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Research of possibilities of characteristics and parameters
increase of asynchronous machines

Improving the efficiency and reliability of ship electric power systems is a priority task for modern
shipbuilding. One of the ways to solve this problem is to use the power of the main power plant for
the production of electricity. In this case, it is advisable to give preference to asynchronous machines as the
simplest in production and reliable in operation. It should also be noted that the asynchronous machine
can be made with a massive ferromagnetic rotor or a sleeve with the use of nanetechnology, which will
improve the energy parameters and performance of the electrical machine and the system as a whole. The
article analyzes the characteristics of the device and the operation of an asynchronous machine (AM) with
a short-circuited rotor with a ferromagnetic sleeve. Dependence of AM parameters and characteristics on
the geometric dimensions of the sleeve is shown, and a technique for their determination using the system
of Maxwell differential equations is proposed. An algorithm for.calculating the characteristics of an AM
machine and the equivalent parameters of a ferromagnetic sleeve is‘developed.

Keywords: asynchronous machine, rotor, ferromagnetic sleeve, slip, equivalent active and inductive
resistances.

Introduction

Target setting. The modern stage of development of shipbuilding is characterized by an increase in the
efficiency and reliability of ship power systems: One of the main directions of an increase in the efficiency is the
improvement of waste-heat recovery systemyincluding heat recovery of exhaust gases of main and auxiliary diesel
engines using turbochargers with built-in electrie'machines [1]. Taking into account high speeds of rotation of
turbochargers as electric machines in these systems it is expedient to use machines with a massive ferromagnetic
rotor or with a ferromagnetic sleeve. At the same time, the efficiency of exhaust gas heat recovery is improved,
and the operation of the compressor in different operating modes of the diesel engine is improved.

Analysis of basic researches and publications. Applications of integral turbocharger systems using an electric
machine with permanent magnets, as well as asynchronous machines with a short-circuited rotor are known
[2, 3]. At the same timeythe problematic issues are ensuring the mechanical strength of the rotor and problems
of regulating the voltages and powers of electric machines [4]. The solution of the above problems is greatly
simplified by using asynchronous machines with a massive ferromagnetic rotor using nanotechnologies in the
design of ferromagnetie sleeves. Regulation of voltages, frequencies and powers in such systems is provided by
means of semiconductor frequency converters.

Objective of the work is to analyze the characteristics of asynchronous machines with a ferromagnetic
sleeve. and to'develop an algorithm for determining the parameters of the sleeve and calculating the operating
characteristics-of machines.

Materials, methods and results of research

Improvement of reliable and mass-dimension characteristics of asynchronous machines can be achieved by
applying a special design rotor with frequency-dependent parameters, including using nanotechnology. One of
the directions of the solution of such a problem can be the use of a rotor with a ferromagnetic sleeve [3, 5]. In
such a design, the length of a conventional short-circuited rotor pack is 20-35 % greater than the active length
of the stator pack. The elongated part of the rotor is pressed with a sleeve with soft magnetic steel (Fig. 1).
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1 — stator, 2 — ferromagnetic sleeve, 3 — dielectric interval, 4 — rotor with short-circuit winding, 5 — shaft

Figure 1. The design of a rotor with a ferromagnetic sleeve

A distinctive feature of this design is that the ferromagnetic sleeve is placed under the frontal parts of the
stator winding and it does not require an increase in the overall length of the machine. The processes of energy
conversion in the AM of the proposed design proceeds in the same way as in the AM of the standard design
but the difference consists in the following. The main magnetic flux of the machine induces an electromotive
force F5 in the rotor winding, under the action of this EMF, a current I, flows i the rotor winding, creating
a magnetic flux going through the circuit: a massive sleeve, rotor clutch, a rotor back. The resulting magnetic
flux passing through this circuit and formed by the combined action of the MMS of rotor winding and the
eddy currents of the massive sleeve leads to an EMFEj5 in the rotor winding. This EMF significantly limits the
current flowing in the short-circuited rotor winding, and leads to a significant reduction in the starting current.
This EMF can be represented as a sum of two components, which are voltage drops on the equivalent active rj
and inductive x5 resistances of a massive sleeve:

—E5 = 7"5j2 +j.’£5[2

Thus, additional active-inductive resistance is put into the circuit of rotor winding, where the voltage
drop from the rotor current is equivalent to the mentioned EMFE;. In this case, the value of the resistance
significantly depends on the frequency of the rotor current [5]. In low slip modes of the machine, and therefore
at a low rotor current frequency, a small resistance is introduced into the rotor circuit, so the rigidity of the
mechanical characteristic, the power factor and the efficiency factor of the AM with the rotor of the proposed
design is reduced insignificantly, compared to AM with a short-circuited female rotor. As the rotor speed of the
AM female rotor decreases, and the sliding increases, a complex additional resistance with the predominance
of the active component is automatically introduced into the rotor circuit, which leads to an increase in the
electromagnetic moment of AM, while limiting the growth of the consumption current, and also to widening the
control range. In this case, the necessary AM characteristics are obtained by choosing the appropriate geometric
dimensions: the length and thickness of the sleeve.

At present, two methods for determining the parameters of the AM equivalent circuit with distributed
secondary parameters is.applied in practical calculations:

1. The calculation method, based on the classical works of Neumann on the theory of skin effect [5]. The
advantage of these formulas is that they take into account both the impermanence of the magnetic permeability,
and the loss of eddy currents and hysteresis. However, they are valid with sharp cases of the skin effect, when
the cross dimensions of the magnetic circuit exceed twice depth at which the electromagnetic wave completely
damps.

2. A calculation technique based on solving a system of differential equations of the electromagnetic field
with finding the Pointing vector. The components of the complex Pointing vector is the flow of active and
reactive power through a unit of surface. By the found active and reactive power, equivalent parameters of the
equivalent circuit are determined.

In the study of electromagnetic processes in AM with a ferromagnetic sleeve on the rotor, the main attention
is paid to the consideration of issues associated with the reflection of an electromagnetic wave from the outer
surface of the sleeve, which has a thickness less than twice equivalent depth of penetration of the electromagnetic
wave. The expediency of choosing such a sleeve thickness is explained by the fact that at this thickness it is
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possible to achieve high rigidity of the mechanical characteristic and the best energy parameters in the nominal
mode [3].

The method based on solving a system of differential Maxwell equations makes it possible to calculate the
electromagnetic field for any sleeve thickness, so we choose it for further calculations. In order to obtain a simple
solution in the form of functional dependencies, the problem is solved in a rectangular coordinate system with
the following assumptions:

— the magnetic permeability p in the entire volume of the massive sleeve at the derivation of the main
relations is assumed to be constant and only in the final formulas it is considered as a function of the magnetic
field strength;

— the inner surface of the sleeve (Fig. 2) turns into a plane.

Figure 2. Surface of a ferromagnetic sleeve
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Figure 3. View of thessurface of a ferromagnetic sleeve in a rectangular coordinate system

The base of the rectangular coordinate system is located on the inner surface of the massive sleeve: the x
axis is directed‘along the circumference of the rotor, the y axis is parallel to the rotor axis, the z axis is along
the radius (Fig. 3):

— the influence of higher harmonics is not taken into account;

— the short-circuited rotor winding is represented as an infinite current layer distributed on the surface of
the steel of rotor body, the magnetic permeability of the rotor steel is assumed to be equal to infinite distance;

<in the coordinate system that is stationary relative to the AM rotor, the electric field strength is constant
along the length of the sleeve, and along the coordinate x it varies according to the law:

T

Ey(z,2,t) = Eym(2) cos (wt - 7) ,

where w — angular frequency of the rotor current; 7 — pole pitch.
Substituting given equation into Maxwell system of differential equations and performing the
transformations, we obtain following equation:

Eym = A-sh(\-2) + B-ch(\-2),
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where A and B — constant integration,
A=a(l+j),a=/— = —,

where d); — the equivalent depth of penetration of the electromagnetic wave into the sleeve in the direction of
the z coordinate.
Constant integration is determined from the boundary conditions:
a) we assume that the tangential component of the magnetic field strength on the inner surface of the
ferromagnetic sleeve Hy is:
Jwp
a1+ j)HS’

b) the normal components of the induction of the magnetic field at the interface between the two
environments (the outer surface of the ferromagnetic sleeve - air space) are equal to each.other. Since the
magnetic resistance of the air is much greater than the magnetic resistance of the sleeve, the normal component
of the induction of the magnetic field on the outer surface of the massive sleeve must be zero, so:

Jwi .
B=————"—th|la(1+j)h|Hs.
Syt (L) HH,

The total power of the electromagnetic field penetrating into the ferromagnetic sleeve through a unit of

surface is:

) . 1. )
$: = Sp 43S = -3 By 1] A\,

And the active and reactive components are determined accordingly:
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where n and m are coefficients that take into account the geometric dimensions of the ferromagnetic sleeve, ~
is electrical conductivity of steel.

th(ah) 4 tg?(ah) - th(ah) + th*(ah) - tg(ah) — tg(ah)
1+ th?(ah) - tg?(ah) ’

th(ah) + tg?(ah) - th(ah) — th?*(ah) - tg(ah) + tg(ah)
1+ th?(ah) - tg?(ah)
Analytical expressions for the active and inductive resistances of the sleeve, which are equivalently
introduced, are got in a result of solving the system of Maxwell equations under the condition of the constancy
of the magnetic permeability

m =

W = const:
N T Wt my (kuprwr)? -
g 2 Hs wd ’
k. 17111)2
L g, [P0 e i (i)™
T5 T A Ty, TV HsS P ’

where pg — magnetic constant; wg — angular frequency of the current of the AM male rotor; s — AM slip value,
myq; kw1, w1 — the number of phases, the winding factor, the number of turns of the winding of the AM male
rotor; us — relative magnetic permeability on the inner surface of the ferromagnetic sleeve, determined from
the main magnetization curve from the value of the magnetic field strength on this surface H,.

Final expressions for the determination of resistances, which are equivalently introduced, taking into account
the effect of the impermanence of the magnetic permeability and hysteresis losses on the equivalent parameters
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of the sleeve, and also the effect of the edge effect are taken into account with the help of the corresponding
coefficients:

15 = kapn - \/iss - 1+ ke;

x5 = kagm - \/liss - 1+ ke,

where o, oy — coeflicients, that take into account the change in magnetic permeability in the sleeve and losses
due to hysteresis; k. = 1+ % — coefficient of edge effect; p — number of pairs of AM poles.

. [powo My (kurw)?
k=4 . .
27 wd

So, the active and inductive resistances of the ferromagnetic sleeve, which are equivalently introduced,
depend on the geometric dimensions of the sleeve, the relative magnetic permeability on its inner surface, the
number of pole pairs and the AM slip.

In turn, the magnetic permeabilityys depends on the strength of the magnetic field H,, and hence on the
value of the current of the female rotor I}, which acts.

On the basis of the above calculation procedure for the parameters of the ferromagnetic sleeve, which are
equivalently introduced, the sequence of calculating the static performance of an asynchronous machine of a
special design can be described by the following algorithm (Fig. 4):
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Figure 4. Algorithm for calculating the operating and starting
characteristics of AM with a massive sleeve on the rotor
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1. We set the initial values of the slip S;piziai of AM, the axial length li,iti21 and the radial thickness hipigia
of the ferromagnetic sleeve.

2. From the above formulas, we find the initial approximation of the current of the female rotor I, without
taking into account the parameters of the sleeve (2{,ivatent = 0)-

3. Determine the magnetic field strength on the inner surface of a massive sleeve, taking into account the

connection of the tangential component of the magnetic field strength on the inner surface of the sleeve and the
2m1 kwlwl I,
— 2

4. With the magnetization curve of the sleeve rzlraterial s = f(Hs), we find the magnetic permeability ps.
In this case, it is expedient to use the approximated expression of the magnetization curve.

5. The found value of the magnetic permeability, taking into account the parameters n and.m, determined
from the above equations, correspond to the equivalent parameters of a massive sleeve 7/, and'z’.

6. Calculate the current of the female rotor I}, reduced to the winding of the male rotor, taking into account
the parameters of the ferromagnetic sleeve found in paragraph 4.

7. Specify the initial approximation of the current of the female rotor and repeat the calculation of the
parameters until the initial approximation and the calculated value of the current I, become equal to each other
with the necessary accuracy.

8. Calculate the working and starting characteristics of AM.

9. Set the increment As and perform the calculation of the characteristics for a given slip range.

When implementing the algorithm, it is assumed that the known values are: the number of pairs of poles of
the synchronous and asynchronous machines, the number of turns and the winding coefficient of the male rotor,
the parameters of the AM equivalent circuit, the coefficients of the curve for approximating the magnetization
curve of the ferromagnetic sleeve material (in our case, the material issteel 3).

The calculation is performed for some slip points s in the range from sipitial Up t0 Smax With increments
As each time for specific geometric dimensions of the sleeve. In accordance with the algorithm, the program is
made and the calculation of characteristics is performed (Fig. 5).

value of the current of female rotor: Hy = /2 -
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Figure 5. Mechanical characteristics of AM at a constant speed
for the length and thickness of the ferromagnetic sleeve

The initial section of the graph (Fig. 5) for small slip is stiff, there is no pronounced maximum in the
regulation zone. Analysis of the curve (Fig. 5) confirms the expediency of choosing an AM with a ferromagnetic
sleeve on the female rotor. AM of such a design has good regulatory properties.

Calculated by the above methodic equivalent parameters of the ferromagnetic sleeve are shown on Figure 6.

Cepust «Maremarukas. Ne 1(93)/2019 151



S.V. Voronenko

.
Pors: Xag - OM

0,07
1
0,06
| ——1 //
| 2
s / // | 7]
yd
0,02 //
0 0.2 0.4 0,6 0.8
., s 3 A 1.0 5.o1H.21.

Figure 6. The results of calculating the equivalent active (2) and inductive (1)
resistances of a ferromagnetic sleeve with a length [ = 0,11 m and thickness h =.0, 008 m

From the analysis of graphs (Fig. 6) it follows that the equivalent parameters of the ferromagnetic sleeve
essentially depend on the AM slip value. For small AM slip, the parameters have small values and have an
insignificant effect on the AM characteristics.

This allows to provide high rigidity of mechanical characteristics of AM. With an increase in the frequency
of the rotor currents, a rapid rate of increase in the active component of the resistance is observed, which is
equivalently introduced, in comparison with the inductive one, which provides an increase in the starting torque
of AM.

Conclusion

The proposed method for calculating the parameters and characteristics of a ferromagnetic sleeve with the
help of Maxwell differential equations allows simplify the development of asynchronous machines with a massive
rotor. The developed algorithm for calculating the operating and starting characteristics of AM is expedient for
use in the design of integral turbocharger systems of marine diesel engines.
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C.B. Boponenko

AcuHXpoHABI MallIMHAJIAPABIH, KOPCETKINITEPI MeH
nmapaMeTpJiepiH apTThIPY MYMKIHIIKTEPIH 3epPTTEy

Keme ayiekTp 9HEpreTuKaJIbIK, »KyiesiepiHin YHeMIIIrh MeH CeHIMJIIriH apTThIPy Kal3ipri 3aMaHFbl KeMe
2KacayablH 6achbIM MiHAETI OOJIBIT TaOBLIAAbI. By MpobieMaHbl HIelry OarbITTAPBIHBIH Oipi — 3JIeKTP 9HEp-
TUSICBIH OHJIPY VIIiH 0aCThl SHEPTETUKAJBIK KOHIBIPFBIHBIH KyaThiH maiigasany. Ockl peTTe aCMHXPOH/IbI
MallliHAJIApFa OHJIIPICTe €H KapamaibiM YKOHE KYMBICTA CEHIMII pPEeTiHIEe apTHIKIIBLIBIK Oepy OPBIHIHI.
Conjiaii-aK, aCMHXPOH, I MAIIIMHA HAHOTEXHOJIOTUSIIAPBI KOJIJIAHA OTBIPBIIT, MacCUBTI (PepPOMArHUTTIK PO-
TOpMEH HEMeCE TMJIb3aMeH iCKe KOCBLIYbl MYMKIH €KEHIH aTall OTy KaXKeT, OyJI 9JIEKTP MAIllNHAJIAPhl MEH
2KaJIbI XKYHWEHIH SHEePTeTUKAJIBIK, TTapaMeTpJjepl MeH KOPCETKIMITEPiH apTThIpyFa MyMKIHIIK Oepemi. Maka-
Ja7a eppoMarHATTI THIB3aChl 6ap KbICKA TYHBIKTAJIFaAH POTOPBLI 6ap acMHXPOHIBI MamuHAHBLIH (AM)
KYPBLIBIMBI MEH KYMBICBIHBIH, epeKINeJTIKTePiHe Tajaay Kyprisiig. ['uab3aHbH, TeOMeTPUSIIBIK, OJIIITEM-
nepine AM mapamerpsiepi MeH cUNIATTAMAJIAPBLIHBIH TOYEIIIIr Kepceriired, onapasl Makesest maudde-
PEHIMAJIIBIK TEHIEYJIep XKYieciH Ko1aHy apKbLIbl aHBIKTAY 9icTeMeci yebiaburan. Mammaa MeH deppo-
MAarHUTTIK TUJIb3aHBbIH 3KBUBAJIEHTTI apaMeTPJIEPiH ecenTey ajaropuTMi o3ipJaeH/Ii.

Kiam ces3dep: acHHXPOHJIBI MAaIllMHA, POTOP, (PEPPOMATHUTTIK IU/Ib3a, CHIPEY; OEJICEH Il KOHE HUHITYKTHUBTI
Kefzeprire basmama.

C.B. Boponenko

HccnenoBanue BO3MOXKHOCTE MOBBINIEHUS
nokasaTeJieil 1 mapaMeTpPoOB aCUHXPOHHBIX MaIlIUH

IloBbImienre SKOHOMUYHOCTH ¥ HAJIEXKHOCTH CYJIOBBIX JIEKTPOIHEPTETUIECKUX CUCTEM SIBJISIETCST PUOPU-
TEeTHOI 3a/adeii coBpeMeHHOro cyzocrpoenus. OMHUM U3 HAIPABJIEHUN PEIleHUs JAHHONW TPOOJIEMbI SBJIs-
€TCsl UCIIOJIb30BaHUE MOIIHOCTH IVIABHOU SHEPreTHYECKO YCTAHOBKHU JJIsl IIPOM3BOJICTBA 3JIEKTPOIHEPIHH.
IIpu sToM npeamnouTenme 11€/1eCO0OPA3HO OTIaBATh ACMHXPOHHBIM MAaIllMHAM KaK HanboJiee MPOCTHIM B IIPO-
U3BOJICTBE W HAJIE’KHBIM B pabore. HeoOxomumo. oTMETUTH TaKXKe TO, YTO ACUHXPOHHAS MAIITMHA MOXKET
OBITH BBIIIOJIHEHA C MACCUBHBIM (DEPPOMArHUTHBIM POTOPOM WJIA I'MJIb30i C NPUMEHEHNEM HAHOTEXHOJIO-
TUif, 9TO TMO3BOJIUT TOBBICUTH SHEPreTUUECKHE MapaMeTPBhl M MMOKA3ATEIN IJEKTPUIECKON MAIUHBI U CH-
CTeMBI B IIeJIOM. B cTaTbe mpoBeieH @HAIN3 0COOEHHOCTEN YCTPOWCTBA U PAOOTHI ACMHXPOHHON MAITHHDI
(AM) ¢ KOpPOTKO3aMKHYTBIM POTOPOM C (beppOMarHuTHOM rusib3oii. [lokasaHa 3aBUCHMOCTH IAPAMETPOB
u xapakTepucTuk AM OT reoMeTpUdYecKuX pasMepoB T'MJIb3bl, TMPEJJIOXKEHA METOIUKA UX ONPEIe/ICHUs C
WCIOJIb30BAHUEM CHCTEMBI i hepeHnuaababix ypaBHenuit Makcseiuia. Pazpaboran ajaropurm pacdera
xapakTepucTuk AM MallluHbI U 9KBUBAJIEHTHBIX [TapAMETPOB (PepPOMArHUTHON THIb3HI.

Karoueswie cro6a: acCHHXpPOHHAS MAaIMHA, POTOP, (PepPPOMArHUTHAS UJIb3a, CKOJbXKEHHE, SKBUBAJICHTHDIE
AKTUBHOE U WHIYKTWBHOE COIPOTUBJICHUSI.
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