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STUDY OF THE ASYNCHRONOUS TRACTION DRIVE'S OPERATING
MODES BY COMPUTER SIMULATION
PART 1: PROBLEM FORMULATION AND COMPUTER MODEL

Summary. In this paper, the problems arising from the design of electric locomotives
with asynchronous traction drive (with three-phase AC induction motors) are considered
as including the debugging of control algorithms. The electrical circuit provides the
individual (by axle) control of traction motors. This allows realizing the operational
disconnection/connection of one or more axles in the automatic mode, with account of
actual load. In perspective, the evaluation of locomotive's energy efficiency at the
realization of various control algorithms must be obtained. Another objective is to
research the dynamic processes in various modes of the electric locomotive operation
(start and acceleration, traction regime, coasting movement, wheel-slide protection, etc).
To solve these problems, a complex computer model based on the representation of AC
traction drive as controlled electromechanical system, is developed in Part 1. The
description of methods applied in modeling of traction drive elements (traction motors,
power converters, control systems), as well as of mechanical part and of "wheel-rail"
contact, is given. The control system provides the individual control of the traction
motors. Part 2 of the paper focuses on the results of dynamic processes modeling in
various modes of electric locomotive operation.

NCCIIEAOBAHUE PEXXMMOB PABOTbI ACMHXPOHHOI'O TAT'OBOI'O
[NPUBOAA METOAAMU KOMIIBIOTEPHOI'O MOAEJINPOBAHUA
YACTD 1: IIOCTAHOBKA 3ATAYN 1 KOMITIBIOTEPHA A MOJIEJIb

AnHoTaums. B Hacrosmiel cratbe, paccMaTpUBAIOTCS MPOOJIEMBI, BO3HUKAIOIINE ITPH
MIPOCKTUPOBAHUM 3JIEKTPOBO30B C ACHHXPOHHBIM TATOBEIM TpuBoaoM (ATII), B Tom
YUCJIE OTJIaJIKa aJfOPUTMOB YIIpaBiCHUS. B 3nexkTpuuecko cxemMe MIperyCMOTPEHO
WHANBHIyaTbHOE (TIOOCHOE) pEeryJHpOBaHHE TATOBBIX JIBUTATENe, 4|TO Jaer
BO3MOXKHOCTB OTIEPATUBHOTO OTKITFOYEHUS/TIOJAKITIOYECHUS OJTHOM MITM HECKOJIbKUX OCEH B
ABTOMAaTUYECKOM PEXKHME, C YIETOM PeallbHOW Harpy3ku. B mepcriekTuBe, JomKHA ObITh
MOJTydyeHa OIIEHKa JHepreThdeckoil 3((EKTUBHOCTH BIIEKTPOBO3a MPH peaTH3aiuu
Pa3IIMYHBIX AJITOPUTMOB YIIPABJICHUA. prrOﬁ LCIBI0 UCCIICAOBAHNSA ABIACTCA U3YUCHUC
JUHAMHYECKUX TIPOIIECCOB B PA3NIMYHBIX PEKUMaX pabOTHI 3EKTPOBO3a (TpPOTaHUE C
MecCTa, TATa, BEIOET, MmoiaBJIeHre OOKCOBaHUS U T.1.). /i pemeHus yka3aHHbIX pooiiem,
B yactu | pa3p360TaHa KOMIIJICKCHasA KOMIIBIOTEpHAasA MOACIb, OCHOBAaHHasd Ha
npeactaBiennn ATII kak ymnpaBisieMoil dJIeKTpoMeXaHU4decKol cucteMbl. [IpuBoautcs
OMHUCAaHUE METOMOB, HCIONb30BAHHBIX MPU MOACIUPOBAHUU 3JIEMEHTOB TITOBOIO
MpuBOJa (TATOBBIX JIBUTATENEH, CHIIOBBIX MpeoOpa3zoBaTelnieil, CHCTEM YIIpaBIICHUS),
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TaKKe KaK MEXaHMYECKOM YacTH W KOHTAKTa «Kolieco-penbey». CHcTeMa YIpaBIeHUs
obecreynBacT WHAWBUAYyAILHOE PETYIUPOBAHHE TATOBBIX JBUraTencit. B wactu 2
COCPEIOTOYCHBI PE3YNbTaThl MOACTHUPOBAHHUS TUHAMHUUCCKUX MPOIECCOB B PA3THUYHBIX
pexuMax paboThI AIMEKTPOBO3A.

1. INTRODUCTION

Currently, the improvement of electric locomotive's traction properties occurs due to using of
brushless traction motors and improving their control systems.

The use of brushless traction motors (three-phase AC induction motors) complicates the system of
electric power converting and is characterized by a high degree of interaction and mutual influence of
processes between the elements of the traction drive. This requires in-depth research at the design
stage, it is necessary to study the interconnected electro-mechanical processes arising at various modes
of functioning, and to find optimal control algorithms [1].

One of the perspective methods for studying processes in traction drive is the use of mathematical
modeling methods, for example, [2]. Especially effective is the use of computer models in the design
stage, as in the early stages of a new electric locomotive design allows to get answers to many
guestions, not making complex and costly prototypes [3-5]. We draw attention to the fact that in the
cited papers and in this article, the full-size model of a locomotive having multi-motors traction drive
is considered. The main feature of this article is that the electrical circuit provides the individual (by
axle) control of traction motors. It allows in increasing its energy efficiency by automatic
disconnection/connection of one or more axles.

The use of computer models of electromechanical processes in traction drive takes on particular
significance during the control system elaboration. This allows forming its structure and parameters in
parallel with the development of the rest of the equipment. Thus, there is an opportunity to take into
consideration the revealed features of the traction drive functioning during the designing of its
individual elements or entire subsystems.

2. PROBLEM FORMULATION

Structure and regulatory principles of traction drive do not differ if you use one or other type of
traction motor. This is why the questions of developing the mathematical model of traction drive will
be considered further by the example of the traction drive with asynchronous traction motors (ATM)
as it is the most common [6] at the present time.

Mathematical modeling of the processes occurring in asynchronous traction drive (ATD) in
dynamic modes is associated with a number of features:

* ATD is a complex dynamic system. It is composed of interacting subsystems — electrical,
mechanical and control. In addition, the capacity of traction substationis comparable to the one of
electric locomotive, so for adequate representation of the processes they need to be co-simulation;

« the range of rotor speed variation is quite wide — from zero to several thousand rpm;

« the power semiconductor devices in circuits of static converters have nonlinear characteristics;

 the ATM are highly-used machines, during the study of processes in them, the saturation of the
magnetic circuit must be taken into account;

« the speed of the processes occurring in the individual subsystems of the traction drive differs by
several orders of magnitude;

« the load of traction drive is determined by the creep force (adhesion) in "wheel-rail" contact,
which has essentially nonlinear dependence on the speed of wheel slip and have the hysteresis;

» when designing the traction drive, the various structures of the electric energy converters with
different algorithms and laws of control can be used; moreover, it is possible to use different versions
of the mechanical parts.
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When analyzing the complex systems with nonlinear characteristics and load, traditionally the
simulation methods are used, allowing to investigate the existing or newly created system options.
This is particularly important during the design stage. Therefore, the computer model must be
complete in the sense of solving the principal problems, convenient to use, reliable and adaptive.

3. THE MATHEMATICAL MODEL OF ELECTRIC LOCOMOTIVE WITH
ASYNCHRONOUS TRACTION DRIVE

3.1. The mathematical model structure

The complex computer model of ATD as controlled electromechanical system (CES), presented in
this paper, is a further development of previously created models [3-5].

The electric locomotive is considered as a CES which includes the mechanical part as multibody
system, the electric part (energy conversion devices and traction motors) and the control system
(control algorithms and their realization).

There are direct and feedback communications between the processes in the mechanical and
electric parts. Values of electromagnetic torque at the traction motor shafts are included in the right-
hand side of the motion equations; values of wheelset angular velocities obtained from the mechanical
part are included into the electromagnetic equations [7].

Fig. 1 shows the structure of six-axle locomotive with individual control of traction motors
(individual axle drive) as CES. The structure of the electrical part includes human interface, main
locomotive control system, electric power conversion devices: main transformer, 4g-S converter, DC-
link, self-commutated voltage inverter (VI), ATM. The structure of the mechanical part includes car
body, three bogies and suspension elements.

System of electric power supply
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Fig. 1. Electric locomotive as controlled electro-mechanical system: 1 — car body; 2, 3, 4 — bogies
Puc. 1. DmekTpoBO3 Kak ynpasisieMas dJIeKTpoOMeXaHndeckas cuctema: 1 — Ky30B; 2, 3, 4 — TelnexKH
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The processes in separate subsystems and elements of the locomotive are modeled using various
methods. The authors would like to emphasize that their main aim was to develop an adequate model
of the rather complicated CES based on well-known modern methods and approaches.

3.2. The modeling of the asynchronous traction motor

The transformation of electromagnetic energy into mechanical energy is carried out in the ATM.
The ATM is a key element of the traction drive, the parameters and design features of the motor have
a direct impact on the technique and economic characteristics of the electric locomotive.

The model is based on the presentation of ATM as a system of magnet-connected contours.
Determination of the motor’s magnetic system parameters is carried out by the field theory methods
(using finite-element method). In the mathematical model, the saturation and nonhomogeneity of the
active layer of the stator and rotor, as well as the displacement of current in the stator and rotor
windings, are taken into consideration [9]. This enables us to analyze various modes including
stopping/starting and running with at a low speed.

The equation that describes the electromagnetic processes in the contours can be written as follows:

|- ][RI 1] W
where: [‘P] is the contour flux linkage’s vector; [U ] [I] are the vectors of the contour voltages and

currents; [R] is the diagonal matrix of the contour active resistance.
Connection between the flux linkage and currents in contours is defined by the algebraic equations
[v]=[m]x], @
where: [M ] is the matrix of the contour internal and mutual inductances.

Equations (1) — (2) are DAE describing the processes in the system comprising of magnetically
connected contours. The state of each contour is characterized by two values: flux linkage and current.

The contour flux linkage and inductances matrix are calculated using field theory methods.
According to the conventional approach of the electrical machine theory, the ATM’s magnetic field is
considered to be plane-parallel. The magnetic system of the electric machine is peculiar in having a
complex configuration, large number of areas with current and air-gap clearance. Besides, the
magnetic system is closed and it can be assumed that the field is negligible in the outside area. The
finite-element method proves to be efficient in such a case.

The developed model can adequately represent the processes in ATM in steady state and transient
conditions, including low-speed and emergency modes.

To analyze the processes in ATM at angular speeds above 10-15% of the nominal, it is expedient to
use the models based on the Park-Gorev equations [9].

3.3. The modeling of the processes in energy conversion system

The energy conversion system provides the operation of the electric locomotive by feeding from
catenary network of 3 kV DC and of 25 kV, 50 Hz AC.

The energy conversion system is modeled as an electric circuit, it consists of a main transformer,
input converters (4g-S), a DC link and self-commutated voltage inverters (V1) for feeding the traction
motors [6]. The principal scheme of the power circuit of an electric locomotive that feeds from the AC
network is shown in Fig. 1.

The 49-S converters connected to the traction transformer windings function in parallel to the
general filter of the DC link. The inverter works as the filter load and feeds the ATM. The processes in
the electric traction drive of all three bogies under the condition of feeding from the main transformer
are considered in the model.
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The locomotive is equipped with three power converters; each one feed the motors of two-axle
bogie. Each power converter includes 4qgs-converters, DC link and VI. The individual control of
traction motors (individual axle drive) was realized (see Fig. 1).

The processes in the power circuits are described by the automatically generated differential-
algebraic equations derived on Kirchhoff’s laws base:

f (Xn+1' Xn+1'tn+l) = 0 ! (3)
where: X, is the state variable of the electric circuit (currents through inductances, voltage at

condensers) at time point t,.;. The solution of Eq. (3) is carried out with the backward
differentia tion formula.

The locomotive traction characteristics are mostly defined by the structure, principles and
algorithms of the traction drive control system. A number of specific demands is usual for the control
system of the ATM. The regulation of the ATM torque should be carried out without pulsations and
self-exciting oscillations and its performance should be sufficient to prevent wheel slippage. It is
necessary to strive for reduce torque ripple and electrical losses in the elements.

3.4. The control system

The electric locomotive driver uses control handles to set the traction or braking effort (manual
mode), or to set the speed (automatic control mode). In the first case, the target effort is converted into
the reference for electromagnetic torque on motors shafts. In the second case, the automatic speed
controller regulates the electromagnetic torque, in order to maintain the reference speed.

Thus we developed a two-channel automatic control system with independent control of rotor flux
and electromagnetic torque. The stabilization of rotor flux magnitude in all modes eliminates the
excessive saturation of the magnetic system [10 - 12].

Processes in a squirrel-cage asynchronous motor are considered in a d - g rotating coordinate
system. The d - q rotating coordinate system associated with rotor. The angular speed @ relative to
the o — B fixed coordinate system is calculated as

d
w=2r—0|(t),
)
where: :9(t) is the angle between o — 3 and d — q coordinate system.
If the rotor flux vector ‘i’r is along an axis d, then

Y, =|¥ ] ¥, =0.

rq

The position of \i’r relative the o — B fixed coordinate system is defined by an angle 6. In this case,
the location of vectors is as shown in Fig. 2, where & — angle between the vectors of stator current fs

and the rotor flux ‘i’r , @ — the angle between fs and stator voltage Us .
Processes in the squirrel-cage asynchronous motor are described by the equations:

—

U, = fsrs + d;:s + jw‘i’s,
- (4)

0=1r'+ av, + jo..
dt

where: 1, 1, — stator and rotor resistances, |, — rotor current vector, ‘¥, — stator flux vector.
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Fig. 2. Location of stator voltage, stator current and rotor flux vectors
Puc. 2. ITonoxenue BCKTOPOB HAIIPSXKCHUA CTATOPA, TOKA CTATOPAa U MOTOKOCHCIJICHUS pOTOpa

The relationship between the currents and fluxes of stator and rotor described by the equations:

Yo=LI +L,1I,
- - ~ (5)
Y=L L +LT.

where: L, L/ —stator and rotor inductances, L, — mutual inductance.

The electromagnetic torque is equal to the imaginary part of vector product of the rotor flux and the
stator current:

Mengpll:"jlm[‘i’rxfsl. (6)

r

where: M, — electromagnetic torque, p — number of pole pairs.
After substitution of the rotor current from (5) to (4), the second equation becomes:

il el b o )
L dt {r/

Obtained equations are the basis of the structure of the vector control system. The control system is
a dual-channel. The first channel controls the rotor flux by regulating projection of the stator current in
the d-axis. The second channel controls the electromagnetic torque by regulating projection of the
stator current in the g-axis.

But motor powered by the voltage inverter, therefore the control system must control the voltage
vector [13]. To regulate the voltage vector channels have double circuit structure. The outer circuit
sets the value of the current vector; inner circuit controls the voltage vector by performing a task of
outer circuit. Voltage vector is calculated by first equation from (4):

Us:rsrs+d:;5 +ja)‘i’s. (8)

The structure of control circuits of the stator current is determined based on the equation (8). Block
diagram of the control system with independent control of rotor flux and electromagnetic torque is
shown in Fig. 3

The reference signal of rotor flux and electromagnetic torque on the motor shaft is the input of the
control system. The difference between the reference and the actual value of the rotor flux is applied to
the input of the flux regulator. Projection of the stator current in the d-axis is the output of the control
system. Projection of the stator current in the d-axis is summed with the voltage compensation signal.
Voltage compensation signal is generated by cross-links compensation block [14].

The electromagnetic torque control channel has a similar structure.
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Fig. 3. Block diagram of the control system with independent control of rotor flux and electromagnetic torque
Puc. 3. bnok-cxema cUCTeMBI yIpaBlieHHUsI C HE3aBUCUMBIM YIPABICHUEM MOTOKOCIEIUIEHHEM POTOpPa M AIIEKTPO-
MAarHMuTHbBIM MOMCHTOM

3.5. The modeling of mechanical part

The mechanical part of the electric locomotive considered as a multi body structure consists of
a car body and three two-axle bogies (see Fig. 1). The electric locomotive's axle formula is Bo-Bo-Bo.
The inclined traction rods carry out the transmission of the traction and brake efforts from the bogies
to the locomotive’s car body. The traction motors and reducers are bogie-mounted. In total, the model
contains 28 rigid bodies.

The equations of motion are generated based on the Newton — Euler formalism [15]

M ()i +k(a,6)=Q(a,d)+G(a) 2,
9(a)=0,
where: g, ¢, q are the column matrices of Lagrange coordinates, velocities and accelerations; M is
the mass matrix; k, Q are the column matrices of inertia and applied forces; A is the vector
of Lagrange multipliers corresponding to the cut joints; g are the algebraic constraint

)

equations; m is the number of constraints; G =0 g/@qT = {5 gi/aqj}i‘}; is the constraint

Jacobi matrix.
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Equations (9) are differential-algebraic equations (DAE). The values to determine are the
generalized coordinates q(t) and the Lagrange multipliers /1(t).

Simulation of the mechanical part was carried out in the software package «Universal Mechanism»
[16-18]. The computer animation of locomotive's movement is shown in Fig. 4.

Fig. 4. Model of mechanical part (computer animation)
Puc. 4. Monens MexaHH4eCKOM 4acTu (KOMITBIOTEPHAsI aHUMALIHs)

Coasting movement. The modeling of processes during coasting movement was executed by
numerical integration of differential equations of motion (9) on the assumption that the torques on the
traction motor shafts is zero.

The parameters of calculation scheme of the locomotive's mechanical part (dimensions, inertia
characteristics, stiffness coefficients of elastic elements, damping coefficients of dampers, etc.) were
taken from publications in the technical literature.

The FASTSIM algorithm [18] and its modification devoted to an unsteady contact model that
provides the correct solution also for the case of zero vehicle velocity, were used for computation of
creep forces. When modeling, the macro geometry of track on which the locomotive moving (the
vertical profile and the plan of the railway) and the presence of rail's vertical and horizontal micro-
irregularities are taken into account. The rail's micro-irregularities were constructed according to the
UIC materials.

The mechanical part's full-size model allows taken into account the redistribution of load between
the axles in the traction and braking modes, to investigate the interaction in the side wheel-rail contact
during the passage of the curves, and so on.

The modeling was done in the velocity range of 10 to 60 m/s (i.e. from 36 to 216 km/h) with the
step of 10 m/s.

As can be seen from Fig. 5 (20 m/s), the presence of track micro-irregularities leads to the fact that
normal reactions in the wheel-rail contact for all wheels obtain the dynamic components and deviate
from their quasi-static values occurring when driving on the track without irregularities.

The spots of wheel-rail contact for all the wheels are shown in Fig. 6 (20 m/s). The shaded area
corresponds to the material's adhesion, the area without coloring — to the slip. The resultant force of
interaction in the wheel-rail contact is shown as a vector which value and direction vary during wheel
rolling on the rail. The scale in Fig. 6, a and b is the same.

It is seen, that the presence of track micro-irregularities leads to the fact that the resultant force
within the wheel-rail contact varies considerably in magnitude and direction.
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Fig. 5. Normal reactions in the wheel-rail contact during coasting movement for the track without irregularities
(a) and with irregularities (b)
Puc. 5. HopmasbpHble peakiMd B KOHTaKTe «KOJECO-PEeNbCy» MPU ABHKCHHH Ha BbIOEre 1Mo pOBHOMY MyTH (8)
U 10 myTH, uMeroieMy HepoBHoctH (D), ckopocts 20 M/c

Amplitud-frequency characteristics (AFC). The AFC (or frequency response) was built by
spectral analysis of the harmonic track profile (perturbation) and the corresponding vibration
(response). The horizontal axis shows the frequency of perturbation (Hz). The vertical axis shows the
dimensionless dynamic coefficient kg, (amplification ratio). It means in how many times the
amplitude of the forced oscillations is greater than static deformation.

Thus obtained AFC of the car body bouncing vibrations is shown in Fig. 7, a. The AFC for
pitching and rolling oscillations of the car body are shown in Fig. 7, b and c.

The experimentally determined values of natural frequencies are as follows: for car body bouncing
vibrations 1.89 Hz, for lateral rolling vibrations 0.64 Hz.

The features of dynamic behavior. We also note some qualitative features of the dynamic
behavior, which have been identified in the coasting movement simulation. First of all, the significant
increase of the oscillation frequencies with augmenting velocity is evident. However, the vibration
amplitudes, starting from a speed of 72 km/h, have only the insignificant changes.

The bouncing of middle bogie at high speeds obtain the greater amplitude than for the front and
rear bogies. This is due to the installation of the softer long-stroke springs at the level of car body
suspension of the middle bogie.

In contrast, the pitching of the middle bogie, in comparison with front and rear bogies, is extremely
small. The reason for this is the decisive role of the car body pitching vibrations which are transmitted
to the extreme bogies more intensively (due to the much greater arms) that to the middle bogie.

As for the bogie's lateral pitching oscillations, they at low speed are determined by the local
irregularities of rail way. At high speeds, they are composed of the lateral pitching vibrations of the
car body and the high-frequency oscillations of small amplitude.

It should be noted that the results of the coasting movement modeling correspond to the actual tests
[18].
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Fig. 6. The spots of wheel-rail contact and resultant forces during coasting movement on the track without irreg
ularities (a) and with irregularities (b)

Puc. 6. ITarHa KoHTaKTa «KOJIECO-PEIILCY U CUJIIBI BSaI/IMO,Z[QI\/'ICTBI/Iﬂ IIpy ABHKCHUU Ha BBIOETE 110 POBHOMY IIyTH
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Fig. 7. AFC of the car body vibrations: bouncing (a), pitching (b) and lateral rolling (c)
Puc. 7. AUX koneGanuii noanpeirupanus (), rajonuposanus (b) u 6okoBoii Kauku (C) Ky30Ba

4. CONCLUSION

The six-axle electric locomotive with individual control of traction motors is considered as
a controlled electromechanical system which includes the mechanical part as multi body structure, the
electrical part (energy conversion devices and traction motors) and the control block (control
algorithms and their realization). The full-size computer model is based on the subsystem technique.
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There are direct and feedback communications between the processes in the mechanical and electrical
parts.

The ATM’s model is based on the presentation of induction motor as a system of magnet-
connected contours. Determination of the motor’s magnetic system parameters is carried out by the
field theory methods (finite-element method). The saturation and non-homogeneity of the active layers
of the stator and rotor, as well as the displacement of current in the stator and rotor windings, are taken
into consideration.

The energy conversion system provides the operation of the electric locomotive by feeding from
catenary network of 3 kV DC and of 25 kV, 50 Hz AC. It is modeled as an electric circuit, which
consists of a main transformer, 4g-S input converters, a DC link and self-commutated voltage inverters
for feeding the traction motors.

The two-channel automatic control system with independent control of the rotor flux and
electromagnetic torque is developed. The stabilization of rotor flux magnitude in all modes eliminates
the excessive saturation of the magnetic system.

The mechanical part of the electric locomotive, considered as a multi body structure, consists of
a car body and three two-axle bogies. The model contains 28 rigid bodies. The processes during
coasting movement was studied, the normal reactions and the forces of interaction in the wheel-rail
contact is shown. The AFC was built for the car body bouncing, pitching and lateral rolling
oscillations. Some qualitative features of the dynamic behavior are noted.

Results of dynamic electromechanical processes simulation in various modes of electric
locomotive operation will be presented in Part 2 of this paper.
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