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STUDY OF THE ASYNCHRONOUS TRACTION DRIVE'S OPERATING
MODES BY COMPUTER SIMULATION.
PART 2: SIMULATION RESULTS AND ANALYSIS

Summary. The problem arising at the design of electric locomotives with asynchro-
nous traction drive are considered. The electrical scheme provides the possibility of indi-
vidual (by axle) control of traction motors. This allows realizing the operational discon-
nection/connection of one or more axles in the automatic mode, with account of actual
load.

In Part 1 of this paper, the complex computer model based on the representation of AC
traction drive as controlled electromechanical system was developed. The description of
methods applied in modeling of traction drive elements (traction motors, power convert-
ers, control systems), as well as of mechanical part and of "wheel-rail" contact, was giv-
en.

In Part 2, the results of dynamic electromechanical processes modeling in various
modes of electric locomotive operation (start and acceleration, traction regime in straight
and curve railway sections, wheel-slide protection, etc.) are presented. In perspective,
based on the developed model, the evaluation of locomotive's energy efficiency at the re-
alization of various control algorithms must be obtained.

NCCIEJOBAHMUE PEXXMMOB PABOTBI ACUHXPOHHOI'O TAI'OBOI'O
[NPUBOAA METOJAMU KOMIIBIOTEPHOI'O MOJAEJIMPOBAHN .
YACTD 2: PE3VJIbTATBI MOAEJIMPOBAHNA 1 AHAJIN3

AnHoTamusi. PaccMmarpuBaroTcs MpoOJIeMbl, BO3HUKAIONIUE TMPU TPOCKTHPOBAHUU
AJIEKTPOBO30B C aCHHXPOHHBIM TATOBBIM IpuBooM (ATII). B anexrpudeckoit cxeme pe-
aJIM30BaHa BO3MOXKHOCTh WHAMBHUIYaJLHOTO (TIOOCHOT0) PETYIHUPOBAHUSI TATOBBIX JIBUTA-
TEJeH, Y4TO JaeT BO3MOXXHOCTh OIEPATHBHOTO OTKJIFOUCHUS/TIONKIIOYCHHUS OJHOW WU
HECKOJIbKHX OCEH B aBTOMaTHYECKOM PEXXHME, C YIETOM PealbHOM HATrPy3KH.

B gwactu 1 macTosimiei ctaTeu OblIa MPEACTaBICHA pa3paboTaHHAsS KOMITIEKCHAS KOM-
MBIOTEPHAST MOJIENb, OCHOBaHHAas Ha paccmorpennn ATII kak ynpasisieMoit 3nekTpome-
XaHUYECKON CHCTEMBI. HpI/IBO)II/ITCSI OIMUMCaHNE METOAO0B, UCIIOJIB30BAHHBIX ITPU MOACIIN-
POBaHMHU 3JIEMEHTOB TATOBOTO MPHBOAA (TATOBBIX ABUTATENEH, CHIOBBIX MpeoOpazoBaTe-
JIeH, CHCTEM YIPaBIICHHS ), TAK)KE KaK MEXaHHMUYECKOW YaCTH M KOHTAKTa «KOJIECO-PEITbCY.

B wactu 2, npencraBieHbl pe3yabTaThl MOJICIIMPOBAHUS THHAMUYECKHUX JIEKTpOMeXa-
HUYECKHUX IPOLIECCOB B PA3JIMYHBIX PEXUMax pabOTHI AJICKTPOBO3a (TPOraHUE C MECTa,
ABMXXCHHUE B PCKUMCE TATU B NPAMBIX W KPUBBIX YUaCTKaX ITyTH, IIOJABJICHHUEC OOKCOBa-
HUS U T.J1.). B mepcriekTuBe, OCHOBBIBAsCH HA pa3padOTaHHONW MOJEIH, TOJDKHA OBITH I10-
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Jy4deHa OICHKa dHepreTHIecKor 3 (HEKTUBHOCTH JIEKTPOBO3a MIPU peai3aiiy pa3ind-
HBIX aJITOPUTMOB YITPABIICHUS.

1. INTRODUCTION

A six-axle electric locomotive with individual control of traction motors is considered as a con-
trolled electromechanical system which includes the mechanical part as multibody structure, the elec-
trical part (energy conversion devices and traction motors) and the control block (control algorithms
and their realization). The full-size complex computer model, based on the subsystem technique, was
presented in Part 1 of this paper.

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 con-
sists of a main transformer, 4qg-S input converters, a DC link and self-commutated voltage inverters for
feeding the traction motors. The ATM’s model is based on the presentation of induction motor as a
system of magnet-connected contours.

The two-channel automatic control system with independent control of the rotor flux and electro-
magnetic 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 consists of a car body and three two-axle bogies.
The processes during coasting movement was studied, the normal reactions and the forces of interac-
tion in the wheel-rail contact is shown. The frequency response was built for the car body bouncing,
pitching and lateral rolling oscillations. Some qualitative features of the dynamic behavior are noted.

In Part 2, the obtained results of dynamic electromechanical processes simulation in various modes
of electric locomotive operation are presented.

2. SIMULATION RESULTS

With the help of the developed computer model of the electric locomotive, the complex estimation
of the control system principles and algorithms, the determination of its influence on the functioning
of ATM and power conversion devices and the analysis of electromechanical processes at various
operation regimes were executed [3 — 6].

The analysis of the interaction of the ATD with the mechanical part of the locomotive in the trac-
tion mode was performed at various operation modes: locomotive’s start and acceleration, motion in a
straight line and in curves with maintaining speed, appearance and elimination of wheel slide, etc.

2.1. Locomotive’s start and acceleration

Let us consider the simulation results of electro-mechanical processes in the locomotive during
start and acceleration.

The significant magnetic inertia of the ATM and the existing current and voltage constraints from
the inverter result in that the simultaneous control of moment and flux linkage with great disagreement
is practically not possible. Thereby, the control system sets the preset moment value equal to 0 at the
electric locomotive commencing within 0.2 s from the start of operations that is necessary for the ter-
mination of the control transience of the rotor flux linkage. Then the preset moment value increases up
to the required value at a predetermined rate enabling the avoid once of undesirable phenomena at the
locomotive’s mechanical part.

Some simulation results are shown in Fig. 1, where: U, is the line-to-line voltage of the ATM; I,
is the phase current; M";, My are the preset and realized electromagnetic torques; w; is the angular
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velocity of the first ATM’s rotor; F,q, Fyr are the traction forces for the left and right wheels of the
leading wheelset; Fri, Fr,, Fraare the forces in the traction rods.

Computer animation of the ATM magnetic field is available at [1].

Obtained results show the good dynamical characteristics by take-off. There are no oscillations in
the mechanical part of the locomotive. Generally the quality of regulation is quite high within all inte-
rvals of loads and velocities, including take-off conditions and high velocity.
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Fig. 1. Electromechanical processes at start and acceleration
Puc. 1. DekTpoMexaHUUECKHE MTPOIIECCHI TIPH ITYCKE U pa3roHe

2.2. Movement in traction mode with constant speed on a straight railway section

The calculations were performed for the case when the locomotive is moving at the constant speed
of 80 km/h on a straight horizontal railway section. The railway has microirregularities of rails in the
vertical and horizontal planes according to the UIC materials. The maximum value of the adhesion
coefficient is taken equal to 0.25.

The power is supplied by AC catenary; the electrical part of ATD is modeled in accordance with
the Fig. 1 of the Part 1. The obtained graphics of the electromagnetic torques at the ATM shafts of the
front bogie (Mem; and Mepp); of the torques after the rubber-cord coupling (Mc.; and M,,); of rotor
angular speeds (wy; and wy,) and of the angular speeds of wheel sets, reduced to the rotor (e, and
) are shown on Fig. 2. The corresponding results for the middle and rear bogies were also obtained.
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Fig. 2. Dynamic processes at movement in a straight line for the traction mode (top to bottom): torques on the
ATM shafts and after rubber-cord couplings, angular speed of ATM rotors and of front bogie's wheel
pairs

Puc. 2. luHaMugecKue TPOIECCH IPH ABWKEHUH 110 TIPSIMOM B PeXXUMe TATH (CBEpXY BHH3): MOMEHTHI Ha Baiax
AT]] n nocne pe3nHOKOPAHBIX My(T, 4acTOThl BpaeHus: potopoB AT/l u KoJiecHBIX Tap nepeaHei Te-
JICKKH

The formation of inverter output voltage is performed using space-vector PWM (modulation fre-
quency of 1500 Hz). The principle of automatic regulation to maintain the constant rotor flux of ADM
is realized. The setting of the flux is taken equal to 3.8 Wb, of the torque — to 8000 Nm, which corre-
sponds to the limit of adhesion.

As can be seen from these results, the high-frequency pulsations of electromagnetic torque on the
ATM shaft, arising as consequence of the power feeding from inverter, is almost completely absorbed
by the rubber-cord coupling. The low-frequency oscillations of the torque are explained by dynamic
processes in the locomotive mechanical part, which are a consequence of the impact of unevenness
track structure.

The graphs of vertical forces in wheel-rail contact for the left and right wheels of the first (F,., Fz1r)
and second (F,, F,r) wheel sets of the front bogie are shown in Fig. 3.
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The traction forces for the left and right wheels of the first (Fyy, Fyir) and second (Fya), Fyor) Wheel
sets are also shown in this figure.

As a result of dynamic processes occurring when driving on the road with irregularities, the load of
the wheelsets on the rails and, consequently, the traction forces, have oscillations, the value of which
can reach 20...25% from the mean value of these forces (see also Fig. 5 of the Part 1). The first wheel-
set is the most unloaded. It is limiting in terms of the use of adhesion conditions.
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Fig. 3. Dynamic processes at movement in a straight line for the traction mode (top to bottom): vertical forces
in wheel-rail contact for the wheel sets of the front bogie; traction forces of the left and right wheels
Puc. 3. JIuHaMHYECKHE MPOIECCH IIPH IBMKCHUH B TPSMOM B PEKHAME TATH (CBEPXY BHHU3): BEPTHKAIBHBIC CH-
JINS B KOHTAKTE «KOJIECO — PECIIbC) KOJICCHBIX I1ap nepBoﬁ TCIICKKH, CHUJIBI TATH JICBBIX U IIPABBIX KOJIEC

Fig. 4 shows the graphs of the pitching vibrations for car body (¢.,) and bogies (gp1, ®n2, Pno); Of
the bouncing vibrations for car body and bogies (h; o, h; b1, Ny 2, h; b3); Of the forces in traction rods
(Fu1, Fi1, Firr) and of the total traction force (Frack)-

The efforts in traction rods have the deviation about 20% from the mean value. The reason for this
is the pulsations of traction forces at the wheel-rail contacts and the relative movement of the mechan-
ical part's elements. The inertia of the car body and the superposition of these vibrations for three in-
clined rods smooth the pulsations of total traction force.

In addition to the presented results, the angular and linear displacements of mechanical part's ele-
ments, the forces in springs and dampers, the currents and voltages in the electric power conversion
system components and in traction motors, the state variables of control system, etc, were calculated.



10 P. Kolpachchyan, A. Zarifian Jr

|—<Pcb T Qp1 T Pp2 T Pp3 | |_hzcb === My == Dy == Nz |
o, rad T T h,m
] ]
0,0100 b o — .
| [‘ I ‘
ol TR TN 0,005
Wi I AR T A g B LA T fa Al X
0,0075{ &Am’i g LA I 'U}’l‘-‘r‘;' o {\Lﬁu
A R L T
0,0050 pif-Hsth-1y LI L 0
! v U ! v
0,0025 ; ;
| | -0,005 f
0,0000 | : v
-0,0025 VAV i : -0,010
5,0 7,5 10,0 125 45 5,0
Ftrl FtrZ Ftr3 |
F, kN F, kN
125 fmmmm e ] \
A [ 300 AN A A--A+4 _
ah ol i | ?
100 bafvgh »‘%‘f\*}?ﬁ%’;ﬂ%ﬂ‘ | J\;k A Wiy A
SR YA LT ..w/ }1\1‘3 (ahitity
75 f SN BT i sk 200
50 ] i
100 4
2 : i
0 : ! 0 | i
5,0 7,5 10,0 125 15 5,0 7,5 10,0 125 15

Fig. 4. Dynamic processes at movement in a straight line for the traction mode (top to bottom): pitching and
bouncing vibrations for car body and bogies; forces in traction rods; total traction force

Puc. 4. JlnHaMudecKue MpOIECChl MPHU JBIKEHUU B MPSMOW B PEXUME TITU (CBEpXYy BHHU3): TaJONMHUPOBAHKE
U MOANPBIrMBAHUE KYy30Ba U TCJICIKCK, YCUJINA B HAKJIOHHBIX TsATraX, CHUJIa TATU

2.3. Movement in traction mode with constant speed on a curve railway section

The calculations were performed in the case when the locomotive is moving at the constant speed
80 km/h on a right curve section. The cant (superelevation) of outer rail is h = 100 mm.

The length of the track transition curve is 100 m, the length of the constant radius arc — 300 m. The
railway has micro irregularities of rails in the vertical and horizontal planes according to the UIC ma-
terials. The maximum value of the adhesion coefficient is taken equal to 0.25.

All parameters of the electrical part and the control system conform to p. 2.2.

The traction torques after the rubber-cord coupling for the first and second axles of the front bogie
(Myee1 and Mycp) are shown in Fig. 5.

The graphs of normal reactions in wheel-rail contact for the first and second axles of the front bo-
gie (F.u, Fur) and (F.a, For) are presented in Fig. 6, as shown, for the outer rail the reaction is practi-
cally twice greater than for the inner.

The graphs of traction forces for outer and inner wheels of the first (Fyy, Fyr) and second (Fya,
F2r) axles of the front bogie are shown in Fig. 7, the difference is also almost twice. This is explained
not only by the fact that the normal reactions of the outer and inner wheels are different, but also by
the excess slip for the inner wheel and by the insufficient slip for the outer one.
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Fig. 5. Dynamic processes at movement in a curve line for the traction mode: torques after the rubber-cord cou-
pling for the first and second axles of the front bogie
Puc. 5. /lnunamudeckuie mMporecchl Npy IBHKCHUH B KPUBOW B PEKHMME TATH: MOMEHTHI TIOCJIE PE3MHOKOPTHOM
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Fig. 6. Dynamic processes at movement in a curve for the traction mode: normal reactions in wheel-rail contact
Puc. 6. JluraMu4ecKre MPOLECCH IPH IBMKCHUH B KPUBOM B PEXKHMME TSATH: HAXKATHS KOJIEC HA PEIIbCHI
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Fig. 7. Dynamic processes at movement in a curve for the traction mode: traction force for outer and inner
wheels of the first and second axles of the front bogie

Puc. 7. JluHaMu4ecKre MPOIECChl MPH ABMKCHUH B KPUBOW B PEXHMME TATH: CHIJIBI TSATH HA KOJecax IMEepBOM
U BTOPOI1 ocell mepenHelt TenexKu

The total lateral efforts for the outer and inner wheels of the first (Fyy, Fy1) and second (Fya, Fy2r)
axles of the front bogie are shown in Fig. 8. These efforts include both the contact forces in main
wheel-rail contact and the strength in the side contact between the flange of the left wheel and the
outer rail head’s side surface.

As can be seen from the graphs, the bogie moves in the chord position.



12 P. Kolpachchyan, A. Zarifian Jr

F,kN , — —
St twsmnatidkin, A ‘h iy
0 A A IS .7

] ]
i |
] I
| |
: ]
25 -
S0P [ ELL I —
: i Fyir
-75 H H H

5 10 15 20 25 30 ¢s

Fig. 8. Dynamic processes at movement in a curve for the traction mode: total lateral efforts for the outer and
inner wheels of the first and second axles of the front bogie

Puc. 8. JluHamMudyeckue MpPOIECCHl TP IBMKCHHM B KPUBOW B PEKHME TATH. MOMEPEUYHBIC YCHIMS Ha KoJecax
MepBOM U BTOPOU OCEH TIEpeTHEN TEIEHKKH

2.4. The wheel-slide protection system with individual regulation of traction forces

The asynchronous traction drive working at cohesion limit is connected with the high possibility of
slippage occurrence. That is why the reliability of the wheel slide protection system mostly determines
the efficiency of the ATD control system from the point of view of the most complete utilization of the
locomotive coupling weight.

During the investigations, it was found that the wheel-slide protection system should decrease the
electromagnetic torque quite smooth preventing impulse loading and oscillations in the mechanical
part of the locomotive. Sudden impact of loads arising through unsuccessful control and short-time
sliding motion of one or more unloaded wheel sets is possible.

To realize this, the need to implement the individual (by axles) regulation of total traction force.

Let us consider the results of simulation of a wheel-slide protection system by moving the locomo-
tive on a railway section with poor cohesion conditions. The length of the section exceeds the distance
between the extreme wheelsets of the locomotive. Vertical and lateral railway track irregularities were
taken into account during the simulation.

Simulation results for the first wheel set are shown in Fig. 9. The following designations are used:
Wus1 1S adhesion coefficient in wheel-rail contact of the first wheel set; Mg is electromagnetic torque;
oy, Oy are angular velocities of the first ATM rotor and the first wheelset (reduced to the rotor); Fy,
Fyr are traction forces of the left and right wheels; Fy1, Fyo, Fys are forces in the traction rods; Fyae IS
the total traction force.

The obtained results show that decreasing of the adhesion coefficient leads to increasing of angular
velocity of the first wheelset. Then the wheel-slide protection system gradually decreases the ATM’s
torque and the starting slippage is prevented, as is shown in Fig. 9.

When the section with poor adhesion conditions ends, the control system increases the ATM’s
torque. So, the principles that are implemented in the control system prevent the wheel slipping and
provide the good, nearly maximum, value of traction force.

2.5. The control of the voltage inverter at high speed mode

When the locomotive is moving at low or medium speeds, the main harmonic frequency is much
greater than the inverter modulation frequency. In these cases, there are no problems with the electro-
magnetic torque pulsations. The processes occurring at the start of the locomotive are shown in p. 2.1.
The medium speed mode was studied in [2].

If the locomotive is moving at high speed, the VI works in one-pulse modulation mode. This can
result in high electromagnetic torque pulsation and heat losses. It is very important to reduce the sixth
harmonic of the electromagnetic torque pulsations, which is located in the area of the mechanical part
Eigen frequencies, which may lead to undesirable resonance phenomena.
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Fig. 9. Passage of railway section with poor adhesion conditions
Puc. 9. HpoxomueHne y4dacTKa ¢ YXYAIICHHbIMHA YCJIOBUSIMU CUCIICHUSA

The forming of additional pulses at the beginning and the end of the main pulse reduce the level of
these pulsations. The analysis of the electromagnetic torque harmonic composition shown that this
solution is effective: the amplitude of the 6f; harmonic decreases by 40...50%, whereas the amplitude
of the fundamental harmonic decreases only of 1...2%.

The simulation results for movement of electric locomotive at 150 km/h are shown in Fig. 10. The
power is supplied from the AC catenary. Graphs of voltage and current of the traction transformer
winding and voltage of DC-link are shown in Fig. 10, a; line-to-line voltage and phase current of
ATM —in Fig 10, b; the ATM’s electromagnetic torque — in Fig. 10, c.

The control of energy conversion processes is conducted in such a way that the traction transformer
winding current is in phase with the voltage, that the converter consumes the only active power from
traction transformer. The voltage in DC-link has a pulsation of significant amplitude with 100 Hz fre-
guency, which is explained by the principle of action of 4g-S converter, which is undesirable due to
the influence to the locomotive mechanical part.
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Fig. 10. Voltage and current of main transformer traction wind, DC-link voltage (a); ATM line-to-line voltage
and phase current (b); electromagnetic torque (c) at 150 km/h mode

Puc. 10. HampsbkeHue U TOK TArOBOH OOMOTKH TpaHC(OpMATOpa, HANPsHKEHHE 3BEHA MOCTOSHHOTO TOKa (a);
nuHelHoe HampsbkeHue u (a3l Tok AT/ (b); anextpomarnutHbeiii MomenT ATJ] (¢) Ha ckopocTH
150 km/u

3. CONCLUSION AND PERSPECTIVES

The complex controlled electromechanical model of the electric locomotive with ATD was devel-
oped in Part 1 of this paper based on the subsystem technique. The model joins the mechanical part,
based on a multibody approach, and electric part such as electric circuits.

Complex evaluation of principles and algorithms of the control system of the ATM and analyses of
electromechanical processes in the asynchronous traction drive in various working conditions (loco-
motive’s start and acceleration; movement in traction mode with constant speed on a straight and
curve railway sections; wheel-slide protection system with individual regulation of traction forces;
control of the voltage inverter at high speed mode) were executed in Part 2.

Implemented approaches and software are use for testing automatic control systems and wheel-
slide protection systems for newly designed electric locomotives, as well as for the prediction of per-
formances including the transient processes in both mechanical and electric parts.

At present, using the developed mathematical model, are performed the analysis and optimization
of the energy conversion system's parameters. Based on the developed model, some variants of the
control system are tested and compared.

The electrical scheme allows realizing the operational disconnection/connection of one or more ax-
les in the automatic mode, with account of actual load. In perspective, this approach would lead to
improving the locomotive energy efficiency during partial load work.
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