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3.2 Model of pulsating current traction motor taking into consideration magnetic
losses in steel

Development and modeling of control algorithms for traction electric drives of
single-phase DC electric locomotives with pulsating current traction motors require a
reasonable choice of the model of traction electric motors. Simulation of work
performed by pulsating current traction electric motors and systems used to control
these motors should give a possibility to take into account a number of uncertainties.
These uncertainties are related to the nonlinear nature of motor magnetization curve,
occurrence of eddy currents in the magnetic circuit, and magnetic losses in the motor
magnetic circuit caused by these currents. In addition, traction electric motor can
operate with both full and attenuated excitation.

In this regard, one important circumstance can be noted. Taking into account a large
number of works devoted to development of a model of pulsating current traction
electric motor demanded models are those that take into account nonlinearity of
magnetization characteristics and occurrence of eddy currents and magnetic losses in
the motor magnetic circuit. This can be confirmed by works on approximation of
magnetization characteristic [181, 182] and simulation of pulsating current traction
electric motors of pulsating current taking into consideration influence of eddy currents
on the nature of the magnetization curve [183]. Simulation models obtained in the
result of applying these methods give an opportunity to determine with high accuracy
such traction motor parameters as motor shaft speed at any load, currents flowing in
traction motor circuits, electromotive force (EMF) generated by the motor, but taking
into account all power losses in traction motor. This indicates that the subject of
researches on development of a model of a pulsating current traction motor taking into
account the nonlinear nature of the magnetization curve and the magnetic system as
well as power losses in the traction motor is topical.

When modeling a direct current traction motor (DCM) of series excitation the
main problem is to reproduce the dependence of magnetic flux on currents of field

winding and armature currents; and this implies presence of load characteristics. In
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the work by [181] the authors propose to use universal magnetization curve for DCM
of series excitation, and on the basis of universal magnetic characteristic to calculate
universal expressions for the intrusive parameters of direct current traction electric
machines and those of pulsating current traction motors. Since the universal magnetic
characteristic is built for machines working under load, in order to reduce the error of
approximation the author proposed to approximate the universal magnetic
characteristic by means of two functions: magnetomotive force of the field winding
and magnetomotive force of the armature reaction. For a particular rating of
attenuation of excitation, it is possible to convert this expression into a function of one
variable, such as armature current.

With an obviously correct approach to modeling the dependence of the magnetic
flux on field winding currents this approach is not very convenient for modeling. This
Is due to the need to change the model parameters for each excitation attenuation mode.

The solution of this problem is given in the work by [182] where it is proposed to
calculate the weber-ampere characteristic at certain coefficients of field attenuation
based on electromechanical and mechanical characteristics of DCM. Also this work
proposes a model for determining the dependence of magnetic flux on field winding
currents and the armature winding currents. The transfer function with unknown
parameters in this model is considered as an adaptive model with coefficients adapted
to the experimental data.

Since DCM used for traction purposes have certain peculiarities of design and
magnetic system, the use of universal magnetic characteristics is not always correct.
Motor magnetic circuits consist of electrical materials that have both high magnetic
conductivity and high electrical conductivity. These materials are characterized by
eddy currents that occur during change of magnetic flux. These processes significantly
affect the change of magnetic flux in the motor steel and, accordingly, the nature of
electromagnetic processes occurring in it. In works by
[181, 182] the influence caused by eddy currents in the motor magnetic circuit on the
change of magnetic flux is not taken into account. Solution of this problem can be

found in the work by [183]. In this study the authors propose a mathematical model of
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the pulsating current traction motor taking into account influence of eddy currents on
the nature of electrodynamic processes occurring in the electric motor.

Since DC motors of series excitation always operate in the loaded mode,
electrodynamic processes in the electric motor should also be modeled taking into
account the load. This can be confirmed by studies presented in works by [184-186].
The authors show relationship between the nature of load and mechanical
characteristics of DCM.

In addition, the works by [187-189] represent the effect of load on motor magnetic
characteristic, which, in turn determine electromagnetic characteristics of DCM. But
the above works do not show the transition from mathematical models to their
implementation in simulation models.

The study by [190] states that during electric locomotive operation movement
parameters are constantly changing starting, traction mode, braking mode, braking
mode, skidding, etc.). As the operating mode (rating) is changed the motor shaft speed
also changes. Magnetic losses in the magnetic circuit of the traction motor depend on
the motor shaft speed [191-193].

When calculating magnetic losses in magnetic circuit of pulsating current traction
electric motor certain difficulties occur. These difficulties are associated with the
choice of loss calculation method. Different loss calculation methods use different
normalization coefficients or ratios at the same approach to loss determination in DCM.
Moreover, in different methods, the value of similar coefficients may differ
significantly from each other. This leads to discrepancies in the results of loss
calculations in DCM when applying different methods [194-196].

The solution to this problem can be found in the study by [197] where the authors
based on the analysis of existing methods have identified and proposed the most
accurate approach to calculation and modeling of instant magnetic losses in steel of
DC traction motor on the example of NB-418K6 motor.

Therefore, is to develop a mathematical model of a traction motor with pulsating
current taking into account magnetic losses to study electrodynamic processes.

Simulation of electrodynamics processes in a pulsating current traction motor was
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performed on the example of the NB-418K6 traction motor. Rating data of NB-418 K6

pulsating current traction motor is presented in Table 1.

Table 1

Rating data of NB-418 K6 pulsating current traction motor

Parameter Designation| Units Value
Nominal voltage Uq \Y 950
Nominal power in the continuous rating P kW 740
Nominal current in continuous rating la A 820
Nominal speed of the motor
_ ) _ n rpm 915
shaft in continuous rating
Nominal torque on the motor shaft T Nm 7727
Armature winding resistance
law Q 0.01612
att=115°C
Resistance of additional poles
. .. Map+cw Q 0.01612
and field winding att=115 °C
Resistance of main polesatt=115 °C Imp Q 0.01064
Field winding resistance att =115 °C It Q 0.001
Number of pole pairs p 3
Number of pairs of parallel 3
a —
branches in armature winding
Number of armature winding conductors N — 696
Inertia moment of the motor rotor kg-m? 73
Cross sectional area of the armature yoke Sy m? 0.0810
Cross sectional area of the armature teeth S m? 0.0415

Electric scheme of the DC traction motor is presented in Fig. 1.
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Fig. 1. Electric scheme of the pulsating current traction motor windings:
Faw, Fap+cw, Fmp, I'sh, It — active resistances of armature winding, additional poles and
compensation winding, main poles, shunt, field winding; Law, Lap+cw, Lmp,
Lt - inductances of armature winding, additional poles and compensation winding,
main poles, field winding; Uq — armature voltage; Ea — armature EMF; Ia, Ish, It —

currents of armature, shunt and field winding

According to Kirchhoff’s laws equations of the motor electrics for the circuit

shown in Fig. 1 are as follows:

U, :Ea+ra-Ia+La-dd|ta +r, (1)
dlf )

rsh'lsh:Lf.E-l_rf'lf’ (2)

I, =1, +1;, ©)

where Ea is the armature electromotive force;

ra, La are the active resistance and inductance of armature circuit respectively;
rt, Lt are the active resistance and inductance of field winding respectively;

I'sh 1S the resistance of shunt resistor;

la is the armature current; It is the field winding current;
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I'sh IS the resistance of shunt resistor; Uq is the armature voltage.
For convenience of modeling electrical scheme of the pulsating current traction

motor windings is shown in the following form (Fig. 2).

I s rsh
=
+ r-aw Law Ea r-f L f _
— Y e

Fig. 2. Simplified electric scheme of the pulsating current traction motor windings:
ra - active resistance of armature;

La - inductance of armature circuit

Armature resistance is defined as
ra = raw + rap+cw’ (4)
where raw IS the armature winding active resistance;

Fap+cw 1S the active resistance of additional poles and compensation winding.
Armature inductance is defined as

La = Law + Lap+cw’ (5)
where Law is the inductance of armature winding;
Lap+cw 1S the inductance of additional poles and compensation winding.

Electromotive force E is calculated as

E,=C. Do, (6)
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where Ck is the constructive constant coefficient for EMF;
@ is the total magnetic flux of the motor.
Constructive constant coefficient for EMF for shaft speed expressed in rpm is

determined by the following expression

Co=—7\ (7)

where N is the number of armature winding conductors;
p is the number of pole pairs;
a is the number of pairs of parallel branches in armature winding.

Equation of motor mechanical equilibrium:

dw
M-M =J.-—, 8

where M is the torque moment;
Mc is the load moment on the motor shaft;
J is the inertia moment of the motor rotor;
o 1S the angular motor shaft speed.
For modeling convenience expression (8) is represented as a derivative of the angular

velocity over time:

d—‘t":%-(m “M,). )

Torque moment is determined according to the following expression:

M=C,  -®-1, (10)
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where Cw is the constructive constant coefficient for the moment.

Constructive constant coefficients for the EMF and for the moment are equal (Ce
= Cw).

In this research, the authors propose to implement the model of pulsating current
traction motor on the basis of real magnetic characteristics of the motor.

Magnetic characteristics of NB-418 K6 traction motor is presented in Fig. 3 [197].
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Fig. 3. Dependence of the magnetic flux @ of the NB-418 K6 traction motor on the

field current I

Consideration of magnetic losses in traction motor steel is performed according to
the algorithm presented in equations (11) — (20).

Specific power losses in electrical steel on eddy currents and hysteresis, taking into
account the accumulation of magnetic energy at a given magnetic permeability ur = 1,

as a function of time, respectively [197] can be presented by the following equations:

Pross () :(Hc + Ky - |B, -sin( @, 't)‘)'(Bp -@, -cos(a, -t))+

+K g By - @ -c0s* (@, - 1),

(11)
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where pioss is the specific power losses, W/m3;

H. is the coercive force; Vis is the induction amplitude of the charge;

wr is the frequency of alternating magnetization;

t is the time;

Kaday 1S the coefficient taking into account specific losses on eddy currents;
Knyst IS the coefficient taking into account the specific losses on hysteresis.

Frequency of alternating magnetization can be found from the expression

W =P o, (12)

where p is the number of pole pairs;
o IS the rotation frequency of electric motor shaft.

In order to implement the model of magnetic losses in electrical steel, it is necessary
to find the amplitudes of inductions in the nodes made of electrical steel — yoke and
anchor teeth [197].

Magnetic induction in the armature yoke can be calculated by means of the

following expression

B =<, (13)

where Sa is the cross sectional area of the armature yoke [197];
®@, is the armature magnetic flux.
Magnetic induction in the armature teeth can be calculated by means of the

following expression

B,=—2, (14)
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where S; is the cross sectional area of the armature teeth [197].
The armature magnetic flux is equal to the total magnetic flux of the traction motor.
The total magnetic loss is the sum of magnetic losses in the armature and armature

teeth, i.e.

Piosss (t) = Prossy (t) * Piossz (t)7 (15)

where Piossy(t), Plossz(t) are the magnetic losses in the armature core and armature teeth.

The given magnetic permeability of 2212 steel differs from 1 [197]. That is, for the
transition from a generalized steel sheet with reduced magnetic permeability ur = 1,
defined by means of equation (11), to a 2212 steel sheet with permeability xr1 equation
(15) should be multiplied by 1.

Coefficients H., Knyst and Kagay in equation (11) were determined for specific power
losses expressed in W/kg. For transition to losses expressed in watts, equation (11)
should be multiplied by the mass of steel of the corresponding motor structural element.

Mass of steel of the structural element is determined by the following expression

m =p-Vi, (16)
where Vi IS the volume of the structural element;
p = 7750 kg/m?3 is the specific weight of 2212 electrical steel.

Then the instantaneous values of losses in the yoke and anchor teeth, taking into

account equation (11) can be expressed as follows:
I:)IossY (t) = Prossy (t) P 'VYZ "My (17)
P

lossz (t) = plossz (t) P 'sz ’ lurl’ (18)

where Vy, V; are the volumes of armature yoke steel and steel of armature teeth
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respectively;
w1 = 2400 is the relative magnetic permeability of 2212 steel at frequency of 50 Hz
and inductance B =1.82 T [197].

Magnetic losses in the motor steel of the model are taken into account as follows.
Relationship between active power and engine shaft speed is defined by the following

expression:

P

loss — @° M (19)

closs?
where Mcioss IS the static moment caused by magnetic losses in the motor steel.
Hence the static moment caused by the magnetic losses in the motor steel is s

follows

closs

Mo =2 (20)

The work by [198] shows that both armature circuit inductance and inductance of
field winding have a non-linear dependence on armature current and field current
respectively. In this regard, the model of the electrical part of the traction motor in the
MATLAB software environment was implemented in the Special Power System
section of the Simulink library. This gave an opportunity to use real values of motor
winding resistances, and the nonlinear dependences of the armature circuit inductance
and field winding inductance on the corresponding currents was substituted with units
of controlled current sources. Control signals for current sources simulating armature
circuit inductance and field winding inductance were presented as the following

dependences

Ia: f(\lja)’ (21)

170



THEORETICAL FOUNDATIONS OF ENGINEERING. TASKS AND PROBLEMS

I, = f(wf), (22)

where ya IS the flux linkage of armature;
ys is the flux linkage of field winding.
Flux linkages ya and yr were obtained based on expressions (1) i1 (2) respectively.
With this end in view, based on the results for dependences of the armature circuit
inductance and field winding inductance on the corresponding currents presented in
the work [198], dependence of the armature current on the armature circuit flux linkage
(Fig. 4) and dependence of field winding current from field current (Fig. 5) were

calculated and constructed.
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Fig. 4. Dependence of armature circuit current /, on flux linkage a
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Fig. 5. Dependence of field current s on flux linkage of field winding s

All other structural elements of the traction motor model were presented in form of
structural diagrams.

Simulation model performed on the example of the NB-418 K6 traction electric motor
used on electric locomotives of alternating current VL-80T, VL-80K (Fig. 6).

Implementation of the traction motor electrical part in the MATLab software
environment is shown in Fig. 6 in form of the «Engine currents determination unity.
Calculation of magnetic flux performed by approximation of the magnetic
characteristic (Fig. 3) based on the arctangent function. In Fig. 6 implementation of
Magnetic Characteristic is presented in form of the «Magnetic flux detection unity.
Electric motor mechanical part in Fig. 6 is represented in form of the «Unit for
calculating the mechanical parameters of the engine» that implements equations (9),
(10). Calculation of instantaneous values of magnetic losses in electric motor steel that
implements equations (11) — (20) is presented in the simulation model in form of the

«Unit for calculating the static moment caused by magnetic losses» (Fig. 6).
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Fig. 6. Simulation model of a traction electric motor implemented in the MATLAB

software environment

«Engine currents determination unit» structure is shown in Fig. 7.
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Fig. 7. Implementation of "Engine currents determination unit" at MATLab

«Unit for calculating the mechanical parameters of the engine» structure is shown

in Fig. 8.

174



THEORETICAL FOUNDATIONS OF ENGINEERING. TASKS AND PROBLEMS

9—,9 @9

110,727

\

Ce

7727

\

Tc

Tcloss

+
> % 1
- » -
2 g S > -
73 —
J
. |
<—L .
>
b
60 >
const
3 > -
p
6,28 >
const

Fig. 8. Implementation of "Engine currents determination unit" at MATLab

In order to determine starting characteristics of pulsating current traction electric

motor a constant voltage Uq of 950 V corresponding to the nominal voltage value for

NB-418 K6 traction motor. In the «Unit for calculating the mechanical parameters of

the engine» a static moment T. of 7727 N-m was created; and in the «Engine currents

determination unit» shunt resistance rsh was accepted as 0.24 Q and these values also

correspond to the nominal mode of electric motor operation.

On the simulation model (Fig. 6) obtained are time diagrams of armature current (Fig.

9), torque moment on the electric motor shaft (Fig. 10) and motor shaft speed (Fig. 11).

For the steady-state rating a value of excitation flux @ was equal to 0.0819 Wh.
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Fig. 9. Time diagrams of armature current I,
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Fig. 10. Time diagram of torque moment T on the motor shaft
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Fig. 11. Time diagram of motor shaft speed n

Values of armature circuit current, the torque moment on the motor shaft, motor
shaft speed and the magnetic flux for the steady-state rating obtained during the
simulation were used to calculate errors in determining these values.

Error in determination of armature circuit current

I anom I amod

o, =

a

-100% = -100% = 6,93%, (23)

‘820 —881‘

anom

where lanom = 820 A is the armature nominal current (see Table 1);
lamod = 881 A is the armature current obtained in the result of modeling for the steady-
state rating.

Flux determination error

@ — cDmod

‘ . 0,08—0,0819
S, =
()

:100% = ‘ ‘ -100% = 2,375%, (24)

nom
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where @anom = 0.08 Wh is the nominal magnetic flux (see Table 1);
®amod = 0.0819 WD is the magnetic flux obtained in the result of modeling for the steady-
state rating.

Error in determination of torqgue moment on the motor shaft:

S, = Toom = Trog .100% = 3,4%, (25)

100% _‘7727 - 7990‘

nom

where Tanom = 7727 N-m is the nominal torque moment on the motor shaft (see Table
1);

Tamod = 7990 N-m is the torque moment on the motor shaft obtained in the result of
modeling for the steady-state rating.

Error in determination of torque moment on the motor shaft:

n

nom nmod

n

nom

S, = .100% = .100% = 4%, (26)

‘915—951,6‘

where Nanom = 915 rpm is the rated motor shaft speed (Table 1);
Namod = 951.6 rpm is the motor shaft speed obtained in the result of modeling for the steady-
state rating.

Results of modeling and calculation of errors in determination of controlled motor

parameters are listed in Table 2.
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Table 2
Results of calculation of errors in determination of controlled parameters during
modeling
Controlled parameter
Static moment T, | Motor shaft speed n,
Rating Armature current la, A Nem rom Flux @, Wb
o | tamor | T Toee | 7 0| e |69 | @ | o |50%
% %
1 2 3 4 5 6 7] 8 9 10 | 11 | 12 | 13
Ud = 950 V
Excitation
96% 820 | 881 |6.93| 7727 | 7990 | 3.4 | 915 | 951.6 | 4.0 |0,08|0,0819(2,375
Te=T7727
N-m
Uq = 1080
\Y
Excitation |
96 % 840 | 885.3 |5.39| 7727 | 8030 | 3.9 | 1050 | 1088 | 3.5 |0,082|0,0839|2,317
N-m
Ud =950 V
Excitation |
43 % 1155 | 1212 |4.93| 7727 | 8174 |5.78| 1055 | 1091 | 3.41 |0,110,1127|2,45
Te=7727 |
N-m
Ud =950 V
Excitation |
96 % 665 | 691.8 |4.03| 5597 | 5859 [4.68| 965 | 996.2 | 3.23 (0,065|0,0664(2,154
Te = 5597
N-m
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The results shown in Table 2 indicate a high reliability of measuring controlled
parameters. Thus, the armature current measurement error for all measurement modes did
not exceed 7 %,; torque measurement error was up to 6 %, the error of measuring the motor
shaft speed was not more than 4 % and the error of measuring the magnetic flux did not
exceed 3 %. This indicates a high reliability of the modeling results and increases the
accuracy of calculations of energy-intensive modes of rolling stock [199, 200].

Based on the results of the study, the following conclusions can be drawn:

1. The use of the unit for determining the magnetic losses in the motor armature of
the motor made it possible to clarify values of the controlled parameters during
modeling. Comparison of the controlled parameters in the steady-state rating with the
motor passport data showed a high degree of reliability of the simulation results. Thus,
the armature current measurement error for all measurement modes did not exceed 7
%; torque measurement error was up to 6 %; the error of measuring the motor shaft
speed was not more than 4 %, the error of measuring the magnetic flux did not exceed
3 %. Further refinement of the mathematical model is related to taking into account all
types of losses in the motor components when it is powered from a pulsating voltage
source.

2. The proposed approach to modeling of a pulsating current traction electric motor
will give an opportunity to apply this model for development of a mathematical model
of the traction electric drive of an electric locomotive aimed at studying electrodynamic
processes occurring in the electric drive.

3. The presence of the unit for determining magnetic losses in the motor steel will
give an opportunity to reliably assess spectral composition of the traction current and
voltage in the secondary winding of the traction transformer at various modes of electric
locomotive operation. This, in turn, will give an opportunity to evaluate operation of
reactive power compensators taking into account various modes of electric locomotive

operation
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