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I n situations wher e t he sytsitlelm reed hiebsi tosn dii greidf inmd rste ¢
nonlinearity, the EKF may noddaoptoavh idebisiurfgd ct reché tl iyo rmeecrulrm |
resul ts, thereby | eading toCulhat uproessKaimabhy Folt di vdrCKenoc

Furthermore, in order to |ineatimatidbde sofst emhamrd eacduyhnami
Jacobian snahecessarytfor t hecosefsftieom etnot ,.posséesing i mpr ov e
continuous di fferentiabilitHow&€wars,eqtuleing | gpprodwe h tloactklse ¢
computational compl exity i nvydpd ae¢don,n wbakcbuli aticngt itchael i
Jacobian matrices, the EKF inEurshsesuimstantaml |l coepladfdédaonl
costs. In order to addceste®REKE ichaed helngyeeasd itnhe 20w] t o i
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when these sigma point®2l1lare  lnmsedl|ligebhe SphkuFar el nRe GO Cuba
UKF i s usienmdatteo tdhee adhesi on &sotricreatfirnogmaitireeawhesli on force.
mot or behaviours. Using the metaltda d omo dmolt © rt e hdayvn aomisc,s WK F
is used to calculate the binwhegl $,0r cgee.arbmodker na md it onuabty acra, m it

conditions, UKF gave accur atdee sfcrrii cbteido nu se sntgi nmahte ofg | édbah rdh
estimated frictilomb¢ @e fafnidc iadfrsuol liaf temmedance matrices, ou
by the traction | oad when itpispagatyes ow.helires€@holkssley drae
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consequence of a specific paunadreert evrariyn ntghe péKRtbegomiomgi t
negati ve. creep curve i s t hen used to

To address UKF drawbacks, opeawhatngr epKiantmea.n Theét emet hod
(CKF) is presented [22]. ThemGCKEipVer daomed itome sdcdefrfarciudst.i e
associated wi t h evaluating paper &daeobuamarmazterdi xa,s fasl | ow
experienced in the EKF. Moreoter Numeretciami Baabslthg: n&gbhd 6
par ameter t werciersg,arwhiiomh tihse rmcracsoet o(f CHUKIF 2By f actor) of the
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measur ement and process mo dfeillst eatr B g ppssperecsdy . ti &-h bsemt r eal
availabl e. It i s intraattiadd e itme obppl hcamnhi @are,ur aptree veesnttii nm
wi t h t he unknown statisticalmprchwirragtreob sdticess sof noi se.
Therefore, the devel opment an2. applaipt atvieonNmwifseCKEomat hadc
have been | imited. However, eaobtanats hbies SRCK&t bytios edgataa
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Consequetnhd yset oY amiskwad ws t itnteanles ur e me n t noi se covariance
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wi t h t he system state and utnhken ownr carrad yatviagmei mmic € e Shetis
covariance matrix additionaldnvimeendsenttes ,bei mpmmet ngc asdi
positive definite iccuornter srt@ahbwsarnreyssowti t Aaouta i ncreasing
estimation and set up the con¥ergempet aondmali oBf fioci €EKEy : |
many instances, the covariantelmaering techsigegat i swue hdafi n
as a result of computational ornpactuiatyey adndtrumer it hael Sa&rCrkd
Recent studi es have aimed ta elnchhvwmwncempbheatiobualt nesusr deamd
adaptability of Kal man filteemhaddahtsysitremscmplsdn §gi ania p @ ély

environments. FoeSSCKdiEa mdIgeo,r i t Ilen STpr oved Nonlinear Esti ma
proposed in [25] addresses nohidiedeg ®@re adghteiss iomaxlabbat mati onulhb
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integral s, providing higher acc_u_pacy than EKF and av)i di n¢
t he parameter tuni ng dlfflcul+| 8I1etsglgsnuﬁ1';ndezlel Fd in thi
The remainder of this papeg org% |%ed as fo0l 1l ows:
. olach S -?ac hiqueé
Section 2 presents t he probl e formul ati.on, section 3
describes t he fbracspacdsedastll$nF§18KE>n ACA®@ATQ @ p (3)
met hodol ogy. Section 4 di scuswheestrtelpg esxmé si menet ad o erl@fsi uclitesr
Finally, Section 5 concludesdéhnheteapethe nor mal force exer
stat®j st heconstant valu#& and i
| Model Il ing of System chanlgrestthe case of fttthe Ifonddiotwa

The whaeiell system ainld adﬂee%hder%hﬁ&ﬁr{@é‘ holds [6]:
dynamic model are explained Tnj{—éﬁ,is section. The fméHel

compri ses three essenti al comng@,gsntshe o & & plgglgp r"?ogtiodrivt

wheels and rails, and a gearbox{gd. @@pg‘@énb@PWé’Qﬁetﬁé Wi
traction sysrtetrheisrott(ntliroa\rasfteagbgﬁ QeS'ﬁrtaltugéjBU|psvai;otbt o
by the traction motor to the whpeed.éet,ovia t he e(’:\éiaox,
enabling the wheels to rotatehaetrease@p % &I?’r}ovlvréd%%tygh 115c
|mp‘o'rtant to note that when trag/ 'gonfr'isctef%%a% qe geewpge
speleds conS|stemtlyl'hlelgjhérferleane i n
speed between the vehicle aanMbraeeIV\fhierels cLur.IirngCEriaocntign
operation is commonly referre_ldheto raessevnstg' ﬁ' & Irr?confoltiizvees ¥
propelled in a forward d8|rectlonbtguettooftafélglell?ﬁgesel?rrl]efcr)nroc\:/%c
whi ch arises from the creeping Hﬁepomerﬂﬁn .0 C.C i.n.g
S, eel s g8 i%t%eracdt"i%n be

betewe t he train's wheel and the rallway trac

generates eep orces, enabli

forward.te'mhe snps$i on i s gover
AModel _of Adherence Forfcoemulaa a6]outlined in [5
An adhesion force occurs between the rails and wheels
only when there is a certain amount of velocity di]( erenc
This velocity difference, known as slip velocity, iggoefin
[?]:‘ . The given equation represent
0 0 (1)

varlous parameters i me c |

A term slip instead of the SJ] Q}ti\f&}fe?'stXO § H&S adngrﬂqraer C{Ift

The ,dlsigefined as follows: represents the angaRagnvél eci t
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gear redidxtdenoteattbe torquel gBaei ataetdi bn -RAd It hled hvehseied n
mot orYamehgowvorrespond to the Ilpg';lidntgorlthpeqr]d é@?\t SRCKEF

equi val ent moment of inertia, respect|vely efs% vari abl
) 'Th deS|g H) ase 0 the grogo
are interconnected as descrlbed i dp ola{h e{ nc
3] deta sec Fon.
estlmatlon of the Ioad torque
Y — (9) torque estimator. Téebesdquemtl
0 0 (10) utilized to droanplut@dheisei owh efed |
study -0rade5nxrtlc1tﬂsoerrddfulc1hxon mot o

We have several inertial mrﬂdnda@ltslstoadcooprtseldd M d -Frh%seegratl

moments are UeprfesrentiderdgadrabOXcKes enable accurate esti ma
wheel sétfaxl ehe righftorwhteheel |} gafnide s o f the mot obBRCKM, itmpd

wheel . Additi dhalwlyichwesilganiing §-tnidrdefss ptaaztee model of the
adhesion force exerWedh bywopg Shuddieedwhagel .

measurreeamecht i nput variables and threepg stQ’ah)te variabl es,

a systemrodoér fdiftherenti al equ tlons ccurat |y

can
describe an induction motor a$g qushle stateW|V$ct|me pnaces:s

The measurement of the modelh'cancobtrb't"mq'qm{d;el dgS: discretis
5 period T, reswil mé nsgwidted bal- e i fsccrr

z=a2 (12) time i mplementation:
8o & 00bEYe 0¥ b6 & O
whefi,é s the hosetpaitstal ineft9ReSHrthigr gagrling per-iod.
time I'M model, expressed in t|
| oaBi s the statorli sestihset antatagagg®@d and extended t o accomi
i nductRainclee rotoraniiréesistthaencreéigprithm is presented in Eq
i q i, . - Cat ¢ or s . mptr|5|ng et Miesf i arten
i nductsEsigei,s e stator rar} cqude'nrﬁeucchaannlccea(l dynami cs,
1 L2 H & i d generation, and rotor flux evc
S = |_S)l’mS the mut urlanidg UCtfor eaiccurately estimating the
are the measured stator stattl%%aa%heskhosncfompoenents of st af

X = Al K1) Xiea BY
z = h(X) v #HX W

vol tages. (13)
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wheKeg s the statekwysdctdrheat ntpiyme sit2re
(control) vecktwpsatthtmrpero&teespaﬁ“‘ﬁozn@e "'kl (17
vector ak ztiismeg hset etppeasur ement vectorn at i me
_ _ Skl —T”aixmk Er } (18
stlkepci s the measurement knoi se vecto t i me step

wheXg.1i s:
Assume dtS fijme khe sdlarie root ot Mt

. 1
the current state cubature poﬂfmﬁ.ffﬁse computed as foll ows:
X

i . = . 1! (19
e 125w A(D) Liog.n . . 3
et 2™ S el F g ) gchk-l'ﬁqk-l Gk 2 X 1 Bk 1- Xk 1
wherF§_1|k_1represesrttastetheestimati|orp E&'ua%’i ons (18), (23), and
covar i anacte tmédulel (i¥ktse pa s denotes the wupper triangul ar
.. . decomposition of t he i nput n
|(i):{3\/ﬁ]1' I=1,....n commonly used in square root
f-\/ﬁ-_n i 1.2 1p numeri cal stabivet gfehindi ¢esese
_ the covari &maenamatyr i MMMVE. ave mat
Rtk 1™ S w1 -1 - compiQREqM), and define:
wheties theciolumn of the identr(MAR matrix 1. The
cubature points are then trathmFRl'etSted IuptperthtWe| ahrag{usl ajer%%r%eﬁ
__— . the equations accordlngly and
Ck|k-1—f(¢-1|k1) main text. When measurement i s
The predidﬁqkelandneaquare roos'[eto'fS thaelcvula-ted as follows:
Ciger =S /() ey 1 F..2 (20

covarianm amat ciax cul ated as: .
KkeL t he transf or medar eu btartaunrsemi p o

measurement equation:
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CLT;-lzh(jﬂkl) (21 challenge and eliminate the ne

this paper proposes consideri.
The mean valruest amfd tsma‘acroevaard]%%qeabmaebﬁﬁd(rlanﬂealelrlsgent SRCk

of predicted measurement poidhs, @d€e&stiipMatedi nitation by
evolutibhm atgorada@anmn®.el Y¥hitsun

ﬁlk-lzgackllk-l (22 hybridization retains the nume
1=0 adding robustness avgaariynisntg unnocie
Szz,k|k-1:Tria{ZK|k-1,5R} (23 conditions. The DE optimizat.i
) dynamical |l y -waodrjluds t e etr@aht a kné n g
whedxg.1i s as: such as varying adhesion coc
1 inaccuracies, wi t hout requir
Zklk-l_ﬁ Compared to recent adaptive f
o o - o 2 o comparabl e accuracy with | ower
&C1™ B4 k12 'g‘:l'zkl‘gl In proposed method, an alter

- U i mi i
Sz 1= X gk 1 2%k 1 (2. optimiz@tamwl wdsed on the DE a

1 propdsed.hi s meQndR dsmenshens
xmk-l_/znx (2t as (‘5 TO 60 aond0 ZOT 2, which are
gchk—l'ﬁqk—l <§|k1'xﬁk 1 - ﬁk 1- Xk 1 goa

. ¢0 g 0 0 0 O
The upda>§<|@adndsttahteeostuUa)rfecovari@Ixoﬁcoe B 0 0 0
=e
Skare obtained as follows: ¢0 0 0 g 0 O
y y y €0 0 0 0 0
2 z Os

=X K (z, Z ( e
)&“( lJﬁ(-l k(k kHEJ) ) éo 0 0 O Oqe

—Tri (2 .

Sk =Tha[ Xye-1 - KiYigi K/ Rk])) R= e 0
é
wheKeg s as: & n
2 The aim is t o enhance t he

Ky =S s/ Sh k2 S (

k (Xz’k|kl/ ZZHk])/ 2z kki modi fying theQamn®paenentdi og t
To determine the 'appr fitness function. The fitness
can emp_loy the est|ma_tn di sparity between the esti mat e
performing the foll owir stator current.
~ 2r .
=gl 2 ¢ N - . e
T ( =8 G R G0 1B (30)
While theoosqgurarmature Kal man fif% er ( SRCKF)

provides a computationally ef"\fhiecrieenl\ﬂ AR’ &St el Se & meWwdh &
for nonlinear estimation, itsh@oN@iFe@bles tfhoernf"cats%aulﬁ'fe§t?)tr
knowl edge of na@nRe sahatcihsticzepf(¢Qeants the esardupitedtise at
i mpractical iicnati @inlsway RaepcpolrE%iCcﬂgrdier}ig1 tdki]%tance. St ator cu
equat iSgn@mnd@fin (18) and (28)usirmeg pecrtrieet ysensors, and a
it can be concluded that th&stpiractesds GlvfagNtanaBd mht pi des
Qrand measurement cRp(vraa\Aeanaé”ﬁwgi??cggt'mat'on of the spee

critical effect onthdaechowtaé@é'@p&:ﬁ\@[(:la rqf]sgppresents the

el emenQgsanofR i s i mportant i n ptorpell @éséiogn off DEk, at whiidter
SRCKsF nce it effects the con‘qkezt{qi qﬁcq‘égﬁ)egjg q'% rfqnfce,s aréch
stability Howdert,sysi eam. pre%'a%%llagfﬁesolutlon o the prob
statistics can be a challengk|4f\(g ééaﬁé(rat al Sv@ pStpuI'aStt|'oCn
vary with time. In prev'°”%n§t58I88tuonSSB&FE?&PSh&N& |
manually adjusted these matr'u(f%stibanng lI(Sll ara@ u e d O,
whi ch i-csonas utmimeg process [26lr|tTPczglve59861 ‘H DE proc
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vector. To select the best tQkiaehlch\éqcétoirncosredoercattié)m OREeH At
used in the ImextthegesnuegrgaetsMoendSﬂeR":oaecqImaqor_

i por
DE mutation operator creates. r?téla'éeP{teCERE:Kfio e%%%htrg eree
of the current qkpcnpulhaat |p®rp.ull%1g'qaoglﬁg_p h?e*fg@krménﬂlklparameters b
vectos generated as follows:gn each individual measurement

U =¢¢ B(¢ P eY (31) Al gorithmeRligent SRCKF
Ior}1|t|alize the part

vector to be pear¢ltibedt me tiatfreEJ%atMQ
rom an
vector in the present populatbqr{e\wttré }tﬁg ?H‘Mbﬁ/?h val ue
the objective function. A crosspgyer,me rcu@tn'émaﬁos I:\used t
increase the dlver_5|ty_ o.f the4nev§u%o%1hc%t|:|on vectors.
crossover oppphipeamayi r i s of 5 - Evaluate the fitness
t htearvgeeodcf and its correspgnding 7mut ajptgat¥@Ctithle vel ociti
to generat g¢a Tthrei &li nvoent tad r crH§§BQeEQ§ﬂbh8§S (28) to
. 9Continue untl reaach npH
as the most frequently utilize crossover i n ar
. . . . 10 Output the optl
it is precisely defined as fol’l W
matrices Q and R.
After a predetermined number
-7 ifjiJ algorithm, we are able to acc
C,l |L . (32) val ues for t he di agonal el e me
1G  otherwist Subsequently, these optimal va

whewdies the set of crossoveP! pRINES mq:tohqedov\g,srnt@lsrqdﬁtélmrg afn
crossover, to obtain the f|t¥1aer'ak?|u%sc étﬁﬁ rhtel %qn l%?RQ

evaluated and selection oper i E)/
sa’sﬂ
Induction Motor

off i t nessoffuenach othgi)als wcempanr

Input u

Measureme

with its correspldd)di n@ tade

determine whet Qikesrh otuhled threi ailn ¢ L SRCKF
the next kgt]a,neirtatiisorﬂ%.omlpfartefde o,R;"
vectQiErproduces a superior re .’,_ DE

function cqlbmhplalretde trcfé(plnacterde byFigBld“( ditmgredmigfent SRCKF

upcoming generation. AItC[kernativelyff e/ i OUS val ue
proves to be more favorable, it vl l% i Il ned for th
subsequent generation. 2 (1M ‘\”w ’

. g 0 H

K K s 3
wa _ FG if 3G )< IE) . . H i
I _ (3« )

¢ otherwise o
The process of mutation, selectlonﬁ' er is repeat
after the new population is propagatze4d6 et i1 the ideal st
reached. When the best fitness value hits a predeterm|ne(
val ue, the iteBagsdadnon sf itterars sn aft lerdc W
values, DE optimizes Qtendunknown p \\x

R¢by wupdating the particle soluti,o e particles

ﬂ

better sets. The nFuwunRpawueions and.

then used for the adaptation of SR« ilitn e x t i terati

unt il a predetermined number of o e has been
achieved. SubsequentlyQcthe most favorabTe values of

) . Fi gEs®2imated currents
anR.,are acquired. Ultimately, the optimized values of
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|l VResul t trajectory of the estimated mo

In thishseeeffeniivemepps oafchlt HeP HFhipbeley, using both the -

for adhesion force is evaluafled 4n@8nN€domp&Xdd bt  hgkrath
fluxes and the corresponding f

TABLEBalrametbestopsttéemnempl oyed

Table L. parameters of the IM
N, (r/ min) 7,(Nm) 2, R@)| R@)| LUD| LUD| L (H)| Jtkgn®)| Bl /radis)
950 22 2 3.03 15 0.14 | 0.15 | 0.135 0.055 0.001 f
Tabl e | presents the parameters pertaining to the tracti
system empl oy edl hien ctohvea rsiiammuclea tmaammr.i ces
used in methods are considered as:

Q =diag{l0°%,10°,10°,10%,10° 10
R = diag{l0'%,10 !} 7\

Proposed Method
UKF

Fi gEs#i mated fluxes

o 2 4 & 8 10 12 14 16 18 20
Time(sec)

Fi gCuBrent errors

In all condudthed sexnpeér inmerntiane was set to

T=0.0i0Alb. conducted experiments to ensure accurate

tracki ng -forfe qtuteenclyi gdynami cs of the induction

mot or . This fine resolution i s particularly important fc
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