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MODELLING OF A CONTROLLED TRACTIVE WHEELSET
FOR A BOGIE OF A RAILWAY VEHICLE BASED
ON NOISE SPECTRUM ANALYSIS

Maksym Spiryagin, Valentyn Spiryagin, Iryna K ostenko

Volodymyr Dahl East-Ukrainian National Universityigansk, Ukraine

Summary. This paper examines an intelligent railway vehislestem subjected to adjust and control a
complex mechatronical system that includes comtoltheelsets. The dynamic and tractive charadtavist

a railway vehicle are controlled based on noisetspm analysis for the friction coefficient detectiand
railway wheel squeal. In this paper, we proposeombined control system with two stages of control
strategies. The first control strategy is usedafihesion control and adjustment of railway vehiblased on
an observer, which allows the determination of ifeximum tractive torque based on the optimal adhesi
force between the wheels of a railway vehicle amts depending on weight load from a wheel to 4 rai
friction conditions in the contact zone, a latefisplacement of wheel set and wheel sleep. Thensecantrol
strategy allows the adjustment of a wheel set'stiposon the track to be executed by means of astioom
actuators to links of axle boxes depending on aiglyf noise in the wheel-rail contact. The nordnMBS
software package called Simpack was used for thalation model of the proposed mechanical systeme. T
proposed control strategy was modeled in MatlabdBirk. The Simpack model was linked with the cohtro
unit in Matlab/Simulink by means of a SIMAT-intecia The system was investigated using co-simulation

Key words: dynamics of rail vehicles, mechatronic systemgzyuogic controller, bogie, adhesion model,
actuator, stability control, guidance control, grieted control, rolling noise, microprocessor coinglystem,
simulation, locomotive model

INTRODUCTION

The realization of maximum adhesion forces for ih vahicle in straight and
curving parts of track is a very difficult procelsecause it is connected with use of
tractive efforts and depends on the contact chariatits in the zone between the
wheels and rails.

Modern solutions in the field of the developmentnafw control systems for
mechatronic systems of running gears allows thaipiisy to improve the interaction
between wheels and rails for different modes ofrttevement for rail vehicles. These
systems can be tentatively divided into the follegvgroups:

e traction control systems
e suspension control systems



MODELLING OF A CONTROLLED TRACTIVE WHEELSET FOR BOGIE 233

e brake control systems
e combined control systems.

At the present time, there has been special rasedtention on the problem of
reducing the wear of wheels and rails on the cgryarts of a railway track. For this
research, it is necessary to determine the exaetmpders of the contact between a
wheel and rail, and the displacement and positfaam wheel set on straight and curving
parts.

Usually for decreasing wear and the improvemerdadifesion realization in the
tractive mode, only two control systems are usechfthe above written classification.
One of these systems is the adhesion control systeensecond one is the active
steering control system.

In our previous publications [Spiryagin M., Lee K.&and Yoo, H.H., 2007,
Spiryagin M., Lee K.S., and Yoo H.H., 2008] we mmeted control systems that allowed
for the adjustment of traction efforts for diffeteadhesion conditions. These systems
were developed based on a method of steepest deswdifiuzzy logic [Pupkov K.A.,
Egupov N.D., 2004].

Active steering control system of a rail vehicledisscribed in . [Spiryagin M.,
Lee K.S., Yoo, H.H., Spiryagin V., and Vivdenko 20Q07]. That system was proposed
for a two-axle bogie which uses constraints wittliua links and one of the radius links
of axlebox also functions as an actuator.

The systems described above have one common featiméormation about
contact characteristics for the system is obtaimgdneans of noise analysis from the
wheel-rail contact.

However, the system that allows doing combined robmtf characteristics of a
wheelset's movement, is one of the most interesergmples to improve vehicle
dynamics. This system [Perez J., Busturia J., MXi,Tand Vinolas J., 2004] allows the
control of traction efforts as well as the activieesing control by means for
mechatronic bogie vehicles with independently intatvheels. From a practical point
of view, mechanical components of this kind of eys$ need further improvement. The
system has a good chance to find an applicatioméov types of rail vehicles in the
future.

At the present time, the modernization of existalgctromechanical designs of
running gears for rail vehicles is one of actuadsiions. In this article, we describe an
improved mechatronic system that includes two sstiesys. One of these subsystems is
an adhesion control system (it is connected totrdetion control). The second one is
the active steering control system. The proposetsib& was estimated by means of
simulation. For the simulation, a complex modelaocbogie of a rail vehicle, control
system for traction motors and actuators were dpesl.

OBJECT AND PROBLEMS

Model Of Rail Vehicle
The evaluation of traction and dynamic charactessof a rail vehicle requires
an adequate representation of different modes wéhicle’s work and an interaction
between running gear’'s elements and track [Maséies., 2002, Iwnicki S. , 2006,
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Himmelstein, 2004]. The solution of this task isgitle to reach if the friction process,
which present in the contact between wheel andisailescribed in the correct way.

The traction bogie of a rail vehicle DEL-02 manutaed by JSC “Holding
company “Luganskteplovoz”, was taken to conduct s$hulation experiments. The
bogie is shown in fig. 1 and has a two-stage spsingpension. This bogie and non-
motor bogie of the same vehicle has unified parthsas the frame, brake, mounting-
returning device. The traction bogie has two ACtim motors with supported-frame
suspension and two torque gears. The traction fhenwheel to the pivot is transmitted
through the resilient axle box radius links, boiggane and resilient traction rods.

We make an assumption that the bogie is equippéu wieels, which have a
profile as shown in fig. 2, and the wheels movdhantrack with a rail profile plotted in
fig. 3.

The value of the adhesion force is separately Gtled for each wheel and
depends on a rail vehicle's velocity, a slip vetpaf contact bodies, wheel and ralil
profiles, a weight load from a wheel to a railcfion condition in the contact zone and a
position of a wheel relative to a rail.

(=) .A 0, o, (=}

Fig. 1. Side view of front traction bogie of thél kgehicle DEL-02
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Fig. 2. Wear wheel profile, which is obtained byame of wear analysis
for locomotives’ wheels [Carev 1982]
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Fig. 3. New rail profile

For the simulation of adhesion process in the airtane, the adhesion model
[Spiryagin V., 2004, Spiryagin, M., Lee, K.S., Yod{.H., Kashura, O., and
Kostjukevich, O., 2007] was applied. The adhesand can be defined as

Ifa:Ngl(A/exp(sEBH AlnEmB)+ A/EOB+ A€DB+ A TTT/ 7; (D

Here: N — weight load from a wheel to a rail;
Al, A2, A3, A4, A5 — coefficients of relation;

S - vector of wheel slip;

€ - relative slip, [%];

B=T1T3T5T6;

T1, T2 — coefficients, which depends on frictiomdiions in rail-wheel contact;

T3, T4 — weight load coefficients;

T5 — velocity coefficient dependent on the velodsitef the locomotive;

T6, T7 — coefficients, which are dependent on crostion y of a wheel relative to the
rail;

T8 — coefficient of angle of attack of the wheel;

T9 — coefficients, which depends on traction of brgkmode of a rail vehicle’s
movement.

Coefficient T9 should provide a safety in the braking mode. Karrhore, the
process, which has a place in a suspension anglléxica suspension lock, has a big
influence on vehicle dynamics. In this case, theatyics start worsening and, as a
result, the adhesion coefficient between the whedirail decreases. Based on this, the
coefficientT9 can be equal to 1 in the traction mode and egudl5 in the braking
mode.
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The values of coefficients for equation (1) for thieeel and rail profiles, shown
in fig. 2 and fig. 3, are listed in Table 1. Furtimere, in this tabley is the maximum
friction coefficient of concrete friction conditidior two contact bodies.

In the next section, the possibility of obtainimjormation about friction contact
characteristics such as the maximum friction coeffit and the angle of attack by
means of noise analysis will be discussed.

Noise In Wheel-Rail Contact

A review of investigations on the possibility oftdeting friction conditions in
the contact zone with the help of the method afigisif noise analysis was published by
[Spiryagin M., Lee K.S., and Yoo H.H., 2008]. Itleals making a preliminary
conclusion that the detection of the maximum adhesbefficient is possible by means
of noise analysis.
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Fig. 4. Results of noise analysis in the contadh Wit permanent slip
and the angle of attack=0

The problem of the dependence of the angle oflatiamoise characteristics has
been studied in works published by [Hsu, S.S., iduan, Iwnicki, S., Thompson, D.J.,
Jones, C.J.C., Xie, G., and Allen, P. D., 2007, atwth, M., Hentschel, F.,
Himmelstein, G., and Krouzilek, R., 2003]. The oi¢al results for the measurements,
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made on special test rigs, show the possibilitgetfing information about the angle of
attack based on an analysis of the power speatradity and the sound pressure level.
Fig. 5 shows the investigation results obtainedHisu, S.S., Huang, Z., lwnicki, S.,
Thompson, D.J., Jones, C.J.C., Xie, G., and Aker., 2007].

For the further confirmation of the proposed methoderies of experiments on a
specially developed test bench were made by [Sginy&l.l., Spiryagin V.1., Klyuev
A.S., Klyuev S.A., Ulshin V.A., 2008, Spiryagin M.ee K.S., Yoo H.H., Spiryagin V.,
and Vivdenko Y., 2008]. The obtained results shbat the detection of the contact
characteristics only by noise sound pressure aisalysot possible. However, the study
on acoustical signal allows the possibility to dlis information. The example of
analysis is shown in fig. 4. However, a more dethinvestigation in this field is still
required.

Table 1.Coefficientsfor equation (1) for the definition of the value of adhesion force
in the wheel-rail contact

A, 1
A, -0.1419381

As 0.026201

A4 4.3642

As 2.0729

T, 0.026+2.38p

T, 11/0.40907

Ts 0.00635+0.0000368N, N[kN]

Ts 0.9713+0.0003454N-0.00000056 74 NI[kN]

Ts (0.10108v-0.108)°, v[m/s]

Te 1.0002+0.1026y+0.0024199.000728, y[m]

T, 0.99976+0.0059684y-0.00006288y+0.0000577856Y, y[m]
Ts 1-0.0056)|(0.1057+0.087y+0.01158y  [rad]

Based on these results, it is possible to makenalasion that the use of noise
analysis to get the friction characteristics in twntact zone as well as the angle of
attack is a possible variant. However, it is neagsto remember that for each concrete
case of interaction between wheels and rails, éimeesnoise can be identified only for
the same models of rail vehicles with specifiedglesharacteristics, such as wheel and
rail profiles, suspension systems and etc.

Proposed Control System

For our proposed system, we need to use the digmitfor control systems
described in works published by [Spiryagin M., LEeS., and Yoo H.H., 2008,
Spiryagin M., Lee K.S., Yoo, H.H., Spiryagin V.,divdenko Y., 2007]. In this
paper, we investigate combined work of control getems for the complex control of
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wheelset's dynamics. Fig. 6 shows the proposed apiocessor systems for one
wheelset.

For the correct work of adhesion control subsysti&ng necessary to make a
comparison of optimal and estimated adhesion forces
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Fig. 5. Dependence between sound pressure letleé @fominant frequency and yaw angle
for rail-wheel contact [Hsu, S.S., Huang, Z., IvkijS., Thompson, D.J., Jones, C.J.C., Xie, G.,
and Allen, P. D., 2007]

Optimal adhesion force can be computed accordiriggteation (1). In this case,
the slip value should approximately be equal tee&e@nts because this slip provides a
stable work in the wheel-rail contact [Engel B.cB&1.-P., Alders J., 1998].

The detection of the adhesion coefficient, whichaiso used in Eq. (1), is
possible by means of noise spectrum analysis invtieel-rail contact and using GPRS
and GPS technologies. A GPS satellite system id fmeobtaining the position of a
railway vehicle at a specific moment of time. Afteceiving the current position on the
curve, the track characteristics for the currerdifian can be obtained by means of the
GPRS from the station computer. The obtained no&esprocessed by a special
algorithm to obtain the noise characteristics fertain frequency bands. By looking up
a special database data, received from experimentdl theoretical research, the
dependence of the adhesion coefficient on noise teak characteristics, vehicle
velocity, relative slip, the lateral displacementidhe angle of attack can be obtained.
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Fig. 6. Microprocessor control system

The estimated adhesion force can be defined basddaplace transformation
and adapt primary order low-pass filter by thedafing equation
Fa= s 3 Lo Ly (g @
r r<r, ITs+1
Here: TuneeisiS the tractive torque applied to a wheelset, & mdius of wheel, J is an
inertia of wheelsetzy is a time constant of the observer, and V is theomotive
velocity.

Based on a comparison of the obtained resultsef/élues of the optimal and
estimated adhesion forces, the adjustment of theined torque of the AC traction
motor for a wheelset is provided by means of arodlet, which has been developed
with the use of fuzzy logic. More detailed informoat on this controller used for our
proposed system can be found in [Spiryagin M., Ke&, Yoo, H.H., Spiryagin V., and
Vivdenko Y., 2007].

For the second subsystem for active steering ofatheelset, it is necessary to
change one of radius links of axlebox by a linkdatdr in the mechanical system. This
decision does not require any change in the bodiesign. The algorithm is based on a
comparison of values for optimal and estimatedrstgeangles (the steering angle is a
yaw angle of wheelset relative to a bogie’s frame).

The optimal angle can be obtained with the follaywquation:
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Voo = arcsin(b / R) A3)

Here: b is the distance between the leading aitinggaxles of bogie, R is the track
curvature, which can be defined by means of usiR§/GPRS technologies.

The estimated steering angfg, can be defined as

yest:w_(yl_yz)/b-l_ |*|Ub/2F9 (4)
Where:y is the angle of attack (this angle can be obtafrad noise analysis as
described in Sec. 3); @nd y are the lateral displacements of wheelsets; it = 2 (for
the leading wheelset i=1 and for the trailing on@)i
The controller for the active steering control syst based on the simple
proportional control law, is described by [Spiryadi., Lee K.S., Yoo, H.H., Spiryagin
V., and Vivdenko Y., 2007].

Design And Simulation M odel

The evolution of the proposed system was performedheans of a simulation
on a traction bogie of a railway vehicle DEL-02.€eTtveight of a half carbody was
connected unmoveable as weight forces to the stgppBor the development of the
simulation model, the non-linear MBS software pagkaalled Simpack was used. The
proposed control strategy was modelled in Matlabi{ink. The Simpack model of the
bogie was linked with the control unit in Matlab#&ilink by means of the SIMAT-
interface. Based on the software packages descabede the system was investigated
by using co-simulation.

Fig. 7 presents the dependence between the maximwiesion coefficient and
the distance along the track. This allows the satioih of different adhesion conditions
between wheels and rails.
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Fig. 7. Dependence of the maximum adhesion coefftan distance along
the track inputted in Simpack
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The estimated rail curvature is plotted on figF8r this simulation, the curvature
radius was obtained from the following equation ¢Kp M., Hentschel, F.,
Himmelstein, G., and Krouzilek, R., 2003]

1/R=Q/V (5)
fig. 9 shows the calculated results as a functibthe time. The obtained results
confirm the satisfactory work of the proposed syste
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Fig. 8. Estimated rail curvature

CONCLUSIONS

This paper presents the design of a mechatronielstiefor a bogie of a railway
vehicle. Co-work of the adhesion control system #redactive steering control system
were used to improve vehicle dynamics in curvedspaf track. The work of the
proposed control subsystems is based on noisesisaly

The system performance was checked with co-sinmath Simpack and
Matlab/Simulink software. As a result, we achiegeshtisfactory control system.

In conclusion, for the correct work of the systamréal conditions more detailed
theoretical and experimental investigation needsetgerformed on the dependence of
the adhesion coefficient and the angle of attadknfinoise in rail-wheel contact for
different working and friction conditions.
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MOJEJIMPOBAHUE YIIPABJIAEMOI'O KOJIECHO-MOTOPHOI'O BJIOKA JJIsAA
TEJEXKU PEJIbCOBOI'O TPAHCIIOPTHOT'O CPEJICTBA, OCHOBAHHOI'O HA
CIIEKTPAJIBHOM AHAJIM3E HIIYMA

Maxcum Cnupsirus, Baneatun Cnupsrun, Upuna Kocrenko

AnHoTtamms. B aroif paboTe mcciemyercss CuCTEMa YIPABICHHS — HKEIC3HOAOPOXKHOTO TPAHCIIOPTHOTO
cpezicTBa 0OOBEKTOM PEryJIMPOBAHHS U YIPABJICHHS ABJSECTS. KOMIUIEKC MEXaTPOHHBIX CHCTEM YIIPABJISIOLINX
KOJICCHOMOTOPHBIM ~ GJI0KOM. YTIpaBJieHHe JMHAMHYECKUMH M TATOBBIMH  XapaKTEPHCTHKH
JKEIIE3HOOPOKHOTO TPAHCIIOPTHOTO CPEACTBA OCHOBBIBAIOTCS HA AHAIM3E CIIEKTPA IIYMOBOM KOHTAaKTa
KoJeca M penbca I CONCHCTBYIOIIEro (DPUKLMOHHIOrO COCTOsHHMSA. B craThe, MbI Ipeaiaraem
KOMOMHHPYEMYIO YIPaBISIOIYI0 CHCTEMY C JABYMsI CTpAaTerMsMH ympaBieHus. IlepBasi crparerus
YIIPaBJICHHUS UCIOJIB3YeT KOHTPOIb U YIPABICHUE CLCIUICHUEM KOJIECa U PEnbCa, MO3BOJSET OMPEACINTh
MaKCHMAJIbHBIHA TATOBBIH BPALIAIOLOIINNA MOMECHT, OCHOBAaHHAsi Ha ONTHMAIbHON CHIIE CLEIUICHHS MEXKIY
KOJIECAMH JKEJIE3HOJOPOXKHOrO TPAHCIIOPTHOrO CPEACTBA M PENbCAMH B 3aBUCHMOCTH OT BEPTHKAIBHOMN
HArpy3KH IepeJaBaeMoil OT Kojeca K penbCy,()PUKIMOHHBIX YCIOBHH B KOHTaKTHOI 30HE, OOKOBOE
CMEILCHHS KOJIeCa OTHOCHTENIBHO PENbca M CKOPOCTH CKOJIBKEHHs. BTopast cTpaTerus ynpapieHHs I03BOJISET
PEeryaupoBath IMOJOKCHHE KOJIECCHOW Mapbl OTHOCHTENBHO ITyTH, HOCPEACTBOM [EHCTBHI aKTyaTOpOB
YCTAQHOBJICHHBIX B OyKCOBOH CTYICHHU ITOABCLIMBAHKS B 3aBHCUMOCTH OT aHAJIM3a IIyMa B KOHTAKTE Kojeca U
penbca. JlIsi HUMHUTALMOHHON MOJIENH NPEATIOKEHHON MEXaHHYeCKOH CHCTeMbl ObLI HCIIONB30BAaH IaKeT
HporpaMM HelmHHeHHoro MoaenupoBanus Simpack IlpennokeHHas cTpaTerus ynpasieHHs MOACINPOBAIACch
B Matlab/Simulink. Mozens Simpack cesseiBnace ¢ ycrpoiictBom ympasinenust B Matlab/Simulink
nocpenctBom SIMAT-interface. B pesynrare yero wuciemoBaiachk coBMecHass pabora ABYX CTpareruii
YIPABJICHHSI TPAHCIIOPHTHBIM CPEACTBOM.

KioueBbie ciioBa: Z[PIHaMI/IKa PEIBCOBOI0 TPAHCIIOPTHOI'O CPEACTBA, MEXAaTPOHHAsA CUCTEMa, KOHPOJUIEP
HEYETKOH JIOTUKH, TEJIEKKa, MOAC/Ib CHJIbI CLCIJICHUSA, aKTyaTop, yCTOﬁ'-IHBOCTL, CUCTEMA YHNPAJICHUA
HampaBJICHUEM [IBUKCHUA, I/IHTeraJILHBII)‘I KOHTPOJIJICP, IIYM Ka4€HUsA, MUKPOIIPOLECCOPHAaA yIpaBJIArOIIas
CUCTEMA, MOACIUPOBAHUE, MOJCIIb JIOKOMOTHBA



