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Abstract— Modern locomotives are more powerful and
reaches higher speeds. With these parameters increasing it
is connected a problem with transmission of the tractive
effort between vehicle wheels and rails. The maximum value
of the transmitted force depends on value of the wheel dip
velocity and its type of control. In the paper problem of the
force transmission and some used control methods are
briefly described. The ssmulation in Matlab/Simulink is also
one of the described methods.
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I. INTRODUCTION

Total locomotive tractive effort depends on the safm
individual tangential forces that are transmittgdevery
wheel. The maximum value of the tractive effort d¢smn
achieved when a slip velocity of every driven wiseelis

controlled to an appropriate value. Therefore thip s

velocity has to be controlled by a slip controtkedimited
by re-adhesion controller. The slip controller @zt of
increasing the maximum tractive effort can e.g.relase
power losses, decrease wear of the wheels andraibsn

six groups according of its working principle. Imetfirst
group there are older methods that controls slipoity to

a constant value. In the second group methods that
controls adhesion coefficient at the maximum veadue
presented and in the third group methods that spead
controller for slip control are described. In tfeurth
group methods that determines slope of an adhetijn-
velocity characteristic are introduced. In thehfifroup it

is described indirect method that uses locomotreachic
motions to detect value of the slip velocity. Ire thast
group it is described hybrid slip control metholattuses
combination of more slip control methods to achieve
better results. In the final part of the paperéhamme shown
simulation results of the method that control sighocity

on principle that uses speed controller propertidse
simulation is showing reaction of the controlleratdigh
value of the slip velocity and operating point mmyion
the adhesion characteristic.

Il. FORCETRANSMISSION BETWEENWHEELS AND RAILS

The force that is transmitted between wheels aihdsra
called the tangential force. The tangential foree i
transmitted by a small contact area between theshdred

avoid mechanical damage of the locomotive. Usedl sliyaj| having area of a few square centimetres [Zje T

control methods are very different from simple noelt

maximum value of the tangential force depends an th

that compare wheels circumference velocities Withhgnesion coefficient and the locomotive adhesioighte

thresholds to sophisticated neural networks. Thehoaks
use a broad knowledge of electrical engineeringtrobd
technology and mechanical engineering.

The paper describes methods that are used

locomotives. Instead of locomotives similar methads
used in Electric Multiple Units (EMU). There arens®
differences between slip control methods for loctves
and EMUs. The slip controllers for EMUs aim to peat/
high value of the slip velocity and therefore rethre of
power loses and wears of vehicle wheels and rahs.
slip controllers for locomotives aim to achieve fnaxm
tangential force between wheels and rails [1]. Tdveer
tangential forces between wheels and rails

the tangential force cannot be high due to higtedricle
adhesion weight. The locomotives have to have higlie

velocity to achieve higher tangential forces betwee

wheels and rails [1]. The tangential force hasddigher
due to lower adhesion weight.

The paper is divided into four parts. In the fipstrt
basic terms that are connected with slip contreltarefly
described. The most important terms are tangefuiak
and adhesion coefficient and its relation. In tkeeosd
part are described some control methods that aeé ins
locomotives are described. The methods are dividied

are
compensated by greater amount of driven wheelsets a

Both parameters vary in time and locomotive positm
the track. The adhesion coefficient depends onsthpe
velocity, conditions of rail surface, a train vetgcand
temperature in the contact area.

From parameters that can influence the adhesion
coefficient only the train velocity and slip veltcican be
changed and controlled. Because the train velosty
typically maintained on the required value thenyasilp
velocity is appropriate to control. All significafbrces
and velocities that act on a wheel are shown in Eig

Fig. 1. Forces and velocities that act on wheel
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The slip velocity has to be defined for every wheel the characteristic changes in different conditiohthe rail
surface. The third parameter is temperature otthmact
Vg = Vi — Vi (1)  area. With increasing temperature the value of sidhe

coefficient is increased too. The last parametex tgin
longitudinal velocity that affects the maximum \alof
the characteristics. For calculation of the depandea
known equation according e.g. Curtius and Kniffter
Kother can be used. The maximum value of the adhesi
coefficient decreases when the longitudinal vejocit

Where vg; is wheel slip velocity of wheel, v, is
circumference velocity of wheélandyv; is longitudinal
velocity of wheel.

Sometimes it is used a slip instead of the slip
velocity. The slip is defined:

Vg increases. The dependence according Curtius arfédni
5= — (2 can be expressed:
Li
Because the wheels in one wheelset are rigidly Ly = 7.5 + 0161 3)

connected then velocity of the wheelset is cordcbll
Although the velocities are different due to e.deels
conic different wheel diameter and torsion of akhstead
of the wheel longitudinal velocity it is typicallysed train
velocity.

The dependence of the adhesion coefficient onlipe s
velocity or slip is called an adhesion-slip chaesstic.
An example of the characteristic is shown in FigTBe n
characteristic is divided into three areas. Thst fiarea is F= z B EW, .- g 4
called a linear area. In this area the adhesiofficieat !
depends approximately linearly on the slip velacithe
second area is called nonlinear area. Both areasatied Where F is locomotive tractive efforty; is an
as a stable area of the adhesion-slip characteaistl the adhesion coefficients for wheeland W, is an adhesion
area is from zero value of the slip velocity to @pp weights that are applied on the whiet is total number
2 kmh-1 [3], [4]. The third area is called the unstableof driven wheelsets arglis the gravity acceleration.
area. The goal of the slip control is to keep thip s
velocity in the linear area of the characteristicEMUs -]
and in the stable area or not far from the pealeval the K A
unstable area of the locomotive characteristicThe slip
velocity affects value of the adhesion coefficidrdm

T v+ 44

The tractive effort of the whole locomotive can be
calculated as sum of partial tangential forcesllofiiven
wheels. This calculation is necessary because evieeg!
has different adhesion coefficient and differenhexion
weight.

i=1

zero to its maximum value. The conditions of thé ra 03 1| .eve giyrsa"‘i{‘d
surface, a train velocity and temperature of cdnémea ; : T...:._<Wgtraﬂ
affects the maximum value of the adhesion coefficénd 02 Al el Rime s I oil
the slip velocity in which the maximum of the adbes ; Wet sand
coefficient occur. Second parameter that affectasevaf o1
the tangential force is the adhesion weight thahenged.
The change occurs when the locomotive e.g. pitches, >
bounces or moves through a switch or crossing. 0 ol 02 03 s[]
A Stable area Unstable area ) ) ) o
< > Fig 3. Changes of the adhesion-slip characterstirailway
Linear Nonlineari conditions [5]
’,I, [_] area area
oa : : [Il. OVERVIEW OF SLIP CONTROL METHODS
T M i Methods described in the literature are divided int
034 : ; many groups. Some method division is describedl]n [
. ; where the methods are divided according the target
02 ; : vehicle. Another division is suggested in [6] whéhe
: E division is done according principle of the method
0.1 : ; operation. Methods are divided into six groups s t
; ' paper. The methods are based on some differertipes
like control of the slip velocity to a constant wal or

0 Vo 2 4 v, [km_'h.l] control of the slip velocity to achieve maximum welon
the adhesion-slip velocity characteristic or detaation
of the characteristic slope and according the stapgrol
Fig 2. Example of the adhesion-slip velocity cheegstic shape of the slip velocity. Instead of suggested metheds
fuzzy logic, neural network or evolutionary algbnits [7]
The slip velocity influences value of the adhesionare described in literature. Every method has some
coefficient on the current adhesion-slip velocityadvantages and some disadvantages therefore metteods
characteristic that is set by the rail conditiotigin  sometimes combining to hybrid slip control methads
velocity and temperature. The rail conditions afféee  eliminate the individual method disadvantage. Soider
maximum value of the adhesion coefficient and thepe  slip control methods were based on the slip vefocit
of the characteristic. In Fig. 3 it is shown anrepée of control. But determination of the true slip velgcis
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Torque determining
for readhesion control

—

difficult because when the wheel velocity is meadur Vwsiow
only on driven wheels it is difficult to determitiee wheel
circumference velocity and train longitudinal vetgc
Therefore some improvements like accelerometerss GP
or Doppler radars or its fusion are used [9]. Bsing
these velocity resources causes additional efrRaguired
accuracy of the slip velocity is a second problexnduse
the accuracy of the determined slip velocity sholbéd
around 0.1 kah™ [7]. Therefore newly developed [
methods try to control slip velocity according dret :
parameters or try some parameters estimates. Some |
methods do not use the slip velocity or electriovedr [
parameters but use some other parameters. Thekedset !
are called indirect method and the methods usdaggion
vibration or noise to control tangential forces am
achieved value. The methods are based on assuntpsibn
the high value of the adhesion coefficient dampsadyic
motions [9]. But these methods are not widely uaed

Vw
+

R

AT
Slip control

Torque
determining

Fig 4. Block diagram of the method that contrdie $lip velocity
to a constant value [3]

B. Methods Based on Searching Maximum Value of the

the methods are in experimental development.

A. Methods Based on Slip Velocity Control to a Corstan

Value

Adhesion Slip-Velocity Characteristic

Methods in this group control the slip velocity to
achieve the peak on the adhesion-slip characteribtie

The methods are older ones. The methods have manyain problem is to determine when the peak is aekie

variants but the basic principle is the same. Tl¢hods

Most of the methods are based on principle that the

are based on control of the slip velocity at a tams derivation of the tangential force or adhesion ficeht
value. The methods were used on locomotives with DChanges sign when the operating point moves ower th
motors and many of them are still in service. Trghnds maximum point on the characteristic. In some cdbes
are outdated however there are many descriptions amgharacteristic can have a plateau instead of pedkitze

measurements on locomotives with the methods.

The methods are based on assumption that t
maximum value of the adhesion coefficient occurs
approximately at the same slip velocity. Different

conditions of rail surface influences the maximuaiue
of the adhesion coefficient and change slip vejoait

occurs. An example of the difference is shown ig. B.

According some measurement the maximum value of thgo

adhesion coefficient occur bellow 2 kil. The main
disadvantage of methods
determine the slip velocity for every wheelset. Tiesels

methods can fail because the sign is changed viieeslip

ﬁﬁlocity has large value (e.g. curve for oil in F3j.

erefore the methods are typically supplemented by
some other slip control methods to avoid readhesion
control acts.

A way to find out the maximum value is to derivitie
adhesion coefficient according the slip velocityvdreel

beceleration according the force that corresponids av

motor torque. When the derivation is positive aeraing
int is in the stable area of the characteridficthe
derivation is negative the operating point is ie tmstable

is that methods need tarea of the characteristic and when the derivasarero

the operating point is in the peak of the charstier The

circumference velocity can be measured by increatentmethod needs not to determine train velocity b th
encoders that are typically mounted in every driverfdhesion coefficient or wheel acceleration needbeo

wheelsets. But the wheel longitudinal velocity oair
velocity is difficult to determine. The longitudineelocity

is typically determined as a velocity of the slotves

wheelset or a pseudo axle is used [3]. In somesctee
velocity can be determined by measuring on nonedriv
wheelsets. This solution is typical for EMUs. Thethod
block diagram is in Fig. 4. The threshold has tosbein
the stable area of the adhesion-slip velocity attarsstic
near the maximum value of the adhesion coeffici€he
requirement is difficult to fulfil because the skapf the
characteristic changes. If the threshold is sef itow
value with the method it is difficult to achieveeth
maximum tractive effort and if the threshold is seta
high value in unstable area of the characteristie t
method can cause large tractive effort ripple ar fzal if
the control loop is not sufficiently fast. The mathcan
fail when the adhesion-slip velocity characteridias a
plateau and low adhesion coefficient or when alkelh
has the same high slip velocity [7].

known. Wheel acceleration is calculated as thevdton
of wheel velocity. The coefficient cannot be meadubut
the coefficient has to be estimated:

a
s +a

(T T sEwy ) (%)

where T, is estimated load torquel, is a motor
moment of inertiawy, is @ motor angular speed,, is a
motor torque and is a low pass filter cut-off frequency.

From estimated load torque the adhesion coefficdant
be calculated but it is inappropriate becausedhgédntial
force is given by product of the adhesion force and
adhesion weight. The adhesion coefficient is chdnge
therefore it is appropriate to estimate the tarigefdarce
directly because the adhesion weight is variabiethls
case the disadvantage of change of the adhesi@htsi
eliminated.

The disadvantage is that the methods work behiad th
maximum point in the characteristic and the method
periodically works in the unstable area of the aithe
slip characteristic. The method disadvantage ig tha
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causes inconsiderable motor
undesirable.

torque ripple that

C. Methods Based on Speed Controller

Method in the group uses a speed controller toeaehi
the maximum value of the tangential force. The int
method based on speed controller can operate iparty
of the adhesion-slip velocity characteristic. Thmpde
block diagram of the method is in Fig. 5. The mdth®
different from other methods because the method doe
use a torque controller to control the slip velpeis other
methods. But the method uses a speed controlieciple
of the method is described in [10] in detail. Thesaibed
method has improved control logic.

ay T '
+ dt :
p Torque :

e Controller B

VR '

—Q—EF M My Héz-{—k:}—bo—

T Load/Trace

]
"n n

Vi

Electric
Drive

Speed
Controller

Fig. 5. Block diagram of the method that uses @dpentroller for slip
control

The motor torqudy, is lower than the required torque

istable area the difference changes the sign and the

acceleration too. The operating point starts toillase
around peak value of the adhesion characteristics.

The value of a constant acceleration is the main
problem of the method because the acceleratioriohbs
set to achieve high train acceleration for diffédead.

The method has the same disadvantage as previous
methods because the method has to work in thehlasta
area of the characteristic. The method can wortl\sia
any part of the characteristic in theory. But watkin the
unstable area causes a large motor torque ripgle. T
methods need fast control loop to work correctlythe
unstable area of the adhesion characteristic.

D. Methods Based on the Adhesion-Slip Velocity
Characteristic Slope Determination

The method in this group determines position of the
operating point on the adhesion-slip velocity chaastic
from the slope of the characteristic. The slope ban
determined e.g. from the motor torque and motoukang
speed phase frequency characteristic [3].

The method added a small sinus torque to the medjuir
motor torque. When the sinus torque is added th®mo
torque and speed become to oscillate. An angla fdrase
frequency characteristic can be calculated from the
oscillation. The position of the operating point tre
characteristic depends on the calculated angle. The
required torque is calculated as sum of the requejue
and sinus torque.

Te and the constant acceleration is positive at the

beginning of regulation. The constant acceleratigrs
added to wheel accelerati@, and the required wheel

velocity vy is calculated. The velocity is used by the speed

controller that calculates required motor tordiye The
torque is led to the torque controller and to thie s
controller logic. There are two cases that can odaung
control. In first case the required torqtlig is lower than
torque that corresponds with maximum tangentiatdor
that can be achieved on the current adhesion-sligcity
characteristic. It means that the operating pa@ninithe
stable area of the characteristic. In the case wthen
motor torqueTy is higher than the required torquie the
sign of constant acceleration is changed to negatid
the torque Ty starts to decrease. When the tordueis

lower than torquelg the sign of constant acceleration is

changed to positive and the operating point osesla

around thelg value. In the second case the required torquﬁ]

Tr is higher than torque that corresponds with marimu

tangential force that can be achieved on the curre

adhesion-slip velocity characteristic. In this cése sign
of the constant acceleration
difference between the current required value efrifotor

is switched accordin

v
D

Angle | % V [ Speed | * T Torque T
Controller| ~_ Controller| Controller
|—<<—

Filter
Filter =

Angle® calculation

R + Electric

Drive

i

Generator

Vwt |Band-pass
Filter

COS @,

Fig. 6. Block diagram of the method that determiastope of the
adhesion-slip velocity characteristic [3]

Block diagram of the method is in Fig. 6. The wheel
elocity v,, is measured by an incremental encoder. The
easured signals contain noise. Therefore the Isigna
iltered by a band-pass filter. A filter outputnsultiplied
y a sine wave and cosine wave with a modulation

gequency. The signals are filtered by low-pagerfdl and

om filter output an angle is calculated.

torque T that is set by speed controller and maximum = The main disadvantage of the method is that the

value T, Of the torque that was achieved. Thg, value
is stored in tracking memory. In the stable areahef
characteristic maximum value from tracking memay i
equal to the required value but when the opergtivigt
comes across the characteristic peak value thedond!

sinusoidal torque demands can cause oscillatiomsndr
the required operating point therefore the next
improvements of this method are focused on theatasiu
of the oscillation impact [3]. Advantage of the hwd is
that it needs not to operate in the unstable pathe

achieve its maximum possible value and this vakie icharacteristic to achieve maximum value of thetivac

stored in the tracking memory. Next required vahat is
set by controller is lower than the maximum valod the

effort.
E. Indirect Methods

difference causes switching of the sign of constant

acceleration to a negative value. Required motgueTy
stars to decrease and when the operating point@éte

Indirect methods are based on another principle the
previous methods. The methods are typically based o
detection of dynamic motions. The adhesion-slipeity
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characteristic in the linear part provides high garg of IV. SIMULATION RESULTS

zzrrrr]]eindyr(]jaergrlgagcsmggg iﬁutthénu;g?at:}gn;?:;r dgayt i:]he Simulation results are shown for the method that is
ping S > MINGhased on speed controller that is described iprtéeious

negative [11]. On this principle a slip control imed can art in detal. The method was simulated by

be based. The typical dynamic motions are torsion P - ; :
vibrations between wheels on one wheelset [11h@ral Figtlgb/Slmullnk. The results of simulation are skoin

accelerations [12]. Another approach is descrilmefl3]
where the described method is based on noise &abys
detect high value of the slip velocity. 2

F. Hybrid Slip Control Methods
The hybrid slip control methods consist of more sli

— Wheel velocity :
control methods. The methods run parallel and adcgr = : : ; :
some rules the methods are SW|tChed The meth(]ds ca “E [T TR S ......... ........... VAN ......... d
eliminate some disadvantage of the individual mashdn B : : : -
the hybrid methods combined methods are that reith 0
efficiency for some parameters range e.g. sliporglaor
wheel acceleration. The block diagram of the hyistig : : . : - :
control method is in Fig. 7. T e T v

] T T T
Switching Rules [—————— 3 :
sl.... ; : ; ) -

A -
| Method No. 1
>

Wheel Velocity
Tractive Effort

Y Required Change
of Tractive Effort _

B =
Wheel »{ Method No. 2 7\_—> =3
Acceleration

L ) IS ORI SN0 SO N S 5
Wheel Velocity ' : Caontraller torque
) . Method No. :
Train Velocity —v—’i cthod No-3 N i R —Adnesion force ||

Motar torque

Memory

) . b 05 1 15 2z 25 3 35 4 48 5
Fig 7. Example of the hybrid slip control method t(s)

. Fig .8. Simulation results of the method basedpaed controller.
G. Methods Overview 9 hee

In Table | there is method overview and the reglire  paq ired motor torque increases from zero to viiae
parameters that can be measured and addition ohqye maximum adhesion force. The force is hows
parameters that have to be find out by another adeth j, rjg g hut the time course is similar to corigotorque.
than by measurement or parameters that are preSet®d  \yhen value of a tangential force increases above an
difficult to be determined. In the table there isitteén  ,yhasion force (point 1 in Fig. 8) the wheel veipci
name of group of method, measured parameters #mt ¢ aniqly increases. The slip velocity is approximate
be measured by internal locomotive sensors or a1 i1 and the maximum value of the adhesion
by locomotive computer and additional requiremeh& - officient is 0.35. Train velocity constantly ipeses.
have to be measured by additional sensors or febe t \yhen the peak of the adhesion-slip velocity charsttc
estimated or parameters that have to be presebgiurijs achieved the motor torque starts decreasing ind
controller set. maximum value is stored in memory (point 2). The
difference between the maximum value of the admesio
force (point 1) and motor torque (point 2) is moimeh
inertia of the electric drive and wheelset. Aftetetting

TABLE 1.
METHODSOVERVIEW

Method name Measurable Additional maximum value of the adhesion-slip velocity

: Parameters requirements characteristic the required torque is decreasetht(®)
Methods based on slip Wheel velocity | Threshold velocity and the wheel velocity starts decreasing too Tdeiayd

Veggggtgﬁ? ggllsg a Train velocity between maximum detecting and controller reacaised
Methods based on Motor torque | Estimation of load|  PY controller set. Return of the operating point the
searching of maximum Motor speed | torque or adhesio stable area of the characteristics is detectedhéngasing
value of the adhesion coefficient the motor torque and in this time the controlleqte is
characteristic Moment of Inertia increased to achieve the required torque (poirB&fause
Methods based on speed  Wheel velocity Required the required value of the tangential force is gretitan an
controller Motor torque acceleration adhesion force the process is repeated and som®faat
C"ﬂgﬁgﬁ?;f;f}ii‘:o%”e Wheel velocity Rqugﬁtd phase  {rain driver or some master controller is necestagyoid
determination next slip.
Indirect methods . Special During simulation an operating point of tangentiate
requirements to the adhesion force on the adhesion-slip velocity
Hybrid slip control Depends on Depends on characteristic was tracked.
methods combination of combination of

methods methods
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The result is shown in Fig. 9. In the Fig. 9 itsllown  in any part of the adhesion-slip velocity charastir but
an adhesion force and the motor torque recalculded the method needs fast control loops and causeg larg
tangential force. Points 1, 4 and 5 correspondofatp 1, changes of the tractive effort. Fourth group of hods
4 and 5 from Fig. 8. In Fig. 9 it is shown that thedetermines the slope of the characteristic andrtéthod
tangential force starts increasing above the adhdserce needs not operate in the unstable area of the athastic
before the characteristic maximum value. Returriht®  but the method causes motor torque fluctuation in
stable area is possible when the tangential foce principle. In the fifth group there are describediiect
decreased below the adhesion force (point 4) then t methods that are based on locomotive dynamic metion
operating point returns to the stable area. Arriowsig. 9  that changes with position of the operating pointtoe
shows the operating point moving. An area thaefingd characteristic. In the last group there are desdrioybrid
by red curve can be reduced by a controller setlitmde  slip control methods using more slip control meghadal
the adhesion force returns back to the same clesistct.  improve the controller properties. The method tisat
According [3] the return characteristic for the aslibn  based on the speed controller was chosen for dimula
force a slightly different way has to be. The sawiern  The method was improved against the original method
way is caused by the simpler adhesion characteristiThe method was chosen because the method could be
model. But the simplification has no effect to thigp  implemented in a locomotive.
control simulation.
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V. CONCLUSION

Some slip control methods that are used in locoresti
are presented in the paper. The methods are ddstgne
achieve the maximum tractive effort if it is reqadr The
described methods are divided according principkbeir
operations into six groups. Methods in the firgiugr are
older methods that are based on the slip velocit}/ll]
determination that is difficult to measure therefdhe
methods very often uses the relative slip velocity.
Methods in the second group determine maximum on an
adhesion-slip velocity characteristic. The advaatisghat [12]
the methods need not to determine the slip velditythe
methods oscillate around the operating point. Wiien
oscillations are in the unstable area of the cheriatic

[10]

[13]

motor torque can significantly fluctuate. Method thre
third group uses a speed controller to control ship

velocity to an appropriate value. The method caerate

mode,” Mechanical Systems and Signal Process28g pp 709-
720, 2008.



