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Abstract. One of the directions of scientific and technological progress at sea-based facilities is the use of electrical technol-
ogies based on nonlinear elements. It is revealed that the use of such technologies leads to a deterioration in the quality
of electricity, mainly due to higher harmonic. The results of theoretical and experimental studies of the higher harmonic
components of voltage and current occurring during the operation of ship frequency-controlled asynchronous electric drives
are presented. During operation of a frequency-controlled electric drive high current harmonics of mainly 5, 7, 11, 13 orders
are emitted into the power supply network, which is due to the presence of a six-phase rectifier. This leads to distortion of the
sinusoid of the supply voltage, since the higher harmonic components of the current, propagating through the electrical net-
work, create corresponding voltage drops on its elements. Along with the main harmonic of the voltage of a given frequency,
the higher harmonic components of the voltage flow from the autonomous voltage inverter to the stator winding of the asyn-
chronous electric motor, which causes the higher current harmonics and torques of the forward and reverse current sequences
in the stator and rotor windings. As a result additional heating of the stator and rotor windings occurs and vibrations of the
asynchronous motor shaft at frequencies of 300 and 600 Hz occur. A method for measuring the vibration of a frequency-
controlled asynchronous electric drive from the interaction of the moments of the reverse and forward sequences has been
developed and experimentally confirmed. A method for calculating the intrinsic frequency of oscillations of the asynchro-
nous motor-load machine system is proposed, confirmed by the example of a laboratory installation. To accurately calculate
the natural frequency of the oscillatory system, it is necessary to experimentally measure the moments of inertia of the rotor
of an asynchronous motor and the armature of a DC motor.

Keywords: frequency-controlled asynchronous electric drive, higher harmonics, voltage, current, torque, self-resonant
frequency

For citation: Beley V. F., Korotkikh K. V., Sinyavskij N. Ya. Results of studies of higher harmonics during the operation
of ship frequency-controlled asynchronous electric drives. Vestnik of Astrakhan State Technical University. Series: Marine en-
gineering and technologies. 2023;4:80-87. (In Russ.). https://doi.org/10.24143/2073-1574-2023-4-80-87. EDN KBKAVU.

Hayunas crates

Pe3ynbTaThl HecIeA0BAHMI BHICIINX FTAPMOHHUK MPH IKCIUTyaTALMHA
CYAOBBIX YaCTOTHO-PEryJIHPYeMbIX ACHHXPOHHBIX 3JIEKTPONPUBOAOB

. i, A 1au 5 7]
Banepuii @eooocuesuu beneit™, Kupuan Buxmopoeuu Kopomkux, Huxonaii Axoeneeuu Cunsgckuii

Kanununepadckuii 2ocyoapcmeennviii mexHuuecKuil yHugsepcumen,
Kanununzpao, Poccus, vbeley@klgtu.ru™

© Beley V. F., Korotkikh K. V., Sinyavskij N. Ya., 2023

80



Vestnik of Astrakhan State Technical University.

Series: Marine engineering and technologies. 2023. N. 4
ISSN 2073-1574 (Print), ISSN 2225-0352 (Online)

Ship power generating complexes and systems

AnHoTanus. OXHUM W3 HalpaBJIeHHH HAyIHO-TEXHHIECKOTO Iporpecca Ha 00bEKTaX MOPCKOTO Oa3HMpOBaHUS SIBIIS-
€Tcsl ICIIOJIb30BAaHNE JIEKTPOTEXHOJIOT I, OCHOBAHHBIX HA HEJIMHEHHBIX dJIeMeHTaX. BeIsBIEeHO, YTO IpUMEHEHUE Ta-
KOTO POJia TEXHOJIOTHI IIPUBOJUT K YXYIIICHUIO Ka9eCTBa HIIEKTPOIHEPTHH, B OCHOBHOM 3a CYET BHICIINX TapMOHHK.
[puBeneHs! pe3ysbTaThl TEOPETUIECKUX U SKCIIEPUMEHTANBHBIX MCCIEIOBAaHUH BBICIINX FAPMOHUYECKUX COCTaBIIS-
IOIIUX HANPSDKEHUS] U TOKA, MMEIOLIMX MECTO MPH 3KCILTyaTal[UU CYJOBBIX 4aCTOTHO-PETYIHPYEMBIX aCHHXPOHHBIX
3NIEKTPONPHUBOJOB. B muTaromyio 3MekTpUuecKyio CeTh MPH 3KCILTyaTallud YaCTOTHO-PETYIUPYEMOTO 3IEKTPOIPUBO-
Jla SMUCCHUPYIOTCS BBICIIHE TAPMOHMKU TOKA MpeuMyliecTBeHHO 5, 7, 11, 13 mopsaxoB, 4To 00yCIOBICHO HATHMYHEM
mectTi(hasHOro BBIIPAMUTENS. DTO MPUBOJUT K MCKAKEHUIO CUHYCOM/bI IIUTAIOLIEr0 HANPSKEHUS, ITIOCKOJIBKY BbIC-
e TapMOHNYECKHE COCTABILIONINE TOKA, PACIPOCTPAHSSACH 10 DIEKTPHUECKON CETH, CO3/Al0T COOTBETCTBYIOIIHE
IaJIeHUsT HAaIpsDKEHUs Ha ee dyieMeHTax. Hapsay ¢ OCHOBHOM rapMOHMKON HampspKEHHs 3aJaHHOM YacTOTHI OT aBTO-
HOMHOTO MHBEPTOpa HANPsDKEHHS HAa OOMOTKY CTaTOpa aCHHXPOHHOTO 3JIEKTPOJBHTATENIsI OCTYIAIOT BEICIIHE TapMo-
HHYECKUE COCTABIIIIONINE HANPSDKEHUS, YTO 00YCIOBIMBAaeT B OOMOTKAaX CTaTopa W POTOpa BBICIINE TapMOHHUKU TOKa
M BpAlIAIOIIMe MOMEHTHI NMPSIMON M OOpaTHOM MOCnenoBaTeNbHOCTEH TOKa. B MTOre mpoMCXOAWT NOMOIHUTEIbHBIN
HarpeB 0OMOTOK CTaTopa U poTOpa, MOABIAIOTCS BUOPAIMK Bajla aCHHXPOHHOro IBurarens Ha yactoTax 300 u 600 I'm.
Pa3paborana u sKcrepuMEHTAIbHO MOATBEP)KAEHA METOAMKA M3MEPEHMS BUOpALMM YaCTOTHO-PETYIHPYEMOTO acHH-
XPOHHOTI'0 3JIEKTPONIPUBOJA OT B3aUMOJACHCTBUS MOMEHTOB 00paTHON U mpsAMoOi nocnenoBarensHocTel. [Ipeanoxena
METOJMKa pacueTa COOCTBEHHOH YacTOTHI KOJeOaHUH CHCTEMBI «ACHHXPOHHBIN JABUTATENb — HarPy304HAs! MallnHaY,
MOATBEP)KACHHAS Ha IpHMepe J1abopaTOpHOH yCTaHOBKHU. J{JIsI TOYHOTO pacdera COOCTBEHHOM YacTOTHI KOJeOaTelb-
HOM CHCTeMBI HEOOXOAWMO SKCHEPHMEHTAIBHO H3MEPUTh MOMEHTHI MHEPIHH POTOpa aCHHXPOHHOTO BHTATENs
U SIKOPSI IBUTATENSI HOCTOSTHHOTO TOKA.

KiwueBsble ¢j10Ba: 4aCTOTHO-PETYIUPYEMbI aCHHXPOHHBIH JICKTPOIPHBO/, BHICIIHE TAPMOHHKH, HANIPSIKCHUE, TOK,
MOMEHT, COOCTBEHHAsI 4aCTOTa KOJcOaHM
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Introduction

The main consumers of electricity on ships and
sea-based objects are asynchronous electric drives.
The use of energy-saving frequency-controlled asyn-
chronous electric drives makes it possible to: reduce
electricity consumption in shared modes by several
times; expand the functionality of electrical equipment
significantly. The structure of a modern frequency-
controlled electric drive, which is optimal in terms
of energy performance, control and mechanical charac-
teristics, is based on a frequency converter with an
intermediate DC link, which allows frequency control
of the speed of asynchronous motors, in which the
frequency and voltage of the motor supply can be
changed in accordance with the established ratio inde-
pendently from each other, for example, using the so-
called control laws: U/f — the constancy of the magnet-
ic flux, U*/f* — the constancy of the critical moment,
and so on. When these control laws are implemented,
the speed of the induction motor changes in proportion
to the frequency. By changing the frequency, smoothly
and within a wide range, it is possible to adjust the
speed of rotation of the rotor [1].

However, during operation, these electrical wires
emit higher current harmonics into the supply network.
An autonomous voltage inverter forms, along with the
main series, higher harmonics of the output voltage
supplied to the stator winding of an asynchronous elec-
tric motor. As you know [2, 3], higher voltage harmon-
ics cause the corresponding higher harmonic currents
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flowing through the windings of an asynchronous mo-
tor, which leads to additional losses in the stator and
rotor windings, the appearance of torques. The analy-
sis of works in this area showed that the complex
of problems that take place has not been studied
enough and conducting theoretical, computational and
experimental studies of higher harmonic components
in the operation of frequency-controlled asynchronous
electric drives is relevant.

Research materials and results

With the advent of static semiconductor frequency
converters based on IGBT transistors, frequency-
controlled electric drives were created, which are
based on a frequency converter and an asynchronous
motor (AM). Optimum in terms of energy perfor-
mance, control and mechanical characteristics, the
structure of a modern frequency-controlled asynchro-
nous electric drive is based on a frequency converter
with an intermediate DC link and consists of a rectifier
(R) with an inductive-capacitive constant-voltage filter
(CVF), a frequency converter control device (FCCD)
and an autonomous voltage inverter (AVI) that forms
the fundamental harmonic of the output voltage by
pulse-width modulation [4] (Fig. 1). The efficiency
of the rectifier with an inductive-capacitive constant
voltage filter is up to 97% [4].
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Fig. 1. Block scheme of a frequency-controlled electric drive

The mode of operation of the AM and its energy
characteristics, as a rule, are analyzed under the condi-
tions that the main harmonic of the voltage is supplied
to the stator terminals at different frequencies and
voltages. Theoretical, computational and experimental
studies of higher harmonics that occur during the oper-
ation of frequency-controlled electric drives using
a laboratory setup (Fig. 2) based on an AIR63V4 mo-
tor (Table 1) [5] were carried out.
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Fig. 2. Functional diagram for the study of a frequency-controlled electric drive when measuring parameters
at the input of an asynchronous motor

Table 1
Technical parameters of the asynchronous motor type 4AA63V4, similar to AIR63V4
Type Pnam’ kW Unams \4 Inams A nmchs rpm | S,om, % Istart/lnom Mmax/Mnom Mnoms N-m A})mech’ W
4AA63V4| 0.37 380 1.2 1500 9 5 2.2 1.4 11

To carry out measurements at the AM input (Fig. 3,
Table 2-4), the following were used: a FLUKE-434

power quality indicator meter, a two-beam oscilloscope
connected from the side of the supply voltage (Fig. 2).

Table 2
Measurement results at the asynchronous motor input
I, A UV U, V P, W 0,, VAr S1, VA
0.72 400 231 232 503 554

The harmonic components of the input current and
voltage are expanded in a Fourier series and are pre-
sented in Tables 3 and 4. THD,, THD,; — the total coef-
ficients of harmonic components of current, voltage at
the point of transmission of electrical energy, % [6]:

Ziiz (I(n)2 )

THD, =K, = -100%:
1y
Z:L(Uwf)
THD, = K, =V="2"" 7 100%,

Yy

where /), U, — the amplitude values of the n™ harmonic
of current and voltage, respectively; /), Uy — the ampli-
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tude values of the first harmonic of current and volt-
age, respectively.

The use of relatively powerful frequency convert-
ers can lead to distortion of the sinusoid of the supply
voltage, since the higher harmonics of the current,
propagating through the electrical network, create the
corresponding voltage drops on its elements:

u= unetwork + zin Zn s
n=2
where z, — the resistance of the circuit section at the fre-
quency of the n harmonic; ...+ — network voltage.
The results of studies of the current and voltage at
the AM input according to the scheme shown in Fig. 2
are given below (Fig. 4, Tables 5, 6).
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Table 3
Current harmonic composition from the side of the three-phase network 3 x 380 V
Phase | THD;, % H3, % HS, % H7, % H9, % H11, % H13, % H15, %
A 183.5 255 95.1 98.0 19.6 81.4 83.5 16.3
B 1854 29.8 95.8 95.7 21.6 82.6 86.1 15.3
C 172.2 20.6 91.06 89.5 14.8 77.1 79.8 13.9
Table 4
Voltage harmonic composition from the three-phase network 3 x 380 V
Phases | THDy, % H3, % HS, % H1, % H9, % HI11, % H13, % H15, %
AB 1.03 0.24 0.48 0.61 0.1 0.33 0.28 0.08
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Fig. 4. Current and voltage waveforms at the input of the asynchronous motor
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Table 5
Current harmonic composition at the input of the asynchronous motor
Phase THD;, % H3, % HS, % H7, % HY, % H11, % H13, % H1S, %
A 29.7 0.2 23.0 11.1 0.3 9.1 6.1 0.1
B 293 0.6 22.5 113 0.6 8.9 6.4 0.1
C 29.8 0.5 233 10.7 0.4 9.4 6.0 0.6
Table 6
Voltage harmonic composition at the input of the asynchronous motor
Phases THDy, % H3, % HS, % H7, % HY9, % H11, % H13, % H15, %
AB 33 0.8 1.4 2.3 0.7 1.2 0.6 0.3

The influence of higher harmonics on AM is mani-
fested in additional heating of the windings, insulation
aging, the occurrence of braking torques, vibration [2, 3].

Additional losses in AM caused by currents of the n™
harmonic [1]:

A})ad.l = 31}12 (ri.n + rZ.n’ )’

where ry,, r,’ — respectively, the active resistances
of the stator and rotor windings at the frequency of the n™
harmonic.

At elevated frequencies, a surface effect appears in
the stator and rotor windings of the electric motor [2]:

= rl\/;; rZ.n, = rz\/;-

There is a significant spectrum of field harmonics
in the air gap of the AM. The torques due to the higher
harmonics, acting on the AM rotor, are additional.
These include: asynchronous, synchronous, hysteresis
and reactive torques [2]. The asynchronous torques
of the 5™ and 7™ harmonics have the greatest influence
on the AM from the torques under consideration, as
the largest in terms of magnitude and nature of the
impact. They respectively create torques of reverse and
positive sequences. To calculate these torques, one
should know the parameters of the equivalent circuit
of an asynchronous motor (Fig. 5), which is similar to
the equivalent circuit for the fundamental frequency,
with the replacement of its parameters for the frequen-
cies of higher harmonics [7].

4l

n

JXasern'

' 1l 3 U
T2sern T2stn JXstn

Fig. 5. Equivalent circuit of an asynchronous motor
for higher harmonics

The torque of the »™ harmonic reduced to the fun-
damental frequency in relative units [2]:
Inz I"2 n, Un2 1”2 n’
Mn = — = _2 o =n S
nos z'n s

n n

where U, — the voltage of the n™ harmonic.
The slip for the n™ harmonic is defined as follows
(2, 3]:

where o, — the synchronous angular velocity of rota-
tion of the n™ harmonic; o, — the angular speed of the
motor rotor in the nominal mode.

The dependence of the moments of the fundamen-
tal, 5™ and 7™ harmonics on the angular velocity is
shown in Fig. 6.
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Fig. 6. Dependences of the torques of the first,
fifth and seventh harmonics on the angular velocity
of the rotor of the considered motor
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Values of the moments for the 5™ and 7" harmon-
ics are increased by 100 times for the clarity of the
characteristics. Since the value of the slip of the rotor
for the currents of all harmonics is almost the same,
the relative torques are small, thus their influence on
the average torque is insignificant. However, this leads
to the appearance of vibrations of the motor shaft at
a frequency of 300 Hz from the interaction of the mo-
ments of the 5™ and 7™ harmonics [2]. Accordingly,
there is vibration at a frequency of 600 Hz from the
interaction of the moments of the 11™ and 13™ har-
monics [2]. Vibration at a frequency of 50 Hz is due to
the influence of the fundamental harmonic.

Measurement of the frequency spectrum of AM ax-
ial vibration signals (fx, fy, fz) by means of an accel-
erometer is shown in Fig. 7.

Ocb Z
Ocb X
OceY OcbY
N

Ock Y

Fig. 7. Scheme of the experimental setup for measuring
the frequency spectrum of signals of axial vibrations
of the asynchronous electric motor

Figures 8, 9 show the results of measurements tak-
en from the accelerometer along the X axis for various
frequency ranges.

The main vibration parameters measured to assess
the technical condition of dynamic machines in ac-
cordance with GOST ISO 10816-1 [8] are vibration
velocity, vibration displacement and vibration acceler-
ation, m/s, or g — free fall acceleration.
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Fig. 8. Vibration signal of the asynchronous motor
from 250 to 300 Hz at the nominal speed of rotation
of the rotor and the load on the motor shaft along the X axis
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Fig. 9. Vibration signal of the asynchronous motor
from 0 to 60 Hz at the nominal speed of rotor rotation
and the load on the motor shaft along the X axis

During operation of the laboratory setup, vibration
occurs at a frequency of 300 Hz (Fig. 8).

At the design stage of an electric drive, it is important
to know its self-resonant frequency in order to avoid res-
onance at a frequency of 50, 300, 600 Hz and so on. The
method for calculating the natural frequency of oscilla-
tions of the investigated electric drive is described below.

Two shafts connected by an elastic coupling
represent an oscillatory system with two degrees
of freedom (Fig. 10).

e

ASINEHROOSNTRARE

Qe

CCMOTRR 11

Fig. 10. Oscillating electric drive system (an asynchronous motor, a coupling, a DC motor)
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The frequency equation for this system has the
form [9]:

—(J,+J,)k’
—J,k?

2
J,k _o, o
c—J,k
where J, — the moment of inertia of the AM rotor;
J> — the moment of inertia of the DC motor armature
(DC motor); ¢ — the torsional stiffness coefficient.
For a cylindrical elastic element (coupling), the
torsional stiffness coefficient is [9]:

GJ,
c=—2
L

E

where G — the elastic modulus of the second kind
of rubber equal to 5 MPa; L — the length of the
cylindrical coupling; Jy — polar moment of inertia,
Jo = xD* / 32; D — the diameter of the cylindrical
coupling.

At D = 56 mm, L = 10 mm, the torsional stiffness
coefficient of the coupling is ¢ = 482.5 N-m.

Two oscillation frequencies [9]:

c(Jl +J2)

k=, = .
’ JIJZ

2

One frequency, k = k,, turned out to be nonzero.
The factors leading to damping of oscillations were
neglected. To determine the natural oscillation
frequency of the system using formula (1), it is
necessary to calculate the moments of inertia J; and J,
of the AM rotor and the DC motor armature,
respectively. For simplicity, we will present all the
configuration elements of the movable and fixed parts
of the AM and DC motor in the form of cylindrical
bodies (Fig. 10). Then the moment of inertia of the
shaft of the AM-DC motor system will be equal to the
sum of the moments of inertia of these cylindrical
bodies. The moment of inertia of a solid homogeneous
cylinder is [9]:

2
D* oVD? (pﬁlj L] D’
mbD” p _

8 8 8

J =

Then the total moment of inertia of the AM rotor J; is
equal to 1.6 10 kg'm”. To estimate the moment of inertia
of the DC motor armature, it was considered that this is
a cylindrical body (Fig. 10), consisting of half of copper,
half of steel (p; = 8 930 kg/m’ and p, = 7800 kg/m’,
respectively). Then the total moment of inertia of the DC
motor armature J, is equal to 54.5 - 107 kg'm? [9].

Evaluation of the self-resonant frequency of the
oscillatory system by formula (2) gives the result
k = 557 Hz. For an accurate calculation of the self-
resonant frequency of the oscillatory system, it is
necessary to experimentally measure the moments
of inertia of the AM rotor and the DC motor armature.

Conclusion

As part of the research, the following results were
obtained:

1. During the operation of ship frequency-controlled
asynchronous electric drives, higher current harmonics
are emitted to the supply network, mainly 5, 7, 11, 13
orders, due to the presence of a six-phase rectifier. This
leads to a distortion of the sinusoid of the supply voltage,
since the higher harmonics of the current, propagating
through the electrical network, create the corresponding
voltage drops on its elements.

2. Along with the main voltage harmonic of a giv-
en frequency, higher harmonic voltages are supplied to
the stator winding of an asynchronous electric motor
from an autonomous voltage inverter. As a result, there
is heating of the windings, moments of reverse and
positive sequences, leading to machine vibration.

3. A technique has been developed and the vibra-
tion of a machine at a frequency of 300 Hz from the
interaction of the moments of the fifth (reverse se-
quence) and seventh (positive sequence) harmonics
has been experimentally confirmed.

4. A method for calculating the self-resonant fre-
quency of oscillations of the electric drive is proposed,
confirmed by the example of a laboratory installation.
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