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Abstract

In this work we propose a strategy for driving @ tehanger controlled electric locomotive,
specifically WAP4, which will result in the highepbssible output performance while remaining
within the tolerance limits of the voltage and emtrin the traction motors.
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1. Introduction

‘conventional’ machines. In the passenger area,iriigenously designed and manufactured

WAP4 is the mainstay of electric traction with ogewven hundred units in active service. Certain
fast and prestigious trains, such as NDLS-DBRT, ISERNC* and NDLS-BBS Rajdhani Express,
NDLS-HWH, NDLS-SDAH* and HWH-CSTM Duronto Expressearegularly hauled by WAP4s (a
list of relevant station codes is given in Appentljx Another challenging load category, which is th
tightly scheduled superfast with 22 to 24 self-gatieg coaches, is handled in bulk by these
locomotives. A few examples of such heavy supesfagth WAP4 as regular link are HWH-JU
Express, NDLS-TVC Kerala Express, HWH-CSTM Gitanjgkpress, HWH-MAS Coromandel
Express and LIN-CSTM Pushpak Express. With a cootis output of 5000 horsepower (HP) and a
maximum well above that, and a peak tractive effdoE) upwards of 300 kN, WAP4 is more than
adequate for any train haulage task in Indian Raib\(IR) at the present time.

I ndian Railways’ electric locomotive fleet [1] isd@y dominated by tap changer controlled, or

The primary competitors of WAP4 are the imported anported-modified locomotives WAP5 and
WAP7 which are powered by electronically controlidmlee-phase induction motors. These locos
offer three significant benefits over WAP4, of whione is infrastructural, one operational and one
ergonomic. The first is that the squirrel cage mottemand far less maintenance than the dc motors
of WAP4. The second is that WAPS and WAP7 havenmegsive braking which, during retardation,
recovers some of the train’s enormous kinetic gnbggconverting it to electrical energy and sending
it back into the overhead electrification line (OHIEhe third is that these locos are far easielrite.

An additional plus point of WAP7, though not as orjant as the advantages listed above, is that it
has somewhat higher performance ratings than Wh&idg capable of an additional 1350 HP (in the
continuous mode) and 50 kN (in the transient mod&)P5 has comparable power and significantly
lower TE ratings than WAP4.

Ironically, it is this last and least significamctor which has till now has played possibly thgéat
role in determining the list of trains to get aelphase loco as regular link. As these locostdira s
scant resource with less than 200 in service, anignited number of trains can get them. In view of
the energy saving aspect, the apparently logicakae would have been to use them on heavy trains
which have frequent slowdowns and halts, so thatmlaximum energy could be recovered during
operation. In some instances, such a rationaledseid observed, as in the case of BDTS-ASR
Paschim Express and ASR-BSP Chhattisgarh Expressahy other cases however, the performance
advantage gets precedence over the power savingr.fadree phase locos are used on a large
number of prestigious and fast trains with veryitéd halts, just for achieving faster section
clearance. Some such examples are NDLS-HWH, NDL8FINDLS-BCT, NZM-SBC and NZM-
MAS Rajdhani Express, NDLS-BCT, DEE-YPR and NDLSEAIDuronto Express, NDLS-LJN,
NDLS-CNB and BCT-ADI Shatabdi Express and the rédgemtroduced NDLS-BCT Premium
Special Duronto Express. In September 2013, thke for NDLS-RJPB Rajdhani Express was
permanently changed from MGS WAP4 to GZB WAP7 dueunctuality problems with the former
link; the resulting improvement in run time was piigportionate to the modest advantage which
WAP7 offers over its competitor.

The apparently large disparity between the perfacaaof WAP4 and three phase locos in fact arises
because WAP4 is very sensitive to the techniqubefoco pilot (LP) driving it while the three pleas
locos are not. In these latter machines, the LPlgimas to advance a joystick for acceleration, and

(*) Train has fluctuating link and WAP4 is one d¢fet alternatives. Loco links obtained from [2] amdnfi
observations.




everything follows automatically. In WAP4 on thehet hand, the LP must take the notches and
shunts at just the right speeds so that the maxi@ceeleration may be obtained without the motor
voltage and current straying beyond their toleraradaes. This is a problem in optimization andys b
no means trivial; in the absence of a standardizadhg algorithm, the LP is reliant on his (*) 8ki
and experience to devise a strategy of his owns ksk#ful or inexperienced LPs often have undue
fears about exceeding the limits, and hence drérg gonservatively. Even many skilled LPs in fact
do not have any set strategy and rely on instindtiatuition to take every additional notch/shusitea
spot decision — for this reason the same LP migtelarate quickly on one occasion but go slower an
hour later. All these result in a large degreearability in the output performance, as the follogv
examples show. In repeated measurements of WAPKh@3-24 coach Superfast trains in MGS-
CNB sector, the time taken to accelerate from 3¢hkio the maximum permissible speed (MPS) of
110 km/hr varied from as low as 3.5 minutes to igh las 8 minutes. The average, at more than 6
minutes, was closer to the higher figure. In measients of 18-20 LHB coach Rajdhani loads on the
same sector, the acceleration time from 40 km/HhéoMPS of 130 km/hr showed a minimum of
under 4 minutes and a maximum of above 9 minutase@gain, the average of 6.5 to 7 minutes was
closer to the worse figure. In contrast, multipleasurements of the time taken by WAP7-hauled 18-
20 coach Rajdhanis to accelerate from 30 km/hr REMhow a much narrower dispersion with the
minimum being around 2.8 minutes, the maximum 4iutes and the average around 3.8 minutes.
Data from WAP7 hauled Superfast runs also showandas trend although the total number of
measurements we have taken is not adequate fammlf@tatistical treatment. Thus, going by the
averages, WAP7 appears almost twice as powerfWaR4, and even WAP5S appears far superior,
though that is in contradiction to the specificatiolt is this aspect of WAP4 performance which
often makes it undesirable for a prestigious asttfain, where rapid acceleration from halts, icaut
orders and adverse signals is essential for a pahain. To take another example, the loco link of
21-coach NDLS-BCT Rajdhani had to be changed irrd&elg-March 2014 from the existing GZB
WAPS5 due to wheel slip problems with the heavy Idaéspite the relative scarcity of the loco, GZB
WAP7 was immediately chosen as the new link and WAP GZB or BRC shed was not even
considered as a viable alternative.

The previous discussion motivates the need foamdsirdized driving algorithm which can eliminate
these problems and enable all WAP4s to performheitr full potential. The proposal of such a
strategy is the objective of the present Articleindrous important trains across IR are still being
allotted WAP4 as regular links, and the systematitoption of a universal strategy will aid
considerably in improving their punctuality perfante. Moreover, it will also allow fresh allocation
and/or reallocation of three phase locomotiveshenbasis of energy savings alone rather than sectio
clearance considerations.

We end this Introduction with a brief outline okthktructure of this Article. In Section 2 we dedhw

the torque speed characteristics of the divertld Beries dc motor which is what is used in WAP4.
In Section 3 we consider the motor along with thestraints and controls faced by the LP, and go on
to propose general guidelines behind a strategypoimized driving of any tap changer loco. In
Section 4 we specialize to the case of WAP4 andiaitkp describe the acceleration algorithms
depending on the desired voltage and current lelreSection 5 we consider the consequences of our
proposed algorithms, using modelling and simulatitanpredict the acceleration time of various loads
and the thermal burden of the acceleration run.cdfelude with a summary and a brief discussion
about the relationship between our strategies ladPs’ intrinsic intuition.

(*) In view of the overwhelming preponderance oflesain the profession of LP, we use the masculimm$
to denote both male and female LPs.
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2. The Isolated series dc motor with diverted field

nasmuch as the primary component of driving a tagnger locomotive is the control of

traction motors, we begithe main body othis Article with a detailed discussion of the tog-

speed characteristics of these electric machiThe variety of motor used in WAP[3] is
HS15250 which is a dc series m¢ [4-5]. In addition, a resistor is introduced in parattethe field
elemen to achieve flux weakeni.. The schematicircuit diagram of the dc series motor w
diverted field is shown in Fig.. Note that at this stagime motor is ‘isolated’ i.ewe have not
introduced any mechanism for controlling the moAlso, we assumghat the voltage and curre
flowing through the motor are always within the responding tolerance limits. While tt
assumption for a locomotive is fanciful, ¢hese factorsvill be brought into the picture only after t
basic characteristics havedrediscussed idetail.
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Figure 1 : Schematic diagram of series dc motor with diverted field. The algebraic variable used to denote the
resistance of each component has been indicated against it.

Here, we define the resistance of the stator mnadlistor asR;, that of the stator serial windings
R., and that of the rotor windings Ry, At first we assume that thei® no resistor in parallel to tt
stator i.e.R;>. In such circumstances, a currei flows through both the stator and the rc
windings. Amagnetic field is created by the stator windingshat rotor surface; in the absence
saturation (an assumptieve will make throughout this workijs strength is proportional to the sta
current hence we can write

B.=kji (1)
whereB; is the stator field strength at the rotor surfacék, is a constant of proportionality which

an intrinsic property of the mot: The value of can be found by a direct application of Ohm'’s lax
the motor; before that however we need to takedntmsideration thewhen the motor runan emf is




developed across the rotor. The source of thisieriie motional effect — viewing from the stator
frame, when the rotor is spinning, its conducteesraoving through the stator’'s magnetic field which
is static. The relatioR =vXB tells us that the emf is proportional to the spekthe rotor and to the
strength of the magnetic field [6]. The first tersnequal to the rotor radius times its angular e#yo
 about its axis. The second term might involvertfagnetic fields created by both stator and rotor;
however, since the rotor is not moving relativeittoown field, only the stator field i.eBs will
contribute. Hence we can write the magnitude &f émf as

lemf EKBw (2)

whereK is another intrinsic constant of the motor.

Having got the magnitude of the emf, we must notemheine its sign relative t¥. A cumbersome
consideration of the geometries of stator and nstshort-circuited if we realize that from thea$
viewpoint i.e. in the rotor frame, the emf appearbe generated by electromagnetic induction. For
this process, there is Lenz’s law to come to odrdihe induced emf always opposes the cause which
produces it. Since the cause here is the relatat®ombetween rotor and stator, the induced emif wil
try to reduce this motion i.eetard the rotor. Hence, this emf is antagonistic to dpeliedV which
drives the rotor, and must be oppositeviin sign. Because of this, this emf is referredsdhe back-
emf. The net voltage across the motor terminathassuperposition of the applied voltage and the
back-emf (it is qualitatively obvious and a rigosaderivation may be found in [7]) and we can now
write Ohm’s law for the motor as

R2a + R2b , (3)

in which we have substituted (1) into (2). LettiRy, = R,, + Ry, , i.€. Rqt is the total resistance of the
motor circuit, we can easily solve (3) to get

iz—v 4
R0t+k2Kw . ()

The torque of the motor arises because the rotodwaiors are carrying a current in presence of a
magnetic field. The relatiok =i(l xB) for the force on a current wire in a magnetic figdlls us that

the torque (which is just force times radius) Wik proportional to the rotor current and to the
magnetic field. Since the rotor's own field canwause a torque upon it (an isolated current wire
exerts no force on itself), once again the rele¥ihd will be B, Putting these together, we get the
expression for the torquéof the motor :

2
e V
Mr=Ci Bs = Q(W)J ) (5)

where C and C; are again intrinsic constants of the motor. Equmat{5) is the torque speed
characteristic of the series dc motor. We note thiatcharacteristic has been obtained by assuming
the stator and rotor currents to be in their stestdie (equilibrium) values. Hence (5) is also nrefe
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to as the steady state mptharacteristic. The transient characteristiesoftained by considering t
motor’s dynamic model, an issue we will not go ihere Fig. 2 shows a typical plot of a moto
torque speed characteristic.

Torque

Speed

Figure 2 : Torque speed characteristic of a dc series motor.

Stephen Chapman [8pbmments that the asymptotic dependel” 01/a# is notusual; what perhaps
matters more to us is that it is not useful. Thevgroof the motor is the product of the torque dre
angular velocityand the above implies that the power goes asyrnoptiytias 1o — the faster the
motor spins, the weaker it ge@bviously, such a characteristic is a disasteaftmcomotive where
high power outpuis required all the way upthe train’s MPS. It is to combat this problem tHe
process of field (or fluxjveakening is introduced. This is done through theos parallel resistcR,,
also known as the shunt resist

Let us first get a qualitative idea of field weakan In the absence dR;, the entire motor curre
flows through the stator windings. This createsr@ng magnetic field, whicstartsgenerating a high
back-emfthe moment the motor speeds. The decrease in motor performancew increases is
primarily due to this back-emfvhich limits the motor current. ¢hce if this emf can somehow
reduced, the performance can be augmeiThis reduction is achieved i —in its presence, some
of the motor current flows through it and thus gditeerted from the field windings. This causthe
field to become weaker, in tL reducing the backmf and increasing the total current through
motor. The increase in torqige partially offset by the decrease in magnetitdfsrength; however
the resistor vales are chosen properly,substantial improvement of motor performance cal
achieved by this diversion of the fir current.

Now we work out the quantitative ects of field weakening. The parameters remairstimae as il
the previous calculation except that this tiiR; is finite. The total currentsplits up into two parti,
andi, which flow throughR; andR,, respectively. Basic circuit theory at once ¢

R =1R, (6)

Since only the pait and not the fuli flows through the field windings, (1) will get mdigid tc

By =ki, . (7

The physics behind the baekaf remains the same and we can write Ohm'’s law fontbtor a




i =i, +i , 8
1t R, 8
whereR is the total resistance of the motor circuit. Ecpreg (6) and (8) can be solved to ob
iy = v 9
2" Ry (1+ R ) + K@ (%3)
- (1+Rr)V o
Rot (1+ Rr) +kKw (9b)
whereRr (short for R-ratio’) denotes the ratiR,,/R;. The equivalent of (5) readily follows .
y 1+Rr)Vv?
r=Ciji, = Cl( ) (10)

2 [Rt (1+Rr) kK]

This is the torquespeed characteristic of the series motor with décefield. Figure 3 compares t
curve of Fig. 2 with the characteristic for the samotor with field weakening resistor added. We
that after a certain speed, the resistor cauboost in the torque output.

Torque

Speed

Figure 3 : Torque speed characteristic of a dc motor with and without a shunt resistor. The blue line is taken from
Fig. 2 and corresponds to no shunt resistor. The green line is with shunt resistor in place.

3. The Motor in context : principles for good driving

he derivation of the torque speed charastics of the isolated motor beilcompleted, we

now move on to the morrealistic and morehallenging case where the motor is connecte

control apparats and carries a set of tolerance values on itsatipg parameter We will
assume that the multiple motors of the locomotireal connected in parallel, so that each mis
independent of the othglin IR jargon, this is known as 6Pnfiguration.)While we take the specif
circuital and other details from WAP:e nature of these controls and constraints is gengral an
is common tamore or less any tap changer contro'6P’ locomotive. Hence the arguments of 1
Section, which aréased only on this general structLare applicable to al6P’ tap changer locos
and not just WAP4The schematic diagram of the traction circupresentedn Fig. 4 where we
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Figure 4 : Schematic representation of traction circuit of WAP4.




show only one of the six motors connected acrosgehtifier. It should be noted that the shunting
lever in the loco pilot’s cab applies the shuntudtaneously to all six motors and not to just ofie o
them.

There are two ways in which the traction motors®p changer locomotive are controlled. The first
is by varying the voltag¥ applied across the motor terminals. This variatioof course achieved by
the tap changer [9], whose primary is connectetieémverhead electrification line (OHE) and whose
secondary forms the variable output. This outpuedsto a rectifier which converts it to dc for the
motors. In the LP’s cab, the tap changer outputoistrolled by the notching lever or wheel. First
notch corresponds to one turn of the secondaryicailse, second notch to two turns and so on.
Clearly, for constant tap changer input, the outpuiroportional to the notch humbir and if the
rectifier and other circuitry are linear (which yhgenerally are), so is the voltage applied actbss
motor. The maximum number of notches varies frooo lw loco; in WAP4 it is 32. The second way
of motor control is through variation of the fiekebakening or shunt resistBf (and hence of the ratio
Rr). This is achieved by having multiple resistorsparallel with the field windings but with their
circuits all open — the LP must use the shuntingr¢o close the circuit of any one parallel resiste
desires to employ. Each resistor corresponds tffeaaht position of the shunting lever. In WAP4th
shunt has five positions labelled 0, 1, 2, 3 ardide zero position correspondsRpvirtually infinite
while higher positions progressively decrease #tue, thereby increasing the rat®y. In what
follows, the numerical position of the shunt leweit be denoted by the variabt

For every control there must be feedback. In WA#dg is provided by the voltmeter which measures
V (two voltmeters are provided to measure the veltagross two of the motors but in normal
operation the values displayed by them are equmed)the ammeter which measuieshere is no
tachometer, but since in ordinary conditions (nee&lhrslip) the train speedis proportional to the
motor rpm, the speedometer suffices for this puepdie notch settinly is generally displayed on an
electronic indicator. In addition there is an alaxil voltmeter to measure the OHE voltage and the
voltage supply to components other than the tractiotors.

We now mention the tolerance limits of the variopgrating parameters for the WAP4's motor. The
voltage limit is 750 V (in a few derated speciménis 725 V or 700 V). The continuous current
rating is 900 A and the ten-minutes current rating100 A. In newer and/or better-maintained locos,
a short term current of 1300 A is also alloweddonaximum duration of two minutes. The tolerance
limits are generally enforced by a relay or equewél circuitry which causes the notches to
automatically regress if the limits are exceededweler, since there is always the possibility of
malfunction of this circuitry, LPs are generallgoenmended to consciously stay within the tolerance
limits instead of relying fully on the electronics.

At this point we are finally in a position to forthastate the primary problem which we have
addressed in this Articlé®uring acceleration of the train, in what manner must the loco pilot select

the notch and shunt settings so as to obtain the maximum possible torgque output from the traction
motors without exceeding the tolerance limits on their operating parameters ? The remainder of this
Section answers this question in general termgfamdext Section translates the general answer into
language specific to WAPA4.

The first task at hand is to determine the fun@idarms of the notch numbétand the shunt setting
Swhich the LP must use during acceleration. Inrtfeest general representation, the present problem
can be cast at once as a study in classical conttieé output variablel andS are functions of the
input variables, V andi. However, in a situation such as the presentameprimary objective has to
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be to keep things as simple as possible — aftethalLPs are not conducting a laboratory procedure
but running a real train. A complex driving algbrit will merely draw negative responses so far as
implementation is concerned. Accordingly we nowuaaN andSto the simplest possible functional
form. As we mentioned above, if the OHE voltag&nswn and constan¥ gets determined bl
alone. From (10)j is influenced byV (henceN), Rr (which depends or§ and @ (which is
proportional tov). Thus, if N, S andv are specifiedV andi are fixed automatically. Hence an
enumeration of tripletd\,Sv) for various values of will be sufficient for a complete solution to the
problem. This of course assumes that OHE voltagenstant during acceleration; since acceleration
runs especially on passenger trains do not takéhrioee, this assumption is fairly reasonable. For
greater precision, we can construct setsNyE) triplets corresponding to various values of OHE
voltage and the LP can be instructed to switch foova set to another if the voltage changes during
acceleration.

When the speed is low, the natural choice of shatting is the zero value. Indeed, at low speekthe
is little back-emf anyway so the shunts, which @esigned just to reduce this emf, are not required.
Practically, taking a few notches at low speed idigtely results iri reaching its tolerance value.
Right now the LP can do nothing further. Maximunmon zero shunt however corresponds to
maximum torque, which in turn means maximum TE aockleration. As the train speed increases,
will come down rapidly as per (9b), and the questoises as to whether the LP should take a notch
or a shunt to counteract this decrease. Indeahyagivenv, there might be several paiid,§) which

all correspond to the same value of current — wpanhis best ? This issue is resolved by writib@)

in the form

_ Cji?
=2 (11)

Since higher shunt settings mean higher valuelrpfor a constant, the torque is greater for the
lower position of the shunt. Hence, whenever pdssithe LP should try to attain the tolerance
current value at the lowest possible shunt.

Thus, after first hitting tolerance current at lspeed, low notch and zero shunt, the LP should wait
for the train to accelerate and the current toehese to such a level that the next notch may mntak
without going over the limit. At this point, he siid increment the notch level by one, and thenragai
wait before yet another notch can be taken. Inrtidsner, the LP should continue taking notches one
after another until either the maximum notch lemethe tolerance limit oW has been reached. For
maximum motor utilizationj should jump up all the way to its tolerance vaafter each notch
increment. To determine the optimal manner of riotghvith increase in speed, we examine (9b) to
see what kind of functio¥(w) will serve to keep constant. The answer is evident on inspectiore— th
desiredV must be a linear function eof. Hence at each notch increment, whesbould be constant
and equal to its limit, the incrementddshould be proportional ta In other words, the successive
notches should be incremented at a uniform raspéed, say one additional notch after every 5 km/hr
speed gain.

When the limiting notch has been reached on zewatslit is no longer possible to compensate the
decrease in current by taking any further notcltes now that the shunts come into play. After
reaching the last notch, the LP must wait for theent to decrease to a level such that the firshs
may be taken without crossing the limit. If at tpigint, the torque on first shunt exceeds thateno z
shunt, then he should take the first shunt. Whdttiertorque relation will hold true or not depermfs
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the values of the resistances and hence on thieydartloco in question. If it does not hold atsthi
point, then it will start to hold at a higher spg€tg. 3 is noteworthy here) and the transitionudtio

be made at that speed. In a like manner, the sesbudt should follow the first shunt, the third
follow the second and so on. In some locomotiveis ibbserved thaV decreases after taking of
shunts. This is not the expected behaviour ashgeideal characteristics, and it happens because of
the non-idealities in the rectifier as a voltagaurse. An ideal voltage source should have an
impedance of zero; the practical source has smsitance but not zero. With each shunt, the motor
resistancer,; decreases hence a greater fraction of the volleme occurs across the rectifier itself
instead of the motor. This decreas&/iworsens the motor performance for no reason, hiesbeuld

be immediately compensated by taking extra notesagquired. During the entire shunting phake,
should be kept as close to its tolerance value pessible.

Although acceleration is the primary component Wwhatfects the overall timings of a WAP4-driven
passenger run, another factor which also playsla i the tightness with which MPS (*) is
maintained by the LP. While good LPs manage to Kbepspeed within 2 km/hr of MPS over
extended periods of time, less skilful LPs ofteift iom MPS by larger amounts. Since overspeeding
is dangerous and hence forbidden, these LPs aluaysrspeed, often by 5 km/hr or even more. In
three-phase locos on the other hand, speed manuens achieved electronically by the press of a
button hence this problem does not normally akgeordingly we now outline some strategies to
hold the speed constant on a tap changer loco.

The key to achieving constancy of speed is to fivelbalancing point i.e. the notch and shunt ggttin
at which the TE of the loco will just equal theitraesistance at MPS. For most passenger traias, th
balancing power is significantly less than the fudwer of the loco. The balancing notch and shunt
settings are typically determined by hit and traif the train tends to overspeed, then reduce the
notch or shunt and if it tends to underspeed tmenease the notch or shunt. It might very well
happen that the precise balancing voltage corresptm a fractional notch, in which case a time-
partition between two adjacent notches will be nexglito balance the train. A bang-bang strategy wil
have to be adopted with the lower notch selecteghvithe speed rises and the higher one used when it
falls. Since the power on both the higher and loneatich settings is very close to the ideal, the
oscillations in speed should be very slow and taeging limits should not be more than 1 km/hr
apart. Even after the balancing point is found ottt& does not mean that the train speed will rema
constant for all time. Terrain features like gratiieand curves, and OHE voltage fluctuations cause
the train speed to deviate from the set value.tithe scale of these deviations is generally qaitge
however and the LP should be able to react as as@nl-2 km/hr error is encountered. The strength
of the reaction should be dependent on the ratehimh the train speed is changing — a slow change
can be offset by increasing or decreasing a singieh while a rapid change should be attacked with
more notches and/or shunts as required. It shoelddbted that fluctuations due to change in OHE
voltage alone can be eliminated by adjusting themtevel so that the voltmeter readiigemains
constant at all times.

With this we complete the general description &f diptimized driving algorithm for any tap changer
loco. In a way, our prescriptions constitute a ifitaation and elaboration of the very general
comments made in [10]. In the next Section we tdeespecific case of WAP4, obtain numerical
values of its various parameters and hence ddrepecific tripletsN,Sv) which will enable the LP
to get maximum performance out of it.

(*) In this Article the abbreviation MPS refers toaximum permissible speed only. We gt follow the
convention found in some documents e.g. [10] aigig/PS’ to denote the shunting lever.
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4. WAPA4 : Algorithms and strategies

ow that the general principles for good drivingaofap changer loco have been established,

we can proceed to the specific case of WAP4 locmmot-or a strategy which can be

implemented by a LP on the run, we must talk nderms of abstract concepts but in terms
of hard, concrete numbers. These numbers can lodfisgeonly if we know the numerical values of
the various motor constants. Some of these comsstamt be obtained from specification sheets and
brochures; some however are not mentioned in tbature. Even for the specified parameters, there
can be considerable gap between theory and prastime values change during actual usage.
Accordingly, we have first evaluated all the moparameters by interpolation from dozens of data
sets obtained from actual runs of WAP4s with pagsetrains. Then we have decided on the final
values by corroborating these figures with the gjpations in manuals. The references used here are
[11-13].

Let us enumerate the list of motor parameters whidh have to be determined for a complete
numerical specification of the strategies. Fromaharacteristics (9) and (10), the relevant pararset
are kK, Rr and Ry. Since Rr is different for each shunt, we have to determiise values
corresponding to all the shunts. We will label thealues with the subscriti.e. Rr on 2% shunt will

be denoted aRr,. Ry also changes with the shunt value hence we nefddtohis parameter too for
each shunt. This procedure can be obviated however can separately determifig, andR,, on
zero shunt. Then, using the relation

R2a
1+Rr

Rot =Rop * (12)

and the determined values Bf at each shunt, we will be able to det for each shunt. The
parameterC, of (10) is an overall normalization constant foe ttorque and will not affect the
strategies in any way.

Before presenting the values which we have obtawedvould like to make a brief discussion on the
units we will use. Normally, internally closed sysis of units such as Sl or cgs are recommended for
calculations as any new parameter automaticallyesoout in the same system of units. However, for
this work we have made an exception which we feghore convenient in the long run. We will
measureV in kV, i in KA andw in km/hr. We can hear the howls of protest from teaders at this
apparently glaring dimensional inconsistency sdagten to clarify. When we takein km/hr we do
not mean that the motor rotation rate is actuatiasured in those units; rather, exploiting the
proportionality between andw, we havedefined new units ofw in such a manner that one uniteof

of the motor corresponds to 1 km/hr of the traienteke, thenumerical value of w in our units will be
equal to thenumerical value of v in km/hr. The reason for this unusual choice dfauis that while
doing the actual computations we will not have avhler about cumbersome numerical conversion
factors. For more conventional unitscof we use the fact that the wheel diameter is 1082imnew
condition and 1016 mm in full worn; assuming arbetween value we can get the following rough
and ready conversion between motor rotation ratprimand train speed in km/hr :

(motor rpm)=5x(gear ratio)x(train km/t . (13)
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For WAP4, the gear ratio is 58/23 which is abol Rence the motor rotation rate in rpm is about
12.5 times the train speed in km/hr.

The first fact which emerges from the referencethé at zero shunt, 5 percent of the current is
diverted from the field. This corresponds Ro,=0.05, which we have used. Fixing this, we have
interpolated the actual data to obtain the bestalilesk,K=0.0062 andR©=0.26. The ratio in which
this gets split betweeR,, andRy, is again found from brochures [11] and [12] : best values are
R2=0.09 andR»,=0.17. Since the resistances can vary by as muth psrcent [11], there is no point
in specifying the values to greater precision. Vder meed to find the values of the shunts, and the
starting point for this is the empirical rule tatigihdriving schools that the current increased @9 A
immediately after each of the first three shuntdidons and by 150 A after the fourth transitidhis
information is incomplete as it does not specifg #peed and voltage condition at which this
phenomenon should happen. The real time data sptdysthe missing pieces of the puzzle : the
specified current increase occurs whér0.75 andi=1.05 just before the transition. More careful
analysis of the data reveals that the observeccumcrements at the first two shunts are somewhat
lower than 100 A and are of the order of 75 A ofilie observed current increases at the third and
fourth transitions are indeed very close to 100nd 450 A respectively. Using this information we
obtain the following values d® for the four shuntsRr;=0.15,Rr,=0.26,Rr;=0.42,Rr,=0.70.

With all the motor parameters in our bag, we caw eapress the general strategies of the previous
Section in quantitative terms. In Tables 1 and Arwiecate the speeds at which the various notch and
shunt transitions should be taken to maintain marimmotor current at=1.1 kA andi=1.25 kA
respectively. These of course correspond to thentewst common current limits tolerated by WAP4s;
since 1.3 kA is a maximum limit we have taken 50e8s as a safety factor. Since the maximum
permissible notch level as well as the notchingepatvaries with changing OHE voltage, we indicate
the strategies for three different voltage levetsresponding t&=0.75 being attained &i=24,N=27

and N=30 respectively. The shunting transitions havenbealculated assuming that the voltage
remains 0.75 throughout — compensating notches todael taken by the LP if necessary and have not
been shown.

14



Traction motor current : 1.1 KA
0 Shunt
OHE HI OHE MED OHE LO
Speed Notch Speed Notch Speed Notch

10 11 10 12 10 13
15 12 13 13 11 14
20 13 17 14 15 15
25 14 21 15 19 16
29 15 26 16 23 17
34 16 30 17 26 18
39 17 34 18 30 19
44 18 38 19 34 20
49 19 43 20 38 21
53 20 47 21 42 22
58 21 51 22 46 23
63 22 56 23 50 24
68 23 60 24 53 25
73 24 64 25 57 26
68 26 61 27
73 27 65 28
69 29
73 30

15" Shunt 81

2" Shunt 90

39 Shunt 103

4™ Shunt 126

Table 1 : Speeds for the various notch and shunt transitions for 1.1 kA in the traction motors. Please see Table 2
overleaf before continuing with the bulk text.

These Tables however have certain prominent liraitat The first is that only three levels of OHE
voltage have been considered but in reality the @betEbe at any level between these three. What is
the LP supposed to do in that case ? Second idatttethat the motor parameters can vary
significantly. As we have already mentioned, th&stance allows for 10 percent variation on either
side of the mean. The paramekgK is also going to show apparent variation from lé@doco on
account of differences in wheel size. For a locohvalmost new wheels, 100 km/hr might be
equivalent to 1230 rpm, while for a loco with hdawirorn wheels it might correspond to 1310 rpm.
Since the actual motor variables depend upon its &pd not the train speekbK will have to be
varied to accurately cover for these two casesnEne we going to construct a separate table fdr ea
of hundreds of combinations Bf;; andk.K ?

One way of resolving the above dilemmas would berépose algorithms based on ammeter readings
which are absolute. But as mentioned in the previ@ection, that would not be practical to
implement. The resolution is achieved by notingt ttieough the absolute speeds of the various
transitions can vary widely with change in paramsgtéhedifference in speed between successive
transitions changes only by a small value. Thus, the firsticwl of Table 1 features notch increments
at 5 km/hr intervals; for a different set of paraens this interval might change to 5.2 or 5.3 km/hr
which is quite a small change. The shunting intlsrt@o are quite robust to small variation in
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Traction motor current : 1.25 kA
0 Shunt
OHE HI OHE MED OHE LO
Speed Notch Speed Notch Speed Notch

10 12 10 14 10 15
12 13 14 15 11 16
16 14 17 16 15 17
21 15 21 17 18 18
25 16 25 18 22 19
29 17 29 19 25 20
33 18 32 20 28 21
38 19 36 21 32 22
42 20 40 22 35 23
46 21 44 23 38 24
50 22 48 24 42 25
55 23 51 25 45 26
59 24 55 26 49 27
59 27 52 28
55 29
59 30

1% Shunt 66

2" Shunt 73

3% Shunt 84

4" Shunt 104

Table 2 : Speeds for various notch and shunt transitions for 1.25 kA in the traction motors.

parameters. And the trend in the notching interaal©HE voltage varies is also readily apparerst — a
the line voltage decreases, the interval becomasrl@and lower. Periodically the LP will have to
check the ammeter to verify that things are alhtrigut on the whole he can just proceed with
notching and shunting at the prescribed interviads. additional convenience on run, we may round
off the shunting intervals to the appropriate nplétiof 5 km/hr — that is easier for LPs to remember
and execute and causes minimal decrease of lofarp@nce. Finally, we mention two things related
to the endpoints of the acceleration run. Befoeertin starts, the couplers of the train are slaaew
during acceleration they are in tension. If at stert of the run the TE is applied too rapidly, the
couplers change from slack to taut with a big jét&nce we recommend the LP to take a few notches
at first, verify that the train has started acagiag and only then crank up to hundred percentAtE.
the other end of the run, according to the Tabtesesof the shunt transitions are very close to the
MPS of typical trains. For instance, in Table ¥ third and fourth shunt transition speeds are very
close to the MPS of Mail/Express and Rajdhani/Dtoctype trains respectively. We feel that in
general, a transition very close to MPS is besideeb: since the power will have to be taken down
anyway at MPS, the transition will just result irstaort burst of high current causing increased wear
and tear of the motor and a minuscule gain in ti@kcourse, an exception must be made if the
acceleration before the transition has degradesuth a level that attaining MPS will require an
inordinate time.

With all these modifications in place, the finalesh describing our algorithm is given on the next
page. The format of this page is such that it cmectly be printed and given to an LP or loco
inspector for use on run.
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Algorithm for acceleration of WAP4 locomotive

Note : Speeds written in the following format assdno be in km/hr 123

For 1100 A in traction motor :

1.

At start of acceleration run, keep shunt set td€k a small current to bring the
couplers to tension and then take notches quickiyl wammeter reading
becomes 1100 A.

From this point on keep taking one additional natlkequal intervals of speed.
This interval is5 if OHE voltage is high4 if OHE voltage is low. Just before
taking each notch, your ammeter should read ak@a@ A.

Stop taking notches when voltmeter reads 750 Vs Should happen at speed
around75. Note the exact speed at which you have takeratenotch.

Starting from the speed noted above, take the $bunts at speed intervals of
10, 10, 10 and25 respectively. Just before taking, 2 and & shunt your
ammeter should read 1000 A or lower. Just befokinga4" shunt your
ammeter should read 950 A or lower. However, a shransition is best
avoided if you are close to the train MPS and tleekeration is still
appreciable.

Take additional notches after successive shuntengensate voltage drop due
to shunting.

For 1250 A in traction motor :

1.

At start of acceleration run, keep shunt set td€k a small current to bring the
couplers to tension and then take notches quickiyl wammeter reading
becomes 1250 A.

From this point on keep taking one additional natlkequal intervals of speed.
This interval is4.5 if OHE voltage is high3.5 if OHE voltage is low. Just
before taking each notch, your ammeter should 1288 A or lower.

Stop taking notches when voltmeter reads 750 Vs Should happen at speed
around60. Note the exact speed at which you have taketattenotch.

Starting from the speed noted above, take the sbunts at speed intervals of
10, 10, 10 and 15 respectively. Just before taking, 2 and ¥ shunt your
ammeter should read 1150 A or lower. Just befokinga4" shunt your
ammeter should read 1100 A or lower. However, anshwansition is best
avoided if you are close to the train MPS and tloeekeration is still
appreciable.

Take additional notches after successive shuntertpensate voltage drop due
to shunting.
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It should be noted that the strategies presentedeasire in very good agreement with the techniques
already being used by good LPs when achieving ekcagceleration run. This finally completes the
acceleration algorithm which we had set out to psapin this Article. In the next Section we willeus
textbook as well as impromptu formulae for traigiséance to estimate the time which WAP4 driven
as per these algorithms will take to acceleratetestandard load combinations to typical maximum
permissible speeds. In that Section we will alsggest some notch and shunt combinations at which
these loads can be balanced at their MPS.

5. Consequences of our algorithms

L onsequences’ can mean a variety of things. Indhse we are referring to two primary
aspects — (a) the time taken for the loco to aca&lea given load to a given speed and
(b) the increase in temperature of the tractionomat the end of the acceleration run.
This latter parameter is important because theopggd high currents in acceleration may potentially
cause the motor to overheat, with disastrous iesbitieed, the entire concept of different current
ratings for different durations is based on theromlsiderations — exceeding either the currentber t
duration can lead to overheating and motor failure.

A. Kinematics

The two primary types of passenger rakes in exist¢oday are self-generating (SG) ICF coaches for
Mail/Express and Superfast trains and end-on-géngréEOG) LHB coaches for Rajdhani, Shatabdi
and Duronto Expresses. Increasingly however, LHBches are being used on Superfasts too. To
actually compute the acceleration times of themadrwe will need numbers for both the loco TE and
the train drag. The first is found from the cons@nwhich has hitherto been left variable. Since the
TE is directly proportional to the motor torque, @an choos€; in (10) such thal becomes equal to
the TE. Using the known result that the maximum GIBAWVAP4, which occurs at 1.3 KA in the
traction motors, is 30.8 tonnes of force, we get timerical valu€;=19. The train drag formulae
are given on the website by Mahesh Jain [14]. Tlag équals the mass of the train times a factor
which has the forna+bv+cv’. For LHB coaches on level track, the values,df andc according to
[15] are 0.699, 0.0215 and 0.0000835 respectividlyei train mass is in tonnes, speed in km/hr and
drag in kgf. For ICF coaches, the correspondingbemnare 1.43, 0.0054 and 0.000253 respectively.
Thus the drag formulae may be written as

drag, ;5 =m(0.699+ 0.0216+ 0.0000883) |, (14a)
drag,ce = m(1.43+ 0.005¢+ 0.000258) . (14b)

A formula is also given for the drag force on thed itself. We mention that the convenient unit of
acceleration of a train is km/hr.s while calculatian tonnes and kgf give the acceleration in tevis
g which is the acceleration due to gravity. Thetretalg=35.28 km/hr.s connects the two systems.

An additional factor which might affect the traincaleration is the fact that (in ideal conditiots) i

wheels roll without slipping on the track. Wheneteere is rolling without slipping, acceleration is
reduced. For example, a ball rolling down an irelattains only 5/7 of the speed of a box sliding
frictionlessly down the same incline. Likewise, theo may exert a forcé on the coaches but due to
the rotation of their wheels, the acceleration Wlless thak/m. The correction can be evaluated by
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drawing a force diagram but an easier method ibghly to use energy conservation. Since friction at
the wheels does no work, the total work done byTtBemust be equal to the gain in translational
kinetic energy of the train plus the gain in raiagl kinetic energy of the axles. Lettimgbe the
number of axles anidthe moment of inertia of each axle, we readilyehtne relation

Fdx:%md(v2)+—;nld(§22) , (15)

where & is the infinitesimal displacement of the train &ds the angular velocity of the axles. This
in turn is written as

Fvdt =mvdv+nl QY . (16)

Using the rolling without slipping condition=Qr wherer is the wheel radius, we cancel the common
factor ofv from both sides to get

=— . 17
m+nl /r?2 (47

dv F

dt
Thus, the effect of rolling without slipping is toake the train appear heavier by an amauit.
Estimatingl from the dimensions data given in the LHB mainte@amanual [15] and using the value
of r specified there, we obtain this correction to bauad 1.5 tonnes per LHB coach. It should be
noted that this effective mass should not be usethé calculation of train drag, but only in the
calculation of train acceleration after the necéhas been evaluated as the loco TE minus the drag
(for ordinary train mass).

In Table 3 we present the acceleration time fofedtint LHB EOG loads on level track from 30
km/hr to 110, 120, 130 and 140 km/hr (more pregid€9, 119, 129 and 139 km/hr since the LP will
have to power down at this point), computed onltasis of Tables 1 and 2 and drag formula (14a).
For definiteness we assume that the OHE voltageidh thatv=0.75 is attained at #7notch. We
include the data for 140 km/hr as it takes intooaict the possibility of speed upgradation of traicks
the near future. WAP4 is already certified for Id@hr. In February 2014, speed trials of 160 km/hr
were conducted in CNB-MGS sector; perhaps signifigathe loco used for the trials was a WAPA4.
We consider three different types of loads namélylB and 21 LHB coaches. For 15 coach load, the
coach consist has been assumed as that of NDLSH@hani Express i.e. 1H, 2A, 9B, 1PC and
2GC where H, A, B, PC and GC refer to AC First, A@o-Tier Sleeper, AC Three-Tier Sleeper,
Pantry Car/Hot Buffet Car and Generator Car resgaygt Using the gross weights (in line with
convention we use the word ‘weight’ to mean ‘mas$@ach type of coach from the manual, the train
weight is 740 tonnes excluding the loco. For 18cbolad, the assumed consist is of NZM-MAS
Rajdhani Express i.e. 1H, 5A, 9B, 1PC and 2GC, artiog to a total weight of 880 tonnes excluding
loco. Finally, for 21 coach load, the assumed atnsitaken from NDLS-RJPB Rajdhani Express i.e.
2H, 7A, 8B, 2PC and 2GC for a gross weight of 1@itthes excluding loco. For the total train mass,
the extra effective mass and the loco mass (wisithken as 113 tonnes) are added. The entire mass
is then rounded off to the nearest multiple of adnes. Along with the acceleration time, we also
guote the distance used up in the acceleration (tine “take-off length”). As per our
recommendations, the fourth shunt transition winmelst be made at 126 km/hr has been excluded for
the 30-130 km/hr data sets but included in the 804m/hr calculations. Finally, consistent with the
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errors inherent in modelling, each acceleratiorethms been rounded off to the nearest multiple of 5
seconds.

Speed Current 15 L oad (740 ton) 18 L oad (880 ton) 21 Load (1020 ton)
range (KA) Time Distance Time Distance Time Distance
(km/hr) (mmss) (km) (mmss) (km) (mmss) (km)
30-109 11 0155 2.4 0220 2.8 0245 3.3

1.25 0140 2.1 0200 2.5 0220 2.9
30-119 11 0220 3.1 0250 3.7 0320 4.4

1.25 0200 2.7 0225 3.3 0250 3.9
30-129 11 0250 4.1 0325 5.0 0400 5.9

1.25 0225 3.6 0255 4.3 0330 5.2
30-139 11 0320 5.1 0400 6.3 0445 7.7

1.25 0255 4.7 0335 5.7 0415 6.9

Table 3 : Time and distance required by various LHB loads to accelerate from a caution order of 30 km/hr to a
range of maximum permissible speeds. The drag on the coaches is as per (14a). The time is displayed as
minutes and seconds e. g. 0123 means 1 min, 23 s.

Because of higher speed potential and increasipijcapility of LHB coaches (*), they form the
primary focus of this section. Nevertheless we wdike to mention that according to the proposed
strategies and formula (14b), for 24 ICF coachntcdimass 1350 tonnes excluding loco, acceleration
from 30 km/hr to 109 km/hr takes 4 min 0 s andi&rOwith 1.1 kA and 3 min 25 s and 4.3 km with
1.25 kA strategy.

Surprisingly, while the simulation results obtainfled ICF coaches show excellent agreement with
real runs, the figures in Table 3 for LHB coachghilgt significant disparity with experiment. In
practice, a time in excess of three minutes wagired| for acceleration of a 15 coach LHB load from
30 km/hr to 129 km/hr with a combination of 1.1 &Ad 1.25 kA strategies being followed. A time of
about 3 min 45 s was observed for the same spege far a 19 coach train with 1.25 kA strategy
being followed. Checks show that the balancing patéMPS predicted on the basis of drag formula
(14a) is significantly lower than the actual baiagcpower determined on run. For a 15 coach load,
(14a) gives a drag force of 3.8 tonnes at 130 kmuhite in experimental runs, NDLS-BBS Rajdhani
had to be balanced at MPS at a motor voltage of7/880V and a shunt setting of zero, which
corresponds to a TE exceeding 7 tonnes. Likewmeafl9 coach 930 tonne load, (14a) predicts a
drag of 4.8 tonnes at 130 km/hr while in realitfpIN6-DBRT Rajdhani had to be balanced at MPS at
almost 700 V across the motor an¥ ghunt, which corresponds to more than 8.5 tonmeBEo
Accordingly, formula (14a) needs to be modifiedntake it closer to reality. Examination of the
predicted and experimental speed-time curves shivatsalmost all the deviation occurs at the higher
speed range. Accordingly we keep intact the fisst terms on the right hand side of (14a) and alter
only the quadratic term. The valee0.000345 (note : only three ciphers after the atipoint!) is
found to produce a good match with the balancinggroobserved in practice hence we now re-
compute Table 3 with the modified expression fertilain drag, which we summarize below :

drag, g =m(0.699+ 0.0216+ 0.000345) . (18)

(*) In April 2014, three Superfasts with LHB rakesre upgraded for operation at 130 km/hr, thus crgat
further opportunities for WAP4 utilization at higpeed.
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Before presenting the modified results we woul@ li& mention an observation we have made over
the last three years. We have seen that with WARIled LHB Rajdhani Express, there has been a
steady drop in acceleration performance over thie.tWhile timings of 3 minutes or lower for 30-

130 km/hr were commonplace in 2011-12, they haeecased to 3.5 minutes or more over the last
few months. All the increase has been observeldeghigher speed range, hence it is possible tkat th
increased drag is somehow related to the increagjagand/or maintenance practices of the coaches.

We are now ready to present the modified acceteraime and distance figures for the LHB coaches
with increased drag, and we do so in Table 4, wbeee again the timings are rounded off to the
nearest multiple of 5 seconds.

Speed Current 15 L oad (740 ton) 18 L oad (880 ton) 21 Load (1020 ton)
range (kA) Time Distance  Time Distance  Time Distance
(km/hr) (mmss) (km) (mmss) (km) (mmss) (km)
30-109 11 0205 2.6 0235 3.3 0305 4.0

1.25 0150 2.3 0215 2.8 0235 3.4
30-119 11 0235 3.6 0315 4.7 0400 5.7

1.25 0215 3.1 0245 3.9 0320 4.8
30-129 11 0320 5.0 0420 6.8 0535 9.0

1.25 0250 4.3 0335 5.6 0435 7.3
30-139 11 0410 6.9 0535 9.7 0810 14.9

1.25 0340 6.2 0500 8.7 0720 13.3

Table 4 : Same as Table 3 except that formula (18) for train drag is employed, which gives rise to significantly
higher times and distances.

With this we complete our discussion on the acedéllem characteristics of trains with WAP4 locos
driven as per our proposed strategies. It is alseresting to note that the results of our simateti
indicate significantly lower acceleration times afigtances than the computations done in [16]. As
per our promises at the end of the previous Secti@nnow present the typical notch and shunt
combinations for balancing these loads at varipegds. For definiteness we once again assume that
V=0.75 kV is attained at the 2hotch. The results, using both drag formulae (i) (18), are
presented in Table 5.

MPS 15 L oad (740 ton) 18 L oad (880 ton) 21 L oad (1020 ton)
draglo drag hi draglo drag hi draglo drag hi
(N,S) (N,S) (N,S) (N,S) (N,S) (N,S)

110 (13-14,0) (18,0) (14-15,0) (19-20,0) (16,0) (21-22,0)

120 (15-16,0) (20-21,0) (16-17,0) (22-23,0) (17-18,0) (24,0)

130 (17,0) (23-24,0) (18-19,0) (24-25,1) (19-20,0) (25-26,2)

140 (18-19,0) (24-25,2) (20-21,0) (24-25,3) (21-22,0) (26,4)

Table 5 : Typical notch and shunt settings at which standard LHB loads will be balanced at various maximum
permissible speeds. It is assumed that 27" notch corresponds to 750 V across the traction motor. When two
adjacent notches are listed it means that a combination of the two is required for balancing. Cases have been
covered assuming both low drag (14a) and high drag (18).

It should be noted that as per the higher drag dit@apalmost the maximum power is being required
for balancing a 21 coach load at MPS. On NDLS-BGijdRani Express however it is observed that
less power is required to maintain 140 km/hr in dtretch where that speed is permitted. The actual
drag of the train will vary from rake to rake, andl be somewhere in between the two bounds (14a)
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and (18).Before concluding thidiscussionve present a plot of the mechanical power develdyye
the loco as a function of speed. We dder two cases the continuous rating and the peak rat
The commonly accepted figures for these two case8@80 and 5350 HP respectiv [12], [3]. For
the continuous rating, we use a strategy for 0.%9akAlogous to the algorithms we have present
the previous Section. Also, since continucmotor ratings are alwayspecified without fielc
weakening, we do not employ shunts. For maximuinge we use thetandar 1.25 KA strategy. A
good agreement with literature is obtained for ¢batinuous case, with the peak power as pel
calculation being about 5200 HP. For the transtase however our maximum figure is greater
6500 HP. This ldc of agreement with the references may appearisimgy however the reference
claims that a 40 percent increase in current caamere 6percent increase in poware perhaps
even more surprising.
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Figure 5 : Mechanical power (in HP) developed by WAP4 as a function of speed. Green line corresponds to
continuous ratings i.e. 0.9 kA in traction motor with no field weakening. Blue line is for 1.25 kA in motors with field
weakening as necessary. The maximum value of 6550 HP on the blue line is noteworthy.

With this we finally come to the conclusion of aliscussion on the expected kinematic behavio
a WAP4 if it is driven according to our algorithi

B. Thermodynamics

It is known that the traction motor can withstar3dQ A for two minutes and 1100 A for ten minui
How long will it tolerate 1200 A “Moreover, the current during acceleration is neagy bu
fluctuates constantly. It can be 1250 A just afienotch/hunt transition and 115A or less just
before a transitionThe acceleration time can considerable with high currentst is four and half
minutes for 21 higldrag LHB coaches from 30 to 130 km/hr. Can we lre shat in an attempt -
save an extra mute, we are not pushing the mabeyond its limit ?

The importance of answering such questions is alsyithe way to answer them is to consider
thermal behaviour of the motor. Hence we now caoesta model which can explain the heating
the motorwhen current is forced through it. We try to kebp tnodel as simple as possible w|
remaining physically realistic. The crucial paraemetvhich will determine whether current-time
combinationis feasible or not is of course the temperaturd@fmdor. We assume that there must
a maximum temperature which the motor can withstargdshall obtain the value of this tempera
from the model itself.

22



The thermal power generated inside the motor isaccount of the current flowing through the
various resistances, hence it can be writteniaaherea is a proportionality constant. The primary
mechanism for cooling the motor is forced convettioiven by the blowers; the rate at which heat is
dissipated will increase with increasing differenbetween the motor temperatufie and the
surrounding temperatur&. We assume Newton’s law of cooling to hold andtevithe dissipated
power asp(T-To,) where # is another proportionality constant. Finally, therease/decrease in
temperature of the motor is given by the ratio edthgenerated/dissipated to its specific heat dgpac
C [no relation with theC' used in (5)]. Thus, over an instant of titvg the change in temperatusé

of the motor is expressible as

CAT =ali(t)?at - AT -Ty) At . (19)

Taking the obvious limitt->0 we get the differential equation for the tempanet

d_T+£T:,6’TO+O'[i(t)]2 . (20)
d C C

We letT,=30°C as a typical value of atmospheric temperaturés $till leaves two parametef$C
ando/C to be determined from known facts about the motor.

The first known fact is that the continuous curreating is 0.9 kA and that the temperature ratig i
11C°C. This at once implies that the heat generate@l ®kA must be equal to the heat dissipated by a
temperature gradient of 8D between the motor and its surroundings. In otfeds, taking in units

of kA,

0.8r=8Q |, (21)

or o/=100. A second known fact must be invoked to fihd second parameter. This fact is the
maximum duration of the two current limits. The frature of the motor after 1100 A for ten

minutes must be equal to that after 1300 A for tmiautes. This condition can be substituted into
solutions of (20) after an assumption about th&iainiemperature. The natural choice for this

temperature is the rated temperature of the moteven after continuous rated operation one can
operate it briefly in the transient mode.

Solutions to (20) with(t) constant are of the form

T=T,e WO, (1- eO1) (22)

whereT,; is the initial temperature of the motor and

2

is the final temperature of the motor in the steathfe. Takingd/C in units of mift, we write the
current duration criterion as
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This transcendental equation is numerically solieedbtains/C=0.285 whereby:/C becomes equal
to 28.5 and all the parameters of (20) get detexthiriThe tolerance temperature of the motor
evaluates to 14€. Now it is a straightforward matter to numerigadiolve (20) for the various
acceleration runs depicted in Tables 3 and 4 amdpate the final temperature of the motor. The
initial condition for these runs must be specifeattl for safety, we must get an upper bound on the
temperature before the acceleration run is comntendeminimum gap of four minutes between
successive acceleration runs is definitely plaesidl.5 minutes coasting run, 1.5 minutes brakimg r
and 1 minute of caution run. Hence, even if thecgdéng acceleration run drove the motor to its
thermal limit, its temperature difference will hafatlen by a factor of exp(-0.288) during this time
(the power needed to sustain a caution run is gieig) and it will be at 7T at the start of the next
run. We work with this assumption on the initiahdition. In Table 6 (the last Table in this Article
thank heaven) we present the temperaturé@)nof the motor at the end of the various acceitemat
runs described in Tables 3 and 4.

Speed Current 15 L oad (740 ton) 18 L oad (880 ton) 21 Load (1020 ton)
range (kA) draglo drag hi draglo drag hi draglo drag hi
(km/hr)
30-109 11 103 105 107 111 111 114
125 109 113 115 119 121 123
30-119 11 106 109 110 115 115 119
1.25 115 119 120 126 127 132
30-129 11 108 112 112 117 117 120
1.25 119 124 125 132 131 138
30-139 11 114 119 118 125 124 132
1.25 122 128 127 134 133 139

Table 6 : Temperature (°C) attained by the motor after performing the 1.1 kA and 1.25 kA acceleration runs with
various LHB loads (both drag formulae considered). The initial temperature is assumed as 70°C.

Fortunately, none of the load combinations actuatygeeds the motor’'s ratings. It can be seen
however that there is a very high difference in thermal burden of the 1.1 kA and 1.25 kA
strategies. For the heaviest load, this can be stl®@C. Though none of the temperatures in the
Table is in the forbidden regime, the higher onesaaite close to the threshold and will surelysgau
increased wear and tear on the motor. Accordingty1.25 kA strategy, especially for heavy loads,
should not be employed unless it is absolutely s&mgy. Of course, if a train is running late or its
timetable in a particular section is very tighttlhe section contains a high number of caution arder
then the LP has to pull out all stops to recoverfam/minimize the delay. But in case of a train
running right time through a reasonably slack segtthe 1.1 kA strategies are sufficient. Tables 3-
clearly show that the gain in time from the 1.25 #tfategies is only one minute or less and in such
situation the extra thermal load on the motorsoijustified.

Having thus completed our discussion of the kinéemanhd thermodynamic behaviour of WAP4
hauling a train and being driven as per our algoré, we promptly bring this Section to a close.
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6. Concluding remarks

elief is evident on the readers’ faces at the rmentif the word ‘concluding’. Indeed, we

have said all that we wanted to say. Every issueoud think of has been addressed, in as

much detail as we have found necessary or releiiow. we would like to wind up with a
brief summary of what has been covered over thetlanty or so pages. For this purpose, we list
below the major results of each Section in a morkess point form.

Section 1

* The motivation behind this study has been explaieslr purpose is to ensure that the
enormously capable loco called WAP4 be utilizedgdull potential by its pilots.

Section 2

» Characteristic curves of the series dc motor witkeried field have been derived. Current
and torque both decrease with increase in speed. dHtrease can be offset by flux
weakening.

» Equations (9) and (10) give the current speed ampié speed characteristics.

Section 3

* General strategies have been proposed for acaeteddttap changer controlled electric loco.
At first, notches must be taken one after anoth#r shunt set to zero. The rate of notching
should be uniform in speed.

* When the maximum notch level is reached the shsimbsild be engaged provided that the
current remains within its limit and there is agioe benefit.

» For holding train speed constant at MPS, deternginaif the balancing power is essential.

Section 4

» Strategies specific to WAP4 have been outlined, iorm appropriate for use by loco pilot on
run. The algorithm is printed on page 17 of thitide.

Section 5

* Consequences of our algorithms have been discuggbdocus on acceleration time and
thermal burden on the motors.

» Two drag formulae for LHB trains have been usede a theoretical expression (14b) from
[14] and the other a modified expression (18) basedxperiments. Acceleration times based
on these formulae have been given in Tables 3 dadalvariety of loads.

* The maximum power output of WAP4 is found to bewl®?00 HP for continuous rating
and over 6500 HP for maximum rating.

* The increase in temperature of the motor on accofinhe acceleration runs has been
computed and presented in Table 6. There is a matiierence between the heat burden of
1.1 kA and 1.25 kA strategies therefore the lateould be employed only when absolutely
necessary.

We devote one last paragraph to the following issukis well known that the intuition and
experience of a good loco pilot play a pivotal rimiedetermining the performance of the train; does

s
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our scientific algorithm make these qualities reghmt ? The answer to this is an emphatic no. Our
strategies are meant to supplement and not suppldeikterous LP’s instincts. As we have already
mentioned, the motor parameters can vary fromtodoco and a single strategy cannot account for a
thousand parameter combinations. Our sheet isalikeverall gameplan but the implementation of
this plan will be specific to each loco. We canggrée intervals ranging between 3.5 and 4.5 km/hr
but the best value in any given situation will hawde determined live, in the cab. The betterfhe

the better will he find this interval and the clogell he remain to the motor’s permitted currefhe
same considerations hold for maintenance of MP& -may mention typical balancing positions for
certain loads but again the specific point has éowwmrked out by the LP on the run. That said
however, our algorithms will go a long way in impiaeg the performance of LPs on a daily basis. A
less skilful LP will just have to follow the mor@mservative paths through our strategy sheets, such
as taking the maximum intervals when a range has Beecified. Still, the difference between his
performance and the optimal performance will béeggsmall, unlike what happens now. Even skilled
LPs have to accumulate a lot of experience betoe# instincts can take them close to the optimal
strategy; our algorithm will give them a big headistand enable them to clock good figures from
their first day at the controls. Moreover, an Li/ithg by instinct is bound to show variation fromeo

run to the next; this variation can be greatly matlif the overall strategy is learnt like a forenaind
mechanically executed on run. Finally, a definitgoathm has enormous pedagogical advantages
over instinctive methods; in driving schools, inagasily be imparted to the LPs during initial amd/
refresher training.

Another paragraph has begun ! But this one is entydyv this Article is really over and we would
like to sincerely thank our readers for their patiein reaching this point.
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Appendix 1
A list of station codes used in the text is giveroly.

* ADI: Ahmedabad Junction

* ALD : Allahabad Junction

* ASR : Amritsar Junction

* BBS : Bhubaneswar

*  BCT : Mumbai Central

 BDTS : Bandra Terminus (Mumbai)
* BRC : Vadodara Junction

* BSP : Bilaspur

* CNB : Kanpur Central

* CSTM : Chhatrapati Shivaji Terminus Mumbai
 DBRT : Dibrugarh Town

* DEE : Delhi Sarai Rohilla

* GZB : Ghaziabad Junction

«  HWH : Howrah (Kolkata) Junction

* JU : Jodhpur Junction

e LJIN: Lucknow Junction

* MAS : Chennai Central

* MGS : Mughal Sarai Junction

* NDLS : New Delhi

* NZM : Hazrat Nizamuddin (Delhi)
 RJPB: Rajendra Nagar Bihar (Patna)
* RNC : Ranchi Junction

» SDAH : Sealdah (Kolkata)

* TVC : Thiruvananthapuram Central
* YPR: Yesvantpur (Bengaluru)
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