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IMPROVEMENT OF THE METHOD

OF CALCULATION OF MECHANICAL
CHARACTERISTICS OF A TRACTION MOTOR
OF DIRECT CURRENT WITH COMBINED
EXCITATION

06’exkmom docriodcens € NPoUec BUHUKHEHHL eLeKMPOMAZHIMIH020 MOMEHMY Y MA208UX O8ULYHAX KOMOIHO-
8aH020 30y0xcerns MPoaeidycy npu 0OHOUACHOMY BKII0UECHHT 060X cKiadosux cucmemu 36yoxcenns. Ileil npouec
popmanvio npedcmasieno y euzasioi MEXAHIUHUX XAPAKMEPUCTIUK — 3ALEHCHOCTNT eLeKMPOMAZHIMHOZ0 MOMEHMY
dsuzyna 6i0 cmpymis 30ydicerns.

O0num 3 HaUlOIILW NPOOIEMHUX MICUD € BUSHAUCHIHS BNIUBY CIMPYMIE 30Y0xcelns NOCII006HOT Ma He3aNeHCHOT
0OMOMKU Ha eNEKMPOMAZHIMHUL MOMEHM 08ULYHA Y 6U2AA0T HENePePUBHOT 3ANENCHOCTIE, IKA 00360LAE CMBOPUMU
cucmemy ynpasiinms mszosum npusodom 3 DC-DC nepemeopiosauem 30yoxcenns. A maxoxc epaxosye ocooiu-
60CMi MazHimnoi cucmemu 0suzyHa.

B x00i docaidacenis 6uKopucmosy6ascs memoo Kinuesux eiemMenmis 6 niocKo-napaieviii nocmanosyi sadaui
0OUUCTeHHS. MOMEHMIB 3a Pe3YIoMAMaAMU POIPAXYHKY MAZHIMHOZ0 NOLsL MA HACMYNHUM PEZPeCilinumM aHali3om
Pe3YIbMamis yupposux excnepumenmis 3a 00nomoz0io noninomie Yebuwesa na MHoxcumi pieHosiddareHux movox.

Ompumano nenepepusna 3a1eiCHiCMs eAeKMPOMAZHIMH020 MOMEHMY 610 cmpymie 30ydicernns y euznsdi noiino-
MY, AKULL MONCTUBO BUKOPUCINOBYS8AMU K npu cmeopeni cucmem kepysanns DC-DC nepemeopiosavem 36yoxcenis,
Max i npu MoOeI06aNHI PeHCUMIE POOOMU MA208020 NPUBOY 6 yiiomy. Lle noe’a3arno 3 mum, wo 3anponoHoOBanull
6U0 NOJIHOMY MAE HenepepUsHULl 8U2NSA0 3ANCNICHOCTNE MA ii NOXIOHUX NPU YCIX MONCTUBUX SHAUCHHX CIMPYMIE NPU
pobomi npueody. 3a pesyivmamami pezpecitinozo anarisy MaKCUMAIbHE 8i0XULEHHSL PO3PAXOBAHUX 3ATEHCHOCTEL
ne nepesuiye 0,052, a cepednvoxsadpamuune sioxurenns ne oinour 0,041. Ile niomeepdicye adexsammicmo ompu-
MAMUX 3ANEHCHOCTEU Pe3YIbmamam yupposeozo excnepumenmy no 6USHAYeHHIO eAeKMPOMAZHIMHO20 MOMEHMY.

3asosaxu ypbomy 3a6e3neuyemvcs MOACIUGICID MOOCTIOBANHSL PEAHCUMIE POOOMU MA2Z08020 NPUBOOY HA OCHOBGI
osuzyna 3 komobinosanum 36yoxcennsm ma DC-DC nepemeopiosauem. Ompumani 3a pesyiomamamic MOOCNI08aHHS
napamempu cucmemu Kepyeanis 00360184mos NIOGUWUMU eHep2emudti XapaKmepucmuxu mpoieibycis. Y nopis-
HANME 3 AHATOZIMHUMU GIOOMUMU CUCMeMaMU Ue 3abe3neuye Oilbll Payionaivhe GUKOPUCTIANHS eleKMPUUNoL
enepeii na msizy enexmpopyxomozo ckiaoy.

Kmouosi cnosa: vexaniuni xapaxmepucmuku, mszoeuii npueod, xomoinosamne 30ydicenns, memoo Kinyeeux
eNeMenmie.

Kostenko 1.

inclusion of both components of the excitation system.
This process is formally presented as mechanical charac-
teristics — dependence of an electromagnetic moment of
the motor from excitation currents.

1. Introduction

The development of modern infrastructure of Ukrai-
nian cities cannot be imagined without creation of the

energy-saving urban electric transport, which component
is trolleybus routes. The main component that conditions
the energy saving of a trolleybus is a traction drive [1].
Contactless traction drives, based on asynchronous traction
motors, remarkable for the high security, are widespread
in modern trolleybuses. But the widespread traction drive,
based on traction motors of the direct current with com-
bined excitation, is continuously modernized in Ukraine [2].

That is why it is urgent to study directions of increas-
ing the effectiveness of traction drives of trolleybuses.
One of such directions is creation of the traction drive
based on the motor with combined excitation and DC-DC
transformer for feeding the winding of separate excitation.

2. The ohject of research
and its technological audit

The research object is a process of appearing of an elec-
tromagnetic moment in traction motors at synchronous

One of most problem points is to determine the influ-
ence of excitation currents of series and separate winding
on an electromagnetic moment of a motor as a continuous
dependence that allows to create a system of managing
the traction drive with DC-DC excitation transformer.
Peculiarities of the motor magnetic system are also taken
into account.

3. The aim and ohjectives of research

The aim of the work — to create the method of cal-
culating mechanical characteristics of the traction motor
with combined excitation, based on the method of finite
elements.

The following research tasks were set for attaining
this aim:

1. To calculate the magnetic field of the traction mo-
tor of combined excitation in the two-measured target
setting.

.
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2. To realize the complex of digital experiments on
determining dependencies of an electromagnetic moment
on currents in motor windings.

3. To establish the continuous dependency of an electro-
magnetic moment by the results of the regression analysis.

4. Research of existing solutions
of the prohlem

Among main directions of solving the problem of rais-
ing the effectiveness is the use of DC-DC transformer for
feeding the separate excitation winding [3], but this work
doesn’t consider the use of the transformer for the trac-
tion drive of just a trolleybus. The authors concentrated
attention on the autonomous electric transport.

Work [1] is devoted to main directions of increasing
the effectiveness of traction drives of the electric transport
but the very little attention in it is paid just to traction
motors with combined excitation.

The authors of work [2] note the prospects of using
traction motors of direct current at modernizing the trac-
tion drive of just the urban electric transport, but the
greatest attention is paid to the collector unit.

The alternative variant of solving this problem is
presented in work [4], where the authors concentrated
on the possibility of using the winding of separate ex-
citation with DC-DC transformer for thrust. But the
authors of work [5] offer the more rational approach —
to use combined excitation that gives a possibility to
essentially decrease losses and capacity in DC-DC trans-
former. The authors of work [6] present the improved
method of regulating operation modes of the combined
excitation motor, but its use for establishing parameters
of managing systems is not considered. For determining
these parameters, it is necessary to determine magnetic
characteristics of the motor that work [7] is devoted
to and mechanical characteristics [2]. But the essential
shortcoming of method [7] is the absence of taking into
account the mutual influence of winding fields and local
saturation of elements of the magnetic drive of the mo-
tor. Just to solve it, the author of thesis [8] offers to
use the method of finite elements in the two-measured
target setting for combined excitation of welding genera-
tors. [9] considers the modern program complex FEMM
(Finite Element Method Magnetics) for carrying out the
finite element analysis using LUA special language [10]
on the example of solving the problem for the inductor
motor. The essential shortcoming of this approach is the
discrete outlook of the mechanical characteristic of the
electric machine. For getting the continuous dependence
of an electromagnetic moment from currents, the author
of work [11] offered to approximate it by polynomials,
which most type is presented in work [12]. Work [13]
offers to use Chebyshev polynomials on the set of equi-
distant points for the regression analysis.

Thus, the results of the analysis allow to make a con-
clusion that:

— for attaining the set aim, it is necessary to use finite

elements method for calculating the magnetic field;

— the calculation of electromagnetic moments must be

realized by the results of calculating the magnetic field;

— the regression analysis of the results of the digi-

tal experiments must be carried out using Chebyshev

polynomials on the set of equidistant points.

5. Methods of research

Main statements of finite elements method. The method
of finite elements of the two-measured calculating model
and orthogonal coordinates system for the stationary mag-
netic field is in minimization of the non-linear energetic
functional [5, 6, 10]:

F:jﬁ &Bdex +T:Byd8y]d5—-[;1- §ds,
MU 0 S

where § — area of calculation of the magnetic field; B,, B, —
components of the vector of magnetic induction by directions
of the orthogonal system of coordinates x and y; u — magnetic
permeability; & — current density; A — vector magnetic
potential, determined by the ratio:

B=rot A.

For the orthogonal coordinates system, accepted for
calculations, the components of the vectors of magnetic
induction are determined by formulas, derived from the
solution of the equation:

0A 0A

B“'_ay’ B,= ox’

Calculation of the magnetic field of the motor. The
traction motor ED 139A, produced by the State enter-
prise «Electrotyagmach «plant> (Ukraine), which main
parameters are presented in Table 1, was chosen as a base
construction for further studies.

Tahle 1
Main technical characteristics of traction motor ED 139A
Parameter Value

Nominal strain 550 W
Rotor nominal strain 280 A
Rotation nominal frequency 1650 turn/min
Efficiency in nominal mode 91 %
Moment of a shaft in the nominal mode 810 Nm
Poles number 4
Grooves number 45
Rotor internal diameter 79 mm
Rotor external diameter 294 mm
Air gap under the head pole 2/3.5 mm
Rotor winding type wave

For solving the set task, there is used the software
complex FEMM (Finite Element Method Magnetics) that
includes:

1) a preprocessor that allows to set limit conditions,
properties of materials of calculating areas and triangula-
tion program;

2) a program of calculating the magnetic field that
sets and solves the system of non-linear equations by the
method of Newton-Raphson;

3) a postprocessor that allows to reflect the calcu-
lation picture of the magnetic field and also makes the
following calculations:

— surface integrals of different kind;

— integrals by the given contour;
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— determination of the magnetic stream that passes
through the given contour;

— determination of values of strains of induction of
the magnetic field and magnetic permeabilities in the
given points.

6. Research resulis

Fig. 1 presents the calculation area, divided in finite
triangle elements.

Taking into account the fact that the combined exci-
tation system in the loading mode has only the central
symmetry, the calculation will be realized along the whole
cross cut of the machine.
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dings, additional poles and rotor), there are determined
magnetizing forces of these areas taking into account the
number of turns [8—10].

For the convenience of identifying operation modes of
the motor, let’s introduce relative coefficients that identify
operation modes of the motor:

— rotor current coefficient:

where I,, I,, — rotor streams in calculation and nominal
modes;
— rotor coefficient of the main (se-

ries) excitation winding:

where I,, — currents of the series win-
1 ding in the calculation mode, this coef-
ficient is equal to the one of current
weakening;
— current coefficient of the separate
excitation winding:

11;2
’
11‘211

where I, I,,, —streams of the separate
excitation winding in the calculation and

kv2 =

o Steel08KP [ed 1

— 4 nominal modes.
Current of the winding of additional
poles is established proportionally to
s rotor current in all calculation modes.

According to the results of the cal-
culations of the magnetic field, the pic-
tures of the magnetic field in different

6 modes are received:
— nominal mode (k,=1, ky1=1,
kyy=0) is presented on Fig. 5;

Fig. 1. Calculation area in the cross section of the traction motor ED 139 A:
1 — limits of setting limit conditions of 1-st kind; 2 — rotor; 3 — stand; 4 — main pole; 5 — additional
pole; 6 — series winding of excitation; 7 — separate winding of excitation

On limit 1 (Fig. 1) we accept the
limit condition A=0 taking into account 4
the assumption that the magnetic stream
beyond the considered area is equal to
null. For the non-linear parts of the 5 |
calculation area, made of steel, there
are introduced magnetization curves,
approximated by the piece-linear func-
tions. The magnetization curves are 2
presented on Fig. 2—4.

According to the finite elements
method, the calculation area is divided
in final elements. The net density is
more for air gaps and between polar
zones that the main strain of the mag-

7 — loading mode without weakening
the field (k,=1, k,1=0.5, ky=0) is
presented on Fig. 6;

— loading mode at magnetization of
the main excitation winding (k,=1,
k1=0.5, kp=1) is presented on Fig. 7
and other.

B, Tesla

netic field and one of dissemination of 0 T
excitation windings are concentrated in.

For setting the rotor currents in
the area with currents (excitation win-

0 10000

T T T

20000 30000 40000
H, Amp/Meter

Fig. 2. Curve of magnetization of 08Kp steel in stand and main poles

5
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where [, — integration contour — circle
with the center that coincides with the
center of the rotor shaft with the diam-
eter, equal to the rotor external diameter
plus air gap length.

Having replaced integration opera-
tions by summarizing, we get the cal-
culation expression:

Nt = 3oy (A-(B-5)+ B-(A1-7) 7).

2

B, Tesla

Thus, the expressions represent the
electromagnetic moment as a function
of three variables:

— rotor current coefficient;

— current coefficient of the main

(series) excitation winding;

— current coefficient of the separate

0 5000 10000 15000 20000
H, AmpiMeter

Fig. 3. Curve of magnetization of 5t3 steel in additional poles

0.5

25000 30000 35000

excitation winding (kg ko1, ko2), that

can be determined by calculating the

magnetic field of the machine.

For identifying the dependencies of
the electromagnetic moment, let’s make
the complex of digital experiments for
their calculation according to the results
of the calculation of the magnetic field
of the motor in FEMM environment [9].
For automation of the processes, there
was developed a macro in LUA [9].

Analogously with the currents for
the convenience of identifying opera-
tion modes of the motor, let’s introduce
relative values of the electromagnetic
moment:

M,
B Mdn '

B, Tesla

M;

where M,;, M, — electromagnetic moment
in the calculation and nominal modes.
The results of digital experiments are

0 T T
0 5000 10000

H, Amp/Meter

Fig. 4. Curve of magnetization of 2212 steel in rotor core

As it is seen from Fig. 5-7 the types of the magnetic
fields are familiar. There is observed the unessential de-
magnetization of the magnetic system of the motor, caused
by the effect of the cross stream of the rotor reaction.
The pictures of the magnetic field demonstrate rather es-
sential and uneven saturation of magnetic drive elements.
Such processes condition the non-linearity of magnetic
characteristics of the motor and their dependence on both
excitation currents.

We find the electromagnetic moment value by the re-
sults of the calculation of the magnetic field by the finite
elements method. Integration by the surface is replaced
by integration by the contour of the external rotor. The
expression for determining the electromagnetic moment
for this task is transformed into:

1= 51 (-(B-5)+ B-(7-7)) 7,

I

15000

the discrete space that doesn’t give a pos-
sibility of using this model for studying
operation properties of the traction drive
in whole.

The regression analysis of the de-
pendency of electromagnetic moment on
the currents coefficients of the motor.

For creating the continuous mathematical model of me-
chanical characteristics of the traction motor ED 139A,
let’s carry out the regression analysis by the methods, pre-
sented and probated in [2, 11-13] based on the method
of Chebyshev polynomials on the set of equidistant points.

At that approximation of the electromagnetic moment
in relative values looks as:

Liw Jfm K

Mi=3 33

i=0 j=0 k=0| X

My -(My by + Z,) (Mg -Fo + Z,y ) % o
(Mer . kL'Z + erZ )k y

where my, — regression coefficient of the polynomial, appro-
ximating the electromagnetic volume; I, J ., K, — degrees
of the approximating polynomial of the electromagnetic
moment by coefficients of rotor currents and excitations —
respectively.
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Fig. 7. Magnetic field in the mode: k,=1, k,1=0.5, k=1
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According to the results of the regression analysis, the
maximal deviation of the calculated dependencies doesn’t
exceed 0.052, and mean squared one is no more 0.041.

Fig. 8 presents the dependency of the motor moments
on the coefficients of rotor currents and excitation of the
separate winding without weakening current.

k S : k

Fig. 8. Dependence M, = f(ky, k1) in the loading mode

As it is seen on Fig. 8, inclusion of the separate win-
ding gives a possibility to regulate the moment in the
wide spectrum of rotation frequencies.

Thus, expression (1) is the continuous mathematical
model of mechanical characteristics of the motor.

7. SWOT analysis of research results

Strengths. The offered method of determining the me-
chanical characteristic gives a possibility to get the con-
tinuous dependence of the mechanical characteristic that
describes a rather complicated non-linear object — the
process of appearing an electromagnetic moment in trac-
tion motors of combined excitation of trolleybuses at syn-
chronous inclusion of both components of the excitation
system. Parameters of the managing system of the traction
drive of trolleybuses, received due to this model, allow to
raise its efficiency in traction and brake operation modes.

Weaknesses. The offered methodology is accompanied
by essential losses of the calculation time. At using a mo-
dern computer, based Intel Core 17 3770 processor, it is
243 min. But this time is completely compensated at the
expanse of increasing efficiency of the traction drive of
trolleybuses as exploitation.

Opportunities. The prospect of further studies is de-
termination of continuous magnetic characteristics of the
motor (dependency of magnetic streams in construction
elements on currents in windings). And also development
of the managing system of DC-DC excitation transformer
that takes into account mechanical and magnetic charac-
teristics of the traction motor, created by the determined
characteristics.

The created method is a universal research instrument
for traction motors with combined excitation of different
producers — not only in Ukraine, but also abroad. It can

be used for any type of electric transport — urban and
arterial.

Threats. An enterprise, that introduces the offered
methodology, will face additional expenditures for using
the modern computer equipment for providing it. The
used program product FEMM [9] is free software. The
original program in LUA [10] gives a possibi-
lity to investigate traction drives, with different
parameters.

1. The calculations of the magnetic field of the
traction motor of combined excitation ED 139A
were carried out. Their peculiarity is taking into
account the non-linearity of construction ele-
ments. The task is solved in the two-measured
flat-parallel setting.

2. There was realized the complex of digital
experiments on determining the dependency of
an electromagnetic moment of the motor on ex-
citation currents, which results are presented
on Fig. 8. On the graph on Fig. 8 we can see
that inclusion of the separate winding gives a
possibility to regulate a moment in the wide
spectrum of rotation frequencies. For carrying
out the experiments, there was developed the
program in LUA that automates the research
process.

For establishing the continuous dependence of an elec-
tromagnetic moment on currents, there was conducted
the regression analysis of the results of the digital experi-
ment. The type of approximating polynomial was offered.
According to the results of the regression analysis, the
maximal deviation of the calculated dependencies doesn’t
exceed 0.052, and mean squared one is no more 0.041.
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