TOtor g and d axis; 6,, number of pole pairs; 0,
electrical rotor angular position(6,xp); H combined rotor
and load inertia constant.
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5 Simulation of mathematical model of operation of
induction machine

The software MATLAB Simulink Power System
model [7] is used for simulation of mathematical model of
operation of induction machine, scheme in Fig. 4, which
uses value equations. Behaviour of three-phase induction
machine, as loading in dynamic operation regime has
been tested at three-phase induction engine start-up, with
nominal value of 3,6 kW fed by inverter that gives
rectangular voltage form [17+20]. At the engine start-up
fed from inverter converter it is typical that spectrum of
harmonics of engine current continuously changes during
the whole start-up interval [2, 21].

For obtaining of more authentic responses at the
output (stator and rotor currents, speed of rotation and
moment) the following parameters of induction machine
have been selected:

Parameters induction machine:

Rotor type: Wound

Reference frame: Stationary

Nom. power, L-L, voltage and frequency:

[P,=3%1200 (VA), V,=230 (Vrms), f,=50 (Hz)]

Stator: [R=0,435 (Q), L;=2x2,0e—03 (H)]

Rotor: [R'=0,816 (2),L",=2,0e—03 (H)]-values referred to
stator

Mutual inductance: L,,=69,31e—03 (H)

Inertia, friction factor, pairs of poles [J=0,089 (kgmz),
F=0 (N.m.s), p=2].

3,6 KW -230V
50 Hz - 1410 rpm

a

b

C

N (rpm)

Machines
Measurement
Demux

puZradpersec

A
B
P C
vab vab (V)
| 11.9 Tm
.—: :{- v
peak2rms
magnitude 190.3
signal
angle - RMS Vab voltage
Fourier
" RelayA
| ‘ signal
A Vab

Ko—
NS m——
wm* Step

sin (p.u.)

+ 2°pil3*7 0,-1,11]

¥
signal

O

Vbe

Demux

Look-Up
Table Math

Clock
1/1980

:

Function

Figure 4 Induction machine fed through PWM inverter. Inverter with impulse width modulation-impulse range modulation. Low-voltage three-phase
induction engine 3,6 kW "Sever"-JUS ISO 9001 (source: www.sever.rs) n = 1410 min 1, Protection IP 54, Voltage 230 V, /=50 Hz

6 Simulation results

Time forms of voltage harmonics V,, (1, 3, and S‘h)
(rectangular impulses of same amplitude, which, at the
same time, present values of magnetic induction in the
gap of stator and rotor) are presented in Fig. 5.

Fig. 6 represents appropriate spectrum of current
harmonics for stator and rotor of simulated 3" and 5"
harmonic.

Fig. 7 represents harmonics spectrums of stator and
rotor torque during the starting of induction machine and
the impacts of simulated 3™ and 5™ harmonics, while Fig.
8 represents time forms of speed of rotation of stator and
rotor and the impacts of the 3" and 5™ harmonic coming
into inverter for feeding and operation of the machine.

For 1% basic and 3™ and 5™ harmonic the same time
forms of currents, rotation speed and moment are

obtained. By comparing time forms of spectrum of
voltage harmonics at the induction machine input
obtained from PWM inverter and currents of rotor and
stator it can be seen that induction machine manifests
certain insensitivity to higher harmonics elements. Such
insensitivity could be due to imperfection of the model for
simulation or mathematical procedure regarding dual
transformation-transition process from uvw (in this case
phase a, b, ¢) into Odg components or due to inverter
operation.

Deviation of current time form from sine form can be
noticed during the run-up interval. According to Fig. 5 it
can be concluded that values of voltage amplitude are the
same for all harmonics of voltage and the value of
magnetic induction V in air gap has the form of impressed
voltage.

268

Technical Gazette 24, 1(2017), 265-271



Simuliranje utjecaja viSih harmonika na prijelazni proces indukcionog stroja napajanog iz PWM invertera

N. Markovi¢ i dr.

0.1

0.08

¢) 5™ - harmonic simulated in

0.06

0.04

o
@ =
o
. . -
2 =}
Q o (=] o o o Q o Q
=] =] =1 =} =] =] =} =]
~ 2] 3 - - ~ ] 5

9

Figure 5 Interphase rectangular voltageV,;, from PWM inverter at the induction machine input
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7 Conclusion mechanical time variable quantities is created: stator and
rotor currents, rotation speed and electromagnetic
For the purpose of presentation of testing results, a moment.
simulation model of three-phase active power filter with Simulation and analysis of time forms-diagrams of
referent current with dynamic model of a three-phase voltages, stator and rotor currents, speed of rotation,
induction machine. electromagnetic moment (7) certainly does not create a
Simulation of feeding of induction machine by complete spectral picture since simulation of space

rectangular voltage harmonics in all electrical and
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harmonics of magnetic field along the scope of the stator
is lacking.

In simulation of engine run-up from inverter
converter spectrum of harmonics of engine current (rotor
and stator) during the run-up interval {0 — 0,1} has been
continuously changed and there was impression that they
are insensitive to harmonics, that is, induction machine
does not detect harmonics at the input of the machine.
However, diagnostics based only on consideration of
distribution in time domain at least creates initial
conditions for correction of asymmetries and higher
harmonics.

On diagrams at real proportion, which are obtained
by simulation, harmonics that presents 0,1 part of the
basic harmonic have been analyzed, since further
reduction of values of harmonic amplitudes could cause
serious problems, and therefore the value 0,1 in this case
presents sufficient sensitivity for analysis of spectrum of
harmonics in the induction machine.

Parallel active device for correction of harmonics
should detect undesirable components of current produced
in nonlinear loading such as induction machine, and inject
the similar current (form of current) into the point where
the correction device is. Corrector of asymmetries is ideal
resource whose currents correspond to unwanted
spectrum of components in the network current that
should be annulled with as less loss as possible.
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