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Abstract:Theharshoperatingenvironmentandcomplexoperatingconditionsofthemineelectriclocomotiveaffectthecontrol
performanceofthelocomotivetractionmotor.Inordertoimprovethespeedcontrolperformanceofelectriclocomotivetraction
motors,adynamicfractional-orderslidingmodecontrol(DFOSMC)algorithmconsideringuncertainfactorswasproposed.A
loadtorqueslidingmodeobserverwasdesignedforthecomplexloaddisturbanceofthetractionmotor,anditsobservations
wereintegratedintotheDFOSMCcontrollertoovercometheinfluenceofloaddisturbance.Finally,thestabilityofthedesigned
controllerwasprovedbyLyapunov'stheorem.Besides,thecontrolperformanceofDFOSMCcontrollerwascomparedwith
integer-orderslidingmodecontrollerandfractional-orderslidingmodecontrollerthroughsimulationexperiments.Compared
withinteger-orderslidingmodeandfractional-orderslidingmodecontrollers,thedynamicandstaticperformanceofthe
DFOSMCcontrollerwithloadobservationisbetter,andithasstrongeranti-interferenceability.TheDFOSMCcontroller
effectivelyimprovesthecontrolperformanceofthetractionmotorofthemininglocomotive.
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0 Introduction
 Withtherapiddevelopmentofnationalrailways,
highwaysandotherinfrastructureconstruction,the
applicationanddemandofminingelectricvehiclesfor
production and construction are increasing.
However,mininglocomotiveshavelowtechnical
content, high failure rate and high energy
consumption.Therefore,itisurgenttoimprovethe
tractioncontrolperformanceofmininglocomotives.
 Themininglocomotiveisanarrow-gaugeelectric
locomotive,anditstractioncontrolandpowerparts
areonthetractionlocomotive.Theoverallstructure
andtrackofthetractionlocomotiveissimple,andit
isofteninthestateoffrequentstarting,brakingand
accelerationanddeceleration.Thelocomotivemust
adapttothecomplexroadconditionssuchasuphill
anddownhilloperations,bumpscausedbyuneven
tracksandsoon.Thisincreasesthedifficultyof
locomotivetractioncontrolandraiseshighercontrol
requirements.
 Tractioncontrolofmininglocomotiveshasmainly

gonethroughthreestages:DCseriesexcitationseries
resistance,DCseriesexcitationchoppingandAC
frequencyconversionspeedregulation[1].Duetoits
own structuraladvantages and high-performance
variable frequency speed control, AC motors
graduallyreplaceDCtractionmotorsandarewidely
usedinmininglocomotivetraction[2-4].Thetraction
characteristicsofmininglocomotivesshouldinclude
largestartingtorque,strongoverloadandanti-
jammingcapability.Therefore,higherrequirements
areplacedonthecontroloftractionmotors.
 Vectorcontrolisahigh-performanceACfrequency
conversionspeedcontrolmethod.Itsspeedcontroller
generallyadoptsPIstrategy.ButPIDisalinear
controlmethod,anditsrobustnessispoor.Itcan
onlymeettherequirementswithinacertainrange,
anditisdifficulttomeettherequirementsofhigh
performancecontrol [5].Inrecentyears,fuzzy
controller[6],neuralnetworkcontroller [7],sliding
modecontroller(SMC)[8]andotheradvancedcontrol
methodshavebeenappliedtothefieldofACmotor
control.Incontrast,SMChasthecharacteristicsof
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strongrobustness,insensitivitytosystemparameters
andexternaldisturbances,fastresponseandsimple
algorithm.Itisparticularlysuitableforapplicationin
the field of motor control. However, the
disadvantageofslidingmodecontrolischattering
during sliding mode motion.Chattering would
damage the operating components,reduce the
operatinglifeofthesystem,andincreasetheextra
energyconsumptionofthesystem.Therefore,in
ordertoreducechattering,Chernetalintroducedthe
integraltermintheslidingmodesurface,whichnot
only effectively weakened chattering,but also
reducedthesteady-stateerror[9].However,dueto
largeinitialerrororactuatorsaturation,theintegral
saturationeffectoftheintegerorderintegralsliding
surfacewouldleadtolargeovershootandlong
regulationtime,whichleadstothedeteriorationof
thedynamicperformance[10].
 Fractionalcalculusisappliedtothefieldof
control,whichexpandsthedescriptionabilityof
integerordercalculus.Inrecentyears,alongwith
thestudyofthefractionalcalculustheory,fractional
integralincreasesthedegreeoffreedomofintegral
calculation.Notonlyfractionalintegralhasmemory
characteristics,butalsoitsmemorycharacteristics
decaywithtime.Combiningfractionalintegration
withsliding modecontrolcaneffectivelyreduce
conventionalslidingmodechatteringandimprovethe
dynamicperformanceofsliding modecontroland
otherqualities[11].InRefs.[11-13],bettercontrol
performance has been achieved by combining
fractionalorderintegralandslidingmodecontrol.
 Basedontheaboveanalysis,consideringthesevere
workingenvironmentoftheminingtractionmotor
andseriousloaddisturbance,thefractional-order
integralslidingmodecontrolalgorithmisappliedto
thespeedcontrollerofthevectorcontrolsystemof
theminingtraction motor.Furthermore,forthe
uncertainfactorssuchasparameterchangesinthe
vectorcontrolsystemofminingtractionmotors,a
dynamicfractional-orderintegralslidingmodecontrol
(DFOSMC) algorithm considering uncertain
nonlinearitiesisproposed.Inordertoimprovethe
robustnessofthetractioncontrolsystemagainstload
disturbances,atractionmotorloadtorqueobserveris
designed,andtheobservedvalueisfedbacktothe
DFOSMC controllerin realtime.Finally,the
operatingconditionsoftheminingelectriclocomotive
issimulatedtoverifythecalculatedcontrolsystem.

1 Fractionalordertheory
 Asweknow,aDα

tisthebasicoperatoroffractional
calculus,whichisdefinedas

aDα
t =

dα/dtα, Re(α)>0
1, Re(α)=0

∫
t

a
(dτ)-α, Re(α)<0,








 (1)

whereαistheorder;Re(α)istherealpart;aandt
aretheupperandlowerboundsoftheoperator,
respectively.
 Inthedevelopmentoffractionalcalculustheory,
therearemanydefinitionsoffractionalcalculus,and
itsrationalityandscientificdefinitionhavebeen
verifiedinpractice.Atpresent,therearetwokinds
ofdefinitionsthataremostcommonlyused[14].
 Definition 1: (type GL)Grunwald-Letnikov
fractionalcalculusdefinitionisexpressedas

αDα
tf(t)=lim

h→0
h-α∑

(t-α)/h

j=0
(-1)j

α

j  f(t-jh),(2)

where(t-α)/hrepresentsroundingoperation;his

thestepsize;
a
j  isabinomialcoefficient,anditcan

beexpressedas

a

j  =α(α-1)(α-1)…(α-j+1)
j! = α!

j!(α-j)!.

(3)

 Definition 2: (type RL) Riemann-Liouville
fractionalcalculusdefinitionisexpressedas

αDα
tf(t)= 1

Γ(m-α)
d
dt  m

∫
t

α

f(τ)
(t-τ)1-(m-α)dτ,(4)

wheremisaninteger,m-1<α<m,m∈N.
 Iftheinitialvalueofthefunctionε>0andits
derivativesis0,theLaplacetransformdefinedbyRL
istransformedinto

L αDα
tf(t)  =sαF(s). (5)

2 Mathematicalmodelofasynchronous
motor

 The following assumption is made when
establishingthemathematicalmodelofasynchronous
motor:The magnetic potentialofthe motoris
sinusoidalalongthecircumferenceoftheairgap;
Ignoringthesaturationofmagneticcircuit;theself-
inductanceandmutualinductanceofeachwindingare
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constant,ignoringtheinfluenceofironloss[15].
 Accordingtotheassumptions,themathematical
modelofasynchronoustractionmotorisestablished
in the synchronously rotating m-t orthogonal
coordinatesystem.
 Thevoltagevectorequationisexpressedas

us=Rsis+ddtψs+jω1ψs
,

0=Rrir+ddtψr+j
(ω1-ω)ψr,







 (6)

whereusisstatorvoltagevector;isandirarestator
androtorcurrentvectors,respectively;ψsandψrare
statorandrotorfluxvectors,respectively;RsandRr
arestatorandrotorresistancevalues,respectively;
ω1issynchronousspeedofmotor,andωismotor
rotorspeed.
 Accordingtotherotorfluxorientedm-trotating
coordinatesystem,toensurethatthem-axisand
rotorfluxvectorcoincide,then

ψrm =ψr,
ψrt =0,
dψrt
dt =0.








 (7)

 Thedynamicequationofelectromagnetictorque
undertheconstraintofmagneticfieldis

Te=npLm

Lristψr.
(8)

3 DesignofDFOSMCcontroller
 Thetractionmotormotionequationisexpressedas

Te-TL=J
np
dωr
dt
, (9)

whereTListheloadtorque,Jisthemomentof
inertiaofthemotor(includingthemotorandthe
load).
 Consideringtherobustnessofthecontrolsystemto
uncertainfactorssuchasparameterchangesand
variousdisturbances,thespeedcontrollerisdesigned
asanintegralslidingmodecontroltype.Considering
theinfluenceofuncertainfactorsinthecontrol
system,theequationofmotionisexpressedaswhich

ω̇r=(b+Δb)Te-(b+Δb)TL, (10)

whereb=np
J
,and Δbistheimpactofsystem

uncertainties.
 Thespeederrorofthesystemcanbedefinedas

x(t)=ω*
r -ωr, (11)

whereω*
r isthegivenspeedvalue.Thenthestate

equationofthemotorcanbeobtainedas

ẋ(t)=-̇ω=-(b+Δb)Te+(b+Δb)TL=

-bTe+bTL+η, (12)

whereηistheinfluenceofuncertaintiessuchas
system internalparameterchangesand external
disturbances.
 AccordingtoEq.(12),DFOSMCspeedcontroller
canbedesigned,andthestepsareasfollows.
 1)DesignofslidingsurfaceforDFOSMC.
 2)Designofcontrolrate.
 Thedynamicslidingsurfaceensuressystemcontrol
performance.Andthecontrolrateistoensurethat
thesystemstatequicklyreachestheslidingmode
surface,thatis,thesystemachievesbettercontrol
performancebyovercomingtheinfluenceofvarious
uncertainfactors.

3.1 DesignofDFOSMCslidingsurface
 Theintegralslidingmodesurfacecanimprovethe
accuracyandrobustnessofthecontroller[16],anditis
expressedas

s=x(t)+c∫x(t)dt, (13)

wherecisaconstant,c>0.Thegreaterthecvalue,
thefasterthespeedresponse.
 TheslidingsurfacedefinedbyEq.(13)isthe
integralorderintegralslidingsurface.Theintegralof
thespeederrorisglobalintegral.Whentheinitial
errorisrelativelylarge,theeffectoftheintegralwill
affectthespeedperformanceofthetractionmotor.
Inordertosolvethisproblem,afractionalorder
slidingsurfaceispresentedas

s=x(t)+cD-α
tx(τ), (14)

whereαisthefractionalorder,0<α<1.
 Accordingtothedefinitionoffractionalorder
calculusRLtype

0D-α
tx(t)= 1

Γ(m-α)∫
t

0
(t-τ)(m-α)-1x(τ)dτ=

1
Γ(m-α)∫

t

0
Φ(t-τ)x(τ)dτ, (15)

whereΦ(t-τ)=(t-τ)(m-α)-1istheweightfunction
oftheerrorintegral,theweightfunctionhasthe
propertiesas[10]

lim
t→0+

Φ(t)=+�,lim
t→+�

Φ(t)=0+. (16)

 Fractionalintegrationistheaccumulation of
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deviations after acting on weight functions.
AccordingtoEq.(16),itcanbeseenthattheweight
ofthefractionalorderintegralistheinitialerrorthat
cumulativelydecreaseswithtime.
 Tofurthersuppresstheslidingmodechattering,
combiningfractionalintegralanddynamicsliding
mode,theslidingmodesurfaceisdesignedas

δ=̇s+λs,
s=x(t)+cD-α

tx(τ), (17)

whereλisastrictlynormalnumber,whichisrelated
totherapidityofthesystemstateapproachingthe
slidingmodesurface.
 Theinitialstateisx(0)=0andδ(0)=0.Thatis,
ṡ+λs=0isaprogressivelystablefirst-orderdynamic
system.Itcanbeseenthattheinitialstateofthe
controlsystemisontheslidingmodesurface,and
thereisnoapproachprocessfortheslidingmode
controllaw.Therefore,the controlsystem is
globallyrobust.

3.2 Designofcontrollaw
 Inordertoensurethestabilityofthecontrol
system,thecontrollawofDFOSMCconsistsoftwo
partsandisexpressedas

Ṫe=Teq+ΔTe, (18)

whereTeqistheequivalentcontrollaw,whichkeeps
thesystemstateontheslidingmodesurfaceunder
theactionofequivalentcontrollawandmakesthe
systemfastandstable;ΔTeistheswitchcontrol,
whichisdefinedas

ΔTe=ηsgn(δ)+εδ, (19)

whereηistheswitchinggain,whichmeansthatthe
rateofarrivaloftheswitchingsurface;ε>0isan
exponentialterm,drivingthestatetoreachthe
switchingsurface.
 AfterderivationofEq.(17),substitutingEq.(12)
intoit,wecanget

δ̇=-ḃTe+λ̇x(t)+cD2-α
t x(τ)+

cλD1-α
t x(τ)+ḃTL+̇η. (20)

 Thenthecontrollawisobtainedas

Ṫe=λ
bẋ(t)+c

bD2-α
t x(τ)+cλ

bD1-α
t x(τ)+

ṪL-εsgn(δ)-ζδ. (21)

3.3 Stabilityproofandanalysis

 ToprovethestabilityofDFOSMC,reasonable

assumptionsaremadeasfollows.

 Hypothesis1:Uncertaintyisbounded,andthereis

aboundedfunctionBn(x),whichcanbeexpressedas

η ≤Bn(x),∀x∈Rn. (22)

 Hypothesis2:Thederivativeoftheuncertainty
factorisbounded,anditcanbeexpressedas

η̇ ≤Bn(x),∀x∈Rn. (23)

 Hypothesis3:Thereisapositiverealnumberεthat
satisfiesε>Bn.
 Inordertoprovethestabilityofthedesigned
controller,theLyapunovfunctionneedstobedefined
as

V =12δ
2. (24)

 FromEqs.(20)and(21),wecaneasilygetthe
followingexpressionas

δ̇=-ḃTe+λ̇x(t)+cD2-α
t x(τ)+cλD1-α

t x(τ)+̇η=

η̇-εsgn(δ)-ζδ. (25)

 Whenζ>0,accordingtohypothesis1to3,the
derivativeofVisgivenas

V̇=δ̇δ=δ(̇η-εsgn(δ)-ζδ)=δ̇η-εδ -ζδ2<
δ̇η-εδ <δ̇η-Bn δ <0. (26)

 Thatis,thestabilityoftheDFOSMCcontroller
canbeguaranteed.

4 Designofloadobserver
4.1 Designofloadobserver
 Inviewofthecomplexityoftheloaddisturbanceof
thelocomotivetraction motor,a sliding mode
observerisproposedtoobservetheloaddisturbance
signalinrealtime.Theobservedvalueisintegrated
intothe DFOSMC controller to suppressload
disturbance.
 TherateofchangeofTLcanbeignoredduringthe
controlperiod,namelẏTL=0.AccordingtoEq.(7),
theequationofstatecanbeobtainedas

ω̇r=bTe-bTL,
ṪL=0. (27)

 ToobservetheloadtorqueTL ofthetraction
motor,theslidingmodeobserverisdesignedas

ω̂
·
r=bTe-b̂TL+U,

T̂
·
L=gU, (28)

wherêωristheobservedvalueofspeed;̂TListhe
observedvalueofloadtorque;gisthegainof
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feedback;U=k1sgn(̂ω-ω)andk1isthegainof
slidingmode.
 SubtractingEqs.(27)from(28),theslidingmode
observationerrorcanbeobtainedas

ė1=-ke2+U,
ė2=gU, (29)

wheree1=̂ω-ωisthespeedobservationerror,e2=
T̂L-TListheloadtorqueobservationerror,andthe
slidingmodeswitchingsurfaceisdefineas

s=e1. (30)

4.2 Stabilityanalysis
 Inordertoprovethestabilityoftheloadobserver,
theLyapunovfunctionisdefinedas

V(s)=12s
2. (31)

 1)Becauseofs=e1,wecanget

ṡ=ω̂
·
-̇ω=kTe-k̂TL+U-kTe+kTL=

-ke2+k1sgne1. (32)

 Whenṡs<0satisfiestheslidingmodeaccessibility
condition,thederivativeofVisgivenas

V̇=ṡs=e1(-ke2+k1sgne1)≤0. (33)

 Aftersimplification,thevaluerangeofk1should
meetk1≤-ke2 .
 2)Whens=̇s=0,speedobservationerrorsatisfies
e1=̇e1=0.FromEq.(29),itcanbeobtainedas

U =ke2,

ė2=gU, (34)

whichisalsoexpressedas

ė2-gke2=0. (35)

 Accordingtothestabilitytheory,thecondition
thatthesystemcanbestabilizedis-gk>0.Dueto

k=npJ>0
,g<0canbedetermined.Itcanbeseen

fromEq.(35)thattheloadtorqueobservationerror
e2approacheszeroinanexponentialfunction,andthe
approachrateisdeterminedbyg.
 Insummary,whenk1≤-ke2 andg<0,̇V≤0.
Thatis,thedesignedloadobserverisstableandit
canaccuratelyobservetheloadtorque.

5 Simulationexperiment
 Inordertoverifytheeffectivenessofthedesigned
controller,asimulationmodelofthetractionmotor

vectorcontrolsystemwasbuiltaccordingtoFig.1.

Fig.1 Vectorcontrolblockdiagramofminingasynchronous
tractionmotor

 In orderto verify the performance ofthe
DFOSMC,theDFOSMC,fractionalintegralsliding
mode(FOSMC)andintegerintegralslidingmode
(SMC)weresimulated and compared.Table1
presentstherelatedparametersofthemotor.

Table1 Tractionmotorparameters
Parameter Value Unit Description

V 380 V Ratedvoltage
f 50 Hz Frequency
n 1400 r/min Ratedspeed
Rs 1.850 Ω Statorresistance
Rr 2.658 Ω Rotorresistance
Lm 0.2838 H Mutualinductance
Ls 0.2940 H Statorself-inductance
Lr 0.2898 H Rotorself-inductance
P 2 Numberofpoles
J 0.1425 kg·m2 MotorInertia

 Inthesimulation,ATR and ApsiR are PI
controllers.ThecorrespondingparametersareKpATR

=3.5,KiATR=1.2,KpApsiR=300andKiApsiR=100,
respectively.Therelevantparametersusedinthe
simulationareshowninTable2.

Table2 Relatedparameters
Parameter Value Description

k -400 Loadobserverslidingmodegain
g -20 Loadobserverfeedbackgain
λ 80 ConstantinDFOSMC
c 100 ConstantinDFOSMC
α 0.3 Orderoffractionalintegration
ζ 0.015 DFOSMCswitchinggain
ε 0.8 DFOSMCapproachingconstant

5.1 Simulation experiment ofload torque
observer

 Firstly,theloadtorqueobservationperformanceof
thetractionmotorwastested,andtheobservation
valuewasintegratedintoDFOSMC,asshownin
Fig.2.Thenaloadof10N·mwassuddenlyadded
at0.45s,anddisappearedat0.60s.Itcanbeseen
thattheobservercanquicklyandaccuratelyobserve
andfollowthechangeoftheactualloadandthen

773  ZHANGHai-ming,etal./Nonlineardynamicfractionalslidingmodecontroltothemotorofmininglocomotive



becomestabilized.

Fig.2 Observedresponsecurveofsuddenincreaseload

 Aftervalidatingtherationalityandaccuracyofthe
slidingmodeobserver,loadtorqueobservationscan
beincorporatedintotheDFOSMCspeedcontroller.

5.2 Stepbystepacceleratedoperation
 Inactualoperation,thespeedcontrolofthe
electriclocomotiveisgenerallymulti-gearcontrol.
Whenstarting,thegearcontrolhandleispushed
fromtheposition“0”to“1”,andthelocomotiveis
slowlystarted.Afterallvehiclesarestarted,the
controlhandleisevenlypushedtopositions2,3,
etc.,andthelocomotiveacceleratesevenlytoagiven
speed.Whensimulatingaccelerationstepbystep,
differentspeedsweregivenaccordingtodifferent
times.TheresultsfortheDFOSMC,FOSMCand
SMCareillustratedinFig.3.

(a)Speedresponsecurve

(b)Torqueresponsecurve
Fig.3 Speed/torqueresponsecurvesofspeedincreasedstepby
step

 Amongthethreespeedcontrollers,thespeedsof
FOSMCandSMCcontrollershaveovershoot.In
comparison,thesteady-stateerrorofSMCisthe
largest,andthereistorqueripplewhenreachinga
givenspeed.TherotationspeedofDFOSMCisthe
smoothestandeliminatedthetorqueripple.

5.3 Startwithoutloadandsuddenincreaseor
decreaseofload

 Inthesimulation,thesuddenincreaseanddecrease
ofloadwereusedtosimulatetheroadbumpsand
suddenchangesinbasicresistanceduringoperationof
theelectriclocomotive.AsshowninFig.4,t=
0s-0.34sisthestartingprocessofthemotor.At
t=0.34s,thelocomotivereachestheratedspeed
andstartstorunataconstantspeed.Whent=
0.45s,asuddenloadof10N·misapplied.After
thespeedisreduced,itquicklyrisestoneartherated
speed.ComparedwiththethreecontrollersinFig.4,
DFOSMChasthefastestspeedresponse,without
overshootandthesmalleststeadyerrorwhenthe
tractionmotorreachesgivenspeed.

(a)Speedresponsecurve

(b)Torqueresponsecurve
Fig.4 Speed/torqueresponsecurves whenloadsuddenly
increasesordecreases

 Whentheloadissuddenlyaddedin0.45s,the
speedofDFOSMCisbasicallyunchanged,whilethe
dynamicdropvalueofFOSMCandSMCcontrol
speedislargerandtherecoverytimeislonger.From
the electromagnetic torque waveform, the
electromagnetictorqueresponsecurveofDFOSMCis
smootherwithoutpulsationaround0.34s.Thus,
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thespeedofDFOSMCisthemoststableandhasthe
strongestresistancetoloadinterference.

5.4 Runatlowspeedandfullload
 Inthesimulation,thetractionmotorwasstarted
witharatedloadof20N·m,thegivenspeedwas
500r/min,andasuddenloadof10N·mwasadded
at0.45s,whichwastosimulatetheadditionalload
causedbymechanicalcollisionandroadbumpswhen
theelectriclocomotiverunsstably.Fig.5showsthe
speedandelectromagnetictorqueresponsecurvesof
the three controllers. Comparing the three
controllers,whenDFOSMCreachesgivenspeed,
thereisnoovershoot,anditcanquicklystabilize,
andtheelectromagnetictorquequicklyreducestothe
ratedloadtorquewithoutovershoot.Whentheload
issuddenlyaddedat0.45s,thespeedofDFOSMC
reducesquickly,butitreturnstotheoriginalspeed
quickly.WhiletherecoverytimeofFOSMCand
SMCislonger.Thesimulationresultsshowthatthe
tractionmotorbasedonDFOSMCcontrolismore
stableatlowspeedandfullload,theelectromagnetic
torqueresponseisfaster,thespeedissmoother
without overshoot, and the anti-interference
performanceisstronger.

(a)Speedresponsecurve

(b)Torqueresponsecurve
Fig.5 Speed/torqueresponsecurvesoflowspeedratedload
operation

5.5 Fullloadandclimbing
 Duetothecomplicatedterrainoftheelectric

locomotive,therunningtrackgenerallyhasaramp,
andtheelectriclocomotivemayrunonaslope.
Sometimestheelectriclocomotivemaystayonthe
slope.Fig.6showstheresponsecurvesofspeedand
torque when simulating thelow-speed full-load
climbingofthe mineelectriclocomotive.Ifthe
tractionmotorstartswith2.5timestheratedload
(includingratedloadandadditionalresistanceload),
atthistime,since the traction motor cannot
overcometheloadtorque,thecooperationofthe
mechanicalbrakedeviceisrequired,otherwiseitwill
reverse.Inthesimulation,themechanicalbraking
actionwassimulatedintheintervaloft=0s-0.20s
tokeepthelocomotivespeedat0r/min.Afterthe
torqueovercametheloadtorque,the mechanical
brakedevicewasreleased,andtheelectriclocomotive
startedtoclimb.

(a)Speedresponsecurve

(b)Torqueresponsecurve
Fig.6 Speed/torqueresponsecurvesoflowspeedratedload
climbingoperating

 AsshowninFig.6,theelectromagnetictorque
overcomestheloadtorqueat0.20s,andthemotor
startstoincreaseataconstanttorque.Whenthe
speedreachesagivenspeedof200r/min,the
electromagnetictorquerapidlydecreasestotheload
torque,andtheelectriclocomotivestartstorunata
constantspeedontheramp.Thetractorreachesthe
topoftherampat0.31s,andtheloadedvehicles
arrivesinturn.Asthefullloadedvehiclesreachthe
topoftherampinsequence,theadditionalresistance
loadofthelocomotivegraduallydecreases.At0.6s,
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thelastloadingvehiclerunstothetopoftheramp,
andtheclimbingoperationofelectricvehicleendsand
thenrunsataconstantspeed.Thetractionmotor
reachesthegivenspeedat0.22s.Comparing
FOSMCwithSMC,itcanbeseenthatthespeedof
DFOSMChasnoovershootandthesmalleststeady
error,theelectromagnetictorqueresponseisthe
fastestandstabilizesquickly.Andthetractionmotor
remainssmoothly whentheloadchanges.Itis
verifiedthattheDFOSMCcontrolhasafastresponse
speedandgoodstability.

6 Conclusion
 Inviewoftheharshworkingenvironmentofthe
mineelectriclocomotiveandthecomplexityofload
interference, in our work, the following
improvements have been made for the speed
controllerofthetraction motor ofthe mining
locomotive,andthefeasibilityandeffectivenessof
theproposed methodareverified bysimulation
experiments.
 1)TheDFOSMCspeedcontrollerisproposed.
Thedynamicfractionalintegralslidingmodesurface
greatlyweakensthesliding modechatteringand
acceleratesthearrivaltime.BycomparingFOSMC
withSMC,theresponsespeedofthesystemis
improved,andthechatteringandovershootofthe
systemaresignificantlyreduced.
 2)A loadtorquesliding mode observeris
designed,andtheobservationofloadtorqueis
integratedinto the DFOSMC controller,which
improvesthesystem’santi-loadinterferenceability.
 3)Simulatingthedifferentrunningconditionsof
mining locomotives,the designed DFOSMC is
compared with FOSMC and SMC,respectively.
Simulationexperimentsshow thatthe DFOSMC
controllerproposedhasthefastestresponsespeed,
noovershootcharacteristics,andthesteadyerror
wassignificantlyreduced.BycomparingFOSMC
withFOSMC,theDFOSMCspeedcontrollerwith
load observer effectively improves the control
performance of the mining locomotive traction
motor.

References

[1]ZongJ,RuanY,XuLB.Simulationofminetractione-
lectricallocomotivecontrolsystem.MotorandControl
Applications,2013,40(8):14-18.

[2]YangG,GengH,WangHG.ATorquecontrolstrategy

ofinductionmotorstakingefficiencyofdynamicstateinto
account.JournalofElectrotechnicalSociety,2005,20
(7):93-99.

[3]FengG,QiW,ZhangB,etal.Analysisandcomparison
ofthree-phasevariablefrequencyPMSM withsingle-
phaseinductionmotorinhouseholdappliances.In:Pro-
ceedingsof2011InternationalConferenceonElectrical
MachinesandSystems.Beijing:IEEEPress,2011:1-5.

[4]LiZK,RuanY,ZongJ,etal.Designofvariablefre-
quencyspeedregulationcontrolsystemfordcstringinge-
lectricminelocomotive.MotorandControlApplications,
2011,38(5):27-30.

[5]ZhangBT,PiYG.Fractionalorderfuzzyslidingmode
controlforpermanentmagnetsynchronousmotorservo
drive.ControlandDecision,2012,27(12):1776-1780.

[6]WangLQ,LuQF,YeYY,etal.Fuzzy-PIregulated
fieldorientedcontroloflinearinductionmotorinurban
transit.ControlTheory& Applications,2009,26(7):
734-738.

[7]MeiCL,HuangWT,YinKT,etal.Speedegulating
systemforinductionmotorandinverterBasedonHam-
mersteinmodelNeuralnetworkcontrol.ControlandDe-
cision,2015,30(6):1148-1152.

[8]UtkinVI.Slidingmodecontroldesignprinciplesandap-
plicationstoelectricdrives.IEEETransactionsonIndus-
trialElectronics,1993,40(1):23-36.

[9]ChernTL,WuYC.Designofintegralvariablestructure
controllerandapplicationtoelectrohydraulicvelocityser-
vosystems.IEEProceedingsD,1991,138(5):439-
444.

[10]TanJ,ZhouZ,ZhuXP,etal.Attitudecontrolforfly-
ingwingunmannedaerialvehiclesbasedonfractionalor-
derintegralsliding-mode.ControlTheory & Applica-
tions,2015,32(5):607-614.

[11]MiaoZC,DangJW,JuM,etal.Inductionmotorsen-
sor-lessvectorcontrolbasedonfractionalorderintegral
slidingmodeobserver.ElectricMachinesandControl,
2018,22(5):84-93.

[12]ZhangBT,GaoFR,YaoK.Neuralnetworkandadap-
tivealgorithm-basedfractionalorderslidingmodecontrol-
ler.ControlTheory & Applications,2016,33(10):
1373-1377.

[13]MiaoZC,ZhangWB,HanTL.Fractionalorderinte-
gralslidingmodecontrolforPMSMbasedonfractional
orderslidingmodeobserver.JournalofMeasurementSci-
enceandInstrumentation,2019,10(4):389-397.

[14]MonjeCA,ChenYQ,VinagreBM,etal.Fractional-
ordersystemsandcontrols:fundamentalsandapplica-
tions.SpringerScience&BusinessMedia,2010.

[15]RuanY,ChenBS.Controlsystemofelectricdrivesmo-
tioncontrolsystem.Beijing:China MachinePress,
2009.

[16]LiZ,HuGD,CuiJR,etal.Sliding-modevariable
structurecontrolwithintegralactionforpermanentmag-
netsynchronousmotor.JournalofChinaElectromechani-
calEngineering,2014,34(3):431-437.

083 JournalofMeasurementScienceandInstrumentation Vol.11No.4,Dec.2020



矿用机车牵引电机非线性动态分数阶滑模控制

张海明1,缪仲翠2,张 鑫2

(1.兰州交通大学 机电工程学院,甘肃 兰州730070;

2.兰州交通大学 自动化与电气工程学院,甘肃 兰州730070)

摘 要: 矿用电机车恶劣的运行环境和复杂的运行工况会影响机车牵引电机控制性能。为了提高电机车牵

引电机的速度控制性能,提出了一种考虑不确定因素的动态分数阶积分滑模控制算法。针对牵引电机复杂

的负载扰动设计了负载转矩滑模观测器,将其观测值融入到动态分数阶滑模控制器中,以克服负载扰动对

控制性能的影响。然后,应用Lyapunov定理证明了所设计控制器的稳定性,并将所设计的动态分数阶滑模

控制器与整数阶滑模、分数阶滑模控制进行了仿真实验对比。仿真实验表明,相比于整数阶滑模和分数阶滑

模控制器,带负载观测的动态分数阶积分滑模控制器的动态性能和静态性能更好,并有较强的抗干扰能力,
可以有效地提高矿用机车牵引电机的控制性能。
关键词: 矿用牵引电机;分数阶滑模;负载观测器;动态分数阶滑模控制
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