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PHONGSATHON LASEAW: VEHICLE VELOCITY ESTIMATION BY USING NUMERICAL
MODELS. THESIS ADVISOR: WIROTE SANGTUNGTONG Ph.D, 134 PP

Keyword: Velocity estimation/ Numerical model/ Electric vehicle/ Hardware-in-loop

simulation/ Velocity control system

This thesis describes a few of the numerical models which estimate the velocity
of vehicle motion. Such numerical models enumerate the backward Euler model, the
trapezoidal rule model, and the Taylor expansion model. The pondered ground
vehicle characterizes a first-order nonlinear dynamic model of longitudinal motion in
continuous time. The vehicle holds propulsion and braking forces as its one input-
quantity and retains velocity as its one state-variable and output-quantity. Thus, the
construction of a state observer that estimates the velocity is unable to replace the
velocity sensor. Because the state observer needs the monitored velocity and employs
the input quantity to estimate the vehicle velocity, the velocity estimation becomes
redundant with the velocity signal and goes useless in view of engineering. When the
vehicle travels and its wheels rotate without slip between tires and road surface, some
numerical methods which determine the solution of the first-order ordinary differential
equations, listing the backward Euler method, the trapezoidal rule method, and the
Taylor expansion method, all convert the continuous-time dynamic model of motion
into relevant numerical models in discrete-time that iteratively compute the velocity.
These numerical models use only the input quantity and do not require the measured
velocity. Whenever the closed-loop cruise control system of vehicle loses its velocity-
feedback signal or the velocity sensor fails, the above numerical models play a role in
availability and give the substitution of the velocity-sensor, and then the closed-loop
control system receives the estimated velocity as its feedback signal, and therefore
the control system still handles precisely the velocity and further maintains motion.
When the numerical models are associated with their correct parameters and either
the vehicle moves forward and reverses, or even the electric vehicle maneuvers
repetitively under acceleration, constant velocity, as well as deceleration that may

bring to a standstill respectively, the computer simulation and hardware-in-loop



simulation results yield the high performance of the velocity estimation tracking
velocity response and confirm the opportunity and feasibility of the replacement of

the physical velocity sensor by the proposed numerical models.

School of Electrical Engineering Student’s Signature...... Wid“, ...............
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1) gruwmuzdiniswedouiidudunsiiionemsduniadfvuouuinGeu wis was
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1.5  UBUWANI5IAY
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2) szuumuANsnssTIlanldnuiismupuitlenvimihndiRurseaue1snsg,
YDIYIUN VU
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G. Rill

unAud vauenisldisoesians founds
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gruNIUET S auuda (stiffness) w3099
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model) Aflnaneing (multibody) W3osvuy
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2006

L. Imsland, T. A.

Johansen, T. |. Fossen,

H. F. Grip, J. C. Kalkkuhl,

and A. Suissa
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2015

Z. Zhao, H. Chen, J.
Yang, X. Wu, and Z. Yu
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2016

E. Hashemi, A.
Kasaiezadeh,
S.Khosravani, A.
Khajepour, N.Moshchuk,
and S. Chen
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2018

Z.Yin, Q. Dai, H. Guo, H.
Chen, L. Chao

unAdvEue N sWRILIFad Lnnan Ul
Fadududutdy (nonlinear full-order
observer) USRS HTLE 1V TUN UL
TULLIMINE17 (WA X) LazALAIATUTDIa U
muwmuzﬁmﬁj’mﬂﬁlau 4 49 (four-wheel
drive vehicle) N13AUANEIUNINUEEALULA
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2020

X. Ding, Z. Wang, L.
Zhang, and C. Wang
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2020

X. Jin, J. Yang, Y. Li, B.
Zhu, J. Wang, and G. Yin

unAud Yriaueld saunisle Dual
unscented Kalman filter (DUKF) Feinauaes
fandouduil aldlunisussifivaniuy way
WISITLABITVDIUTUNINUL (U U8 LUULLUA
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15n15Aenan@uIsausst i un1sdines 139
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M. H. Mobarak, R. N.

Kleiman and J. Bauman
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LarduUBsLas LavUsyansnInuesieasulad
Tuyan ﬁzwmuammsLﬂﬁ'auﬁmaqmuwmuz
FoszuumuausnIslaildfmunuitle
WA oULUUNG A NTINT0E TUT 1unnug

UNAINUTL b WINTUILUUIIADINATHUD

1M s bilH

2023

S. MOHITE, M. ALMA, A.
ZEMOUCHE, M. HADDAD

UNAINUL UILEUBLA 8IAUNITWRIUIAIFILNA
anuzlUPaduluy Linear Matrix Inequality

(LMD Toelainaet Heo WSauAun1suIaning

[
Il v

LMI Tndd Toesidanaanuglaiigaduilgniamn
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#15281AY V1IN

inninasenauuaylinnaut@ Lipschitz 7
USUUTaua? Taufemnuduius Young wagnis
EL%'éhquLw%ﬂsﬁLﬁaLﬁmmmﬁwsjmﬁdﬁ LMI
g1unsaltauls laglunisdnassgniunisais
dunnantugazgnldiuluinasosudsnlusli
WU IR G NAEDIULEINITOUTENIUA
FEYZNN AIULEI UazAIINSe lied1agnaes

Tuanuzegda

2023

H. Bessafa, C. Delattre,
Z. Belkhatir, A.

Zemouche, R. Rajamani

UnANT Y aueLi st unsaRAd e
an1ugdnawesgs lagldiuminddmindy
wiweslunsusuuds Fsavsammeda LPV
wag LMl [1a28fiu 91NHanI1531889anIun1sal

WUIT N1SUTZUIUAISTEEENIY DRSS LAy

= I

DAITNIIVDIYNUNINULLL BLUT S U UK UURA

AWNNFDULLUULAY TNadnsAanINluan Uy

1o o 1

4R35 WHTIAIHUDINNAN ANLNUYDIRIAILAR

Y

¥
Y]

annuzluunideilanaasaiuly

2024

H. Bessafa, Z. Belkhatir,
C. Delattre, R. Khemmar,
A. Zemouche, R.

Rajamani

UNALT YILEUeLA 827 Un1TUTTIIANIS
rdouiilussurund dfifveseunivus Tagld
WuwesisansTudeasuniu lnelin1ssiudeya
auiFuiindudnly Tnednauensuuusei
dunaaniugdnsivetsge lagly CARLA
simulator lun1591a09@n1un158 NANIS
fé’waaa‘wudwﬁaéf’uﬂmmumwé’mwmag;mﬁ
auevhldAnfdLnawuuiy Tudesmu

IUﬂ'ﬁi’JUﬁ’Dﬂ\I{l”ﬂM‘ja LLagﬂ’NﬂJQﬂ(ﬁ@Q
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2.2 @3

q

3

YIUNMULNIANUAUADTZUUNT O NAIUAN R TULazlons 1S lun1sed o udud)

[y

wUsanuziazidulsunanendnen il yreunthinasanuuusiasmaali@aduluns
\AAeuivoss LS Ui UAD LTS UUgINI1@es LagoonuuufidanaanuzliliBady
(nonlinear observer) uazfnsasaauy (Kalman filter) fivmdfiuszananisnsnga &
Funmaatuziaziinsesaan usina ez ld nuuuiliwueesinsnsss unfduns

anuz B U ULarAINTDIAaLIUNlASIES19n1SANUA T U U TanSne1nsuinlunng

v
Ay A = ¥/

AU WATABINTWLRS A8 UATENIANwILA A NUNTUSEINUAERTUS VD
grunvusfidlassadiafilidudou nswensfidosnitlunsiuan wasdesnseuwesly
Snuiitosndt sruwuzaeiuRuinasaniiuusamaiansinaeuiluniddilids
dususunilaouuusiasmainnsiadeudilunimss Gavmeuen) lunaidewdio (first
order continuous-time nonlinear longitudinal dynamic model of ground-vehicle
motion) LLUUﬁwaQQﬂﬂiLmﬁauﬁmaqmuwmuzﬁﬂ%mmﬁuwm (input) Aousads (useduindo
VEOUSINANFL) LATUIIUIN (LSeTivumsnyuvesde) uazlifudsanuzuazUsinaLosinn
(output) Fedasudilunsedeuil snunmusedouiiludimtvieoeendslduasiifauys
aonuwiadiitu fdunnaaurivszanaaisnsigveseuninu s adusidunnaaiuy
Susunisiiuinaiednafefuusanugildannisussnadi sdunmanugliuina
FunAkarUTUNILRIANRTBITEUL WIUTEIaAIAILUTADIUEALALY AadunaanIugds
Ussanausndnsdaiduusinanieturiesideutusncdildannnisia uazainusdeu
A ulifivsslovilumaiamnssy msefdannaaugsuiundsldannsoldauunud
wuwasInsnsnild ddumaiadnsiswiesnsuifildannsinfanisuinmenienis
FadnsnuiuAnnuduvad drdunnaauzdusiundsaylildSudonasnsnsarinng

UIzUNUATINANAA

=1

Snrsuiland e duldlalunisuszuiaandnsus1vee1univuz wazlidaanis

)

LY <

Fuaringnssy Aenslisledtay (numerical methods) waghuvdtananainliigadu

'
=3

BUAUNHLIIUNITLAA BUTN VDIEIUN UL IUNAIABLE 89 UIUIFS 19 UUINED9 T 9826809

(%

UsznauAnsnsisaveseunvuy 358 silaeiinansanUsenousis 35eesiaesdounas
(backward Euler method) 3'§ﬂg§m§'8umam$ (trapezoidal rule method) wagigaunsy
wélass (Taylor expansion method) WuUI1aBTIRLavAINaNNNARAsAE AT L5199
grunvue wazilassadieniseuafidudeutosnindduneaaiugldidadulasiinges

A1aNIU LUUTIRBRT A dfan1sUS Ml unavindy wagaeensAINITIdnesves
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YIUNIMULNQNABY LAZLUUTIRRT IR IaYT H9AUs2aA lUNIT I ULNUN G UL S T

q

Fn351AT IV



UNN 3

AU WU LA lYAueuIY

3.1 na1ddn
unilndafsenuiiuguivsznaudsuvuiaomaiadanald B aduvesnis
indsuitenunvuglunadeiiles Feeuiaasdounds FBngdmasuamy uayiSeynsumng
w3 anudfananazthulilumsimuinuudiassdesniey 3 wumsiusznauadngis
wuudasssrummuglwihduuudasamainveseneslwiigiaame snmausimantiih
AfuindoudeuaziusnuuuiasmainBnavesnsindouil 299sievuIaduarivuiagdy
taduirnmsmsnyureamamoimesiazildsuitainiud 1seulunisvureananueines
wuudiaesmainidanavesnisied ouitsadulnandena uazdimuauilenvuiandn
BouuvungAnssuvesiiuloummuzuazmunusnaiiilunsadeuiivessiunmug ng
JounduvesdnsiiiiIsuiisuiudnsiEisradewiliifns: vumuaudnsiiiedanes

Y

gUNIUETINEARAnaUALDI AU I518198 s luaaustinguazluanuzedsn

3.2 LUUAADINAINRIINAVDINITLARDUTNYIUNIAUS

v a = aa

EIUNAULTLARBUTUUAUUNIATBUTITRILTY WA wazindounlunimsmilds fe
sruvldigadusudunilanddunnifisdednaiien uazlidnsusiiduiuwdsaniuzdiifen
waziluednn n1siiansanngnisindeuiiven 2 veeliafu axlvaunisigseyiusandoyluds

= Ao a

Eususunilesifiduusyansaadl (M. H. Mobarak, R. N. Kleiman and J. Bauman, 2021) §isil

YF = mv, = Fue

Fnet = Ftract - Fviscous - Fdrag - Frolling
. +
mv, + pomgv, + 0.5pgiAC4v2 + pymg = M (3-1)
wheel
JGCRL
Twheel * Thrake = = . ~ o 44' . =
Firact T AR WINRN (tractive force) #IBLSIVULAABDY (propulsion) #39

Twheel
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USINANAU LAZLIIUTNUIBUSINAL (braking force) (N)

Farag = 0.5pgirACqviE # W3IFIUNSAREUTIIINEINA (aerodynamic force Wio
drag) (N)

Friscous = Momgv, fo wsadeanuniafidiunisiadeuiivessiunimuey (viscous
damping) (N)

Froning = mamg #® usadenmusywindesnazinauuiiiaantminues
UL AiFuNSedeuTiveseunvug (olling resistance) (N)

Fo, = mv, mousdnsiinsziduenumivue (resultant force) (N)

v, fi9 9n3159v098 UYL (chassis velocity) (m/s) waztluimuUsan usuazionfnmves
YIUNINUE

m fg WaveswIunNInuy (kg)

g fe Sasusaiemnusilifugiswedan (9.81 m/sd)

Pair A ATUNUILULYBIDINA (kg/m3)

A o Huitdumiweserunnug (m2)

C, fo dulszAnivouseinuaineinid

W, fo SuUszAviavesudunuszdosnaasiiauuiiina e s U LY
1, Ao duUsyavdveausadaavunila (s/m)

Tyneel A Ussdnvsovesntupdouds (N-m)

Tprake A8 UW3I0AMSBNOSNTIANIINMSUSAIWTENITHILES iSavasnusn (N-m)

Twheel 8 3ANVDIADYTUNINUL (M)

Twheel T Thrake

WALAUAIA Frpger = = u, APBUNAVDILIUNINUY

Twheel

A5 m MSEUNSN (1) N9dpI9199898Un5 xle

. 0.5p4irAC 1
V. + Upgv, + %vg + g = —uy (3-2)
FOUANUA LA
P ' -1
a = ppg fnies
0.5p4irAC a -1
b = —PUr=d fynjsy m

d = wg e m/s



20

1 = 1 -1
wag h = — unY kg

[

aglanuuiasadnanisiadeuiivadenumivius iina (won) ynnailudnsnsanadl
. + av, + bv? + d = hu, (3-3)
wagdlaunsuinlianiue

v. = —av, — bv? — d + hu, (3-4)

Tefi b = bsen(v,), d = d'sen(v,), b = 2Rarfld 40 g =
g g at g

agunIuziAd oun It (v, > 0) 9xlain sgn(v,) = +1 uazd1g1unInug

WA BuUN neuvas (v, < 0) aglnd1 sgn(v,) = —1 uaga1 v, = 0 3zlaqn

sgn(v,) = 0 Wegnuninugnmauldsunlasiianisvesnisiedoud dufe v, A9nas

'
oA

Wasuulauasesing sgn(v,) agiiamlasundaslunaiios 3eUseanun sgn(v,) =

VUc

[vel + €

d 1 4

1ngfl € ADAIUINASTITNAANBYNNN Lagmuuald € = 0.01 avdulile v, AANA1E9

V¢
ve| + €

WagULUALATINUNY zilmNUasunlasagnanaiilag

o (% e A 1 <

3.3 LUUINADINAINVDIUDLADIAYLLAULKRANATIT

woLns N NasIwasduLAf oudavateunvugliian 1YY Asusines
NILUARTINS ONOLMDIATULLNANNIT (permanent-magnet DC motor: PMDC) Afikysea1u

= 1 =3 a v i [=3 P ), . 1 [ @ 1

wazdludivdnonsassauuntinaninuivnadnauy (field winding) wiwdnansidudiu
nilwesamnes uazuonesdunaineisiuinesuasunuesuaesniudiunidedsines
wawesnanandvuadn Jumidnun Jussdninmgs wasadausidanienasniEufunios
a4 (high starting torque) sguumUANANNEITITNBNesATIImTTITuiduis Tifiaaw
Fudounarlvinanauauasniauuwtiugl (S. Das, 2021) MsUszendldanusinesagiiniy
wazlasuautisueg1aunsnaslugnaIMnIsuNITNGR SeUUsnlulif Yueus ssuundoud

wagg U livwn Lg dl
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UoLROsSATLLIANasHuuUTIaeInatanelniln (electrical dynamic model)

(LibreTexts™ Engineering Introduction to Control Systems (Igbal))

V() = LTS + Ryig(t) + Kewn(t) (3-5)
Tned
v, (t) AB U3RAUDITIRDST (V)
i,(t) Ao nszualiinensiuies (A)
R, A8 ANUAUNIUYDIUARINDILULEDT (Q)
L, Ao arunileniwesunainersunes (H)K, Ao Aasiivesnisadisusandauli
goundu (V-s)
Waz Wy, (t) A é’m%%aL%aagﬂumimgummmm (rad/s)
wagiluuudnassnainyiena (mechanical dynamic model)

Jin 2D 4 B (t) = Kio(t) (3-6)

a9
Jm f0 ludanuidesvedlsimes (kgm)
B, fie duuszavonisnuisnila (N-m-s)

way K, Ao Arpsivesnisasimesamaudimdniniia (N-m/A)

a 4 = a =3
3.4 ?ﬁﬁ]iL'e’J‘l!U’iﬂﬁ]LLa&’WG\‘UL‘UagLEJﬂJ

1995L8¥UIAT (H-bridge) (D. W. Hart, 2011) finanslugun 3.1 TauaudIunames
nseualinazderuiemisvaansenaliinienasluariulian 299589USAIUTENBUAE
aind 4 i1 weawinidwseledTAnillalenronsenuuundusu (antiparallel) vutmdu

aindusiazdn aind 4 daudseaniuaing 2 ¢ adnd 2 dlugivilafouseoynsy uazaing

! v

2 FlUANADIY DUADIUNTY AIATUABEAITALNUINATITUMIY (arms) hAasuIuuay ‘H’

U 9

a 6 = = = =

aindinnilsluanvilwaglugiiassdisiurianuuu (high side) wazalndanasdlugdnini

Y Y

o (% ' '
v A =

waglugaesilimuninuan (low side) Waniliumiinsinaisves ‘H’ uaziitisietinin

[
{ v

WansianuynWourasenInadIng 2 dluanils waslitanev i Nasaiieusenuynidouse



22

senineaing 2 falugiiaes ussiunianaseulvanilduniaveslauinwaztIaunduiusiu

a 6

an1uzia (on-state) vasaing 2 Aaneglugiuansiraiukareglununuanm1eiu uay
anusUn (off-state) Ya9a@ NG 2 AITLNED e Nanuzlansatrunvan uzle Weaing

LAAZFINANIUENNTITIUAUADIULLAY FNATLAREAAZTNITVINIUNATITIUAUNITINULAL

LASUSIAUNHNATOUL AN AL NAUY?

R T

ly

ol e

JUN 3.1 1995189 U3AdN1dauANLaInesAT

flvanfouainesidifimardexse (coupling) Aulnanidena usaiufinnaseude
ussuensiunes Wewawesiinszualifhorfumesilvarhuaindavinveussfuensumes
fadhav vewosanUAsugUindsnitludui dadsnanieganduiids uasuawmestuindon
Tnandenalivusennufseuiifistundonuudennuiiseunsd (forward rotation)
uidlonemesiiusifuonfmmeinduts sewesaeiinszualifhenfumesilnariuandaay
vosussfueIfesiiavin vawmesasldsuguidadanaluidumdslnimiednemds
waguewnodimiiiduniosiudalnivdeunasdngluin sewmesiiwariinyuirasuay
Tnanidenanyudaeauisasevanas g n1saifiAnd uil Aen1stusnuuudundasu
(regenerative braking) wewmasiinszualniiansuieesilvnanuanasag e ol osuas
nszudliihenfumedudunduiinmavesnsiva wasuomesuagivandenavyuiiasedig
soillosnagFudunundURAATNG (reverse rotation)

wnuidagduvsenisueganauniteiad (PWM: pulse width modulation) (D. W.

o v saa ¥

Hart, 2011) iuandlugui 3.2 Aedsnsaiedygaiadnianuniiadiouwdasla dygyin

919959zt lflasuLUasmIunINsesdyuNad adyaiueBalinniuTu dygiu

AL A7)

1Y

WadazdlAunI1uN LT U waadygrud199ediAnanas dygruiadazdanuniisanas

WiuLREAY ANUNINBd uNedlULAaz T (cycle) Aptssyasnaiaindlaniugin



23

LaZUITTIENANNE VT YN ad lULAazToU Aotistsuznaidlintilaniusln N3

\Wisulsuseninedna8ne8 (reference signal) uagdyanamnnganamaes (triangular

d aaaa o Y A

carrier) ‘Vlllﬂ’)"lllﬂﬁ\‘i fﬂvaiwwmuammmwaam‘uLﬂmamaamlm 14 QM%E}I@Q‘U%WW]WLA’W]

s 1 [ [ s = [

WHuaind drdymrae19dannnindyuianive dyuianadasiinruinavilanauyany

v Y

EN

a v ! v €

29NN DFEI19BIUDYNT U@@WNWWM” dyaeiagaziian uwauuaﬂuaaf\mﬂua

g A7) U

€

[ v 6 v

Frasresnanfidugaiadiiiiuan fernunitmwesduanaiad wasanuivesdyyuwad
af

Aopnudvasdyanamvgauvasy

Wod1a01999HANNNTY 195282 1MO19BIUINNIF Y IUNINE U

Wuturseuuni uavtnsszernaniidyaasndaiosnduaamine avanamseduas
Tufeaindianusdaiiitisrernaniutuluwiaysou uavadndsuneiuianusUadid
fasszeznmduasiuusiazsey nandsdlusauiinnasemiviu uiiledyaasrddirana
gaesrznaiidyaiudedwnnindgaianine JzanaIIeaUAT LaryaITEEAT

oy ueedelpenindyuIunIve WNLTUNIaUIUNT HuAaIndlld auzlUaifiag

a

sraznanduadluLAaLsau kazalIndimeInuilan uzUanivieseesnaltivtuluwsasseu

andsflussiuiinnasonanas dyanaiadvidssauiiauna (7, ) whiunauinsening

s pwm

Frasveznafiaindianiunda (7,,) wardiszernaifaindiufeiduianiugda (top)

[

FygrasiadiiinnannsiTeuiisuseninedygrusdalazdygianing dauninedi

[ A

59n1159UN1591197U (duty cycle)

/ A A o
YA/

= 1Y

5U7 3.2 AigudaglduiiinainnisSeuiieussninsdayanaenduas oy

WINE

Dpwm = =2 x 100% (3-7)

pwm
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JCRL

Dy #® s8UMIYINMlunilsnuim

t,n AB TISTEENATEInTNanuLUn (s)

Wt Tpwm = ton + Lopp B AIUNAIVRIFYRIUNAANTITOU (5)

v L3

N9UapuLUaITaUN1TNIIU ABN1SIUA BULUaIAIINNI YRR ey ad Lay

o

e

[ a

wssuinnATeulnannsanswue1siuees Wendudagouldsudyyindadaidnig

Waguwlas fiduilagduazasisvuiudygraiadiiisounisinuldsuiual uewmesag

= U s

srfuseduonsmesiasunlas dnszualuinensiuaesivaduldsunlas wazadn
nosnmandmdn i fdsunlasd uiieaty Wenesniiduied oulvandsnaiinnng
WasuuUas meﬁuawaLmaifu,asiwam%ﬂﬂa%muﬁfmmmL%’aiauﬁmﬁauuﬂm Fattunis
WasuuUasvesdaiadneds %m?{auwmmmL%;aﬁauiumamgwumuamaa‘uaﬂwam

a ay a &

Fana wasiileaindieglursasisruInidanusilaiasuluiduaniusln wazaing

a a

anuedefidsuluiluanunde Tudeding 4 fafaniuznisyiaufinssiuiuaaiusiiy
woLnesATaLiussfuenfeesiinduda dnszualniiiondwiaedfilvaniuanasuazndy
fenne wazasramesnmeudmanlnifvunanasuaznduiiemaguienty Wenesnd
fupdsulnandenadvuinanasuazinnisndufianie aiveswonesuazivandnass
NYUTIDIATLUNSUT AN IwamL%Qﬂaﬁﬁmﬁmﬁamuwmuzﬁﬁé’am?{aumsmuiﬂlfflu

ANSLARBUTN

3.5 f9AUANWLaLUUAGATA

LY

ATuTsumnugluan nunfingfnssulunisduinedredudaaiuauiteluiian

oLiins (M. H. Mobarak, R. N. Kleiman and J. Baurnan, 2021: S. Das, 2021) fislasea3ns

(Y]

si
u,(t) = Kye(t) + K; fote(r)dr (3-8)

Tne

v A

u,, () A9 WidnavassimIuauiile (Pl controller output) (N) ivimtdidunssduiedou

a

WIousIHanAULazLILUInluNsIAdauNvese UNIiUE wsoviminMidudymiaen98ause

LsIueIsIResBTeiafidudagdu (V) Tuenuwinuglni
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e(t) = v,.(t) — v.(t) Ao ANURANAIANSBAIULANAIITENINDATUSIO19Dalay
FRTNSIVDIWIUNUL (NANDUAUD) (m/s)
= [ < v a
v, (t) AD BMTLIID1IDIVDILIUNINUL (m/S)
K,, #a Anudadiu (proportional gain) viseALnuil
K; s Anuduiinda (integral gain) w3nAnnule

uag ¢ Ao 1181 (s)

% 4

Tuann1sa (3-8) NAUDUNNSAVDIAMURANAIANLEALUAULIAA LA LIS LA UAUE

Y

uianadagdu AeiuildnsvivesnnuranaIakazIa R LAnRa T uAuAUgIURILIA

U290u iasnniaIaarauiinmesidarunsaduiamdufiniavesnnuianalniigud u

=

NAlALALATI NNSIELASIADNRLADIAIUIUNIDUNNTAVDIAIURANANN AL UAUNAT 9

Y Ao

Afiunislanedl nswdanudldnsmvesenuianainuazian seniluiuidwieuiuiig
ANUNIateENvatgsUsiellasiu AnReuiuriisar sUlaund winiukaziinuning

WINAUYUINTUYDAIAT (ANUNAT) BATIANUYINAINUANURANAIATIIAINTINUNITAINTAN

= a

Avhgurul LAy FUTL NI UNAAMTENINVUIATUYDIA LA AIURANAIANNIAIN TS

AUNSAAITU NMsAIMIUT VNN Az s UNISuAundwmasuiuiTasaiuna

A A v oa ) Y]

a v ¢ ° & Aa & Ao & Y
Lﬁll@u@)u&] NNIATUIURINUNSE LR YUNUNTINHIINULIANG 1‘1.J LAENITUINNUNALNRRYUNUND

A Y A

A8 sURUEN RSN UNAALUD N WAZNITUINTENAIIINUA

=)

W98 N1SATUIUNAINU

g

(% (%

PNNBUNTLNUIAILAY N1FANTUNITAINAIIILLAAIUTIIUD

=

AVRYUNULILAZNAUIN VDY

a & v oA

N1sUINTENINNUNAWE euiwnmadagiuuwasnauInvesiuinountndidin ey way

[ (%
= 1

A5UT T ULAAZ ASAARTUIIIT UMYV T LELIA WA UIUIATY NaunAlasuRsA1UsE U

YaanuduiinsanuRanaInguiunaRIkAnaIsIAugudautaIlagiu
w, (k) = Kye(l) + KT X5 = o(e(n)) (3-9)

Tne

T A9 YUINTU (step size) wioAUAlUNTIUG TSI (5)
e(k vr(k) - vc(k) . o .
k = - = 01234,.. fsuwusssunsugiinaidagiu

wr [le(dr = TX5_(e(n))

S ]

~
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Tuauni1si (3-8) NAUBUNNIAVDIANURANANANLASUAUNIAIFILALIANTUAUAUE

Y

¥ '
L% I~ A a

uianadagdu AeiuilansvivesnnuianaIakazIa R LAnRaTUAUAUSIURILIAN

U990u WasnniaIaarauiinmesldarunsaduiamduniniavesnnuianalniiisud u

A a o

NalAlALATY NNSIELASIADNRILADIAIUIUNIDUNNTAVDIAIURANA AN LA UAULIAT 4

17 B '
A = I A L%

ATAUNITIARIT NISLUINUTATANTINYBIAURANAIALAZINAY DN UNUNALAsURLNN

=b
pd)}

ANUNTeteENvatgsUsielilosiu Awdeniurusarsuiaundn winiunaziinuning

WIAUTUINTUTBINEAT (ATUNEAT) (T) LagdANe1INIAUANNRANAIATILAIATIAUNIT

WU (e(k)) ABeurudufarFUTENUAWIIAUNAANTENINVUIATUYBIIAMAEAINY

a IS a %

AANAIATIIAASITUNITHANTAN (Te(k)) NSATAMANUNE VG NAURNTIazFUNISUAUN

a ¥ 4 = S Y A

ANFUAUATATIAUIANSUAUAUY (Te(0)) NMTANUIUMNUNE A BUAURIATIAULIAN

Y

anly (Te(1)) WaznISUINTA U AUABURURN I 1087U (T(e(0) + (1)) NITATUIUNINUN

a = 4

AN URTInTINUNaaalUBn (Te(2)) WAENISUINTEUI NN U AR BURHURLAENAUIN

[
IS U

YRINUNABUNEN T (T(e(0) + e(1) + e(2))) NTANTUNITAINAIIILLAAIULIIUTINTT

VINTENINNUNAMF LR U T U TukagHauIN VRN U neumin Ay (T(e(0) +

[
(%

e(1) + e(2)) + ... + e(k))) WagnmsuglulmAazase (k = 0, 1,2, 3, 4, 5, ...) WAATUKRAUMIY
97295288 UVUINTY (T) NaUINAlASUABAIUTENUURINALBUTINSAAINURANANAT

Weudunaasnasuiugudautanadagiu (T ZE 2 o(e(n))

dlefpuauiilewuufansnyiminiAuAmS oA sTUUNNINEA N IUTEUUAIUAY

LY Y]

1UakaEHANNUYNADY Wazda MO NBlAIAI MnuaNiledinaazdedussuulvvie

o =)

HARNANEUANRINIAUHANAIATRENINIUANTUERLRY LagdIAIUANT LN NIUNAUINTDS

Y

Y (Y

ANURANAInNaNYaiunalBuiinTavesauRanaIafisuAsluan U ogfd adeyeynasd

al

Mdudyaradeunduianisuiamesaziianaud stuuaruaulnaznaneduszuuiale

a L3

LLﬁ%ﬂ’J']llﬂ@Wﬁ']ﬂﬁ]%LVi’]ﬁjUéjﬁﬁ’WL%’J'S’N’EN NAUNAUINVDIANURANAIA T VUIAL AU U bald]

Yauwe NufefinIuANTlaazas 1 dyyIumuANTvainT e lilve uwauLAL iU

wasaamuauilefldnuluneujintiednanivevwnluuuey dufefimuauiilodsdeos

aiadyaumuauiliinnnitwaslideenitveuwnvederdng Bulanlidesiunsiiaau
nlifvavwnvesdygruniuan AensldteulalunisanvuinvesmatnauInANEANaIn

Ay uAIUANIA19g 18 TUTDUUAYBUDIANA NAUNAUINYBIAIUNANAINILTINAIY



27

b2

HANAIARINUNG wazlvuaiuurIanas i@y InAIuANSHIA1NINNIMIBNRENTN

o

‘U’QUL“UWU@QL@WTV!G] NAUHAUINVDIAURANAIA LT VUINAARATTY AT YYIUATUANIY

Junanasumeiu NsigEauled AsnalnnisannisasauypIAURANAIATLAUAIL

39w (anti-windup)

TussuumuansnsssUavesenunmvuglii dnuaudnsdindeuwuunginssuns

a

Jualuanmunfvesddulenuniviue Aefmmuauiilewuufaasniinalnnisannisazauves

Y

a

AURANETN NSIziAIUANEnI ISl Ane T duLsue s soeBeniimunfiganse

1 t 74 =

VBUWAWIAU +5 V wazdlAteeignnIsvaunwiniy —5 v

3.6 350981AD3HDUNAY

FSeosiaesdounds (backward Euler method) Ao3sileianiildussunarmneu
n3anaLaas (solution) maqﬁzwwa’i’mﬁaﬁugﬂammil,%qméﬁuﬁ‘mﬁﬁy y = f(t,y) 75
Feiavilfanuaiosunnnit dueiBeesaesdoundsaziuinmmneuldonagndas
unnirneufidualdaniSossmeslunt (forward Euler method) usagfianududen

TUAISMIRIREUINNNTT WNS1¥Eosstaesteundsliaunisfdaudsildnsuan (unknown)
TedetveEnnng ﬁ“jaé’aﬁmaumiﬁiﬁgﬂuw% (closed-form solution) fififmautnau
(S. C. Chapra and R. P. Canale, 2015) f1n1samaunishaansnsaaiiunists sududeddsd
AEnsAnouIuE B (Wikipedia contributors. "Backward Euler method.", 2024)

SevuiansdounaIlaunisnal

Ye+1 = Ve + Tf(tks1 Yie+1) (3-10)

e

T Ao vunnduy (step size) WsaAUnaINTILE T lunilseu

Vi A9 ﬁmaw%aéhLmiamuzﬁnmﬂwﬁ’u

Vi 41 AO rﬁ’maw%aé‘hLLUiamusﬁL’;mamﬁmﬁ’mmﬂL';mfjﬁ)agﬁ'wﬁwmﬂ%u

ty 41 AB nmamﬂmé’mmﬂnmﬂaqﬁ’wﬁwmm%u

Wae f(tks1 Vi) AD Wﬂﬁ‘ffuﬁ@Lﬂjax‘i‘ﬁlL]ﬁﬁ@ﬂ’]ﬂ@lﬁ@fﬂ’mLﬁﬁﬁﬂ%@ﬂﬂ%ﬁﬂ%ﬂ’]ﬂ%u

FUUT Yy WA ty, 4 1 ABAILUSANTIUAT UaE Yy 4 1 ABAILUSTILINT VAN
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3.7 Ingamasuniay

FngAmasuanany (rapezoidal rule method) AeABiTsinavdnisnisiliuszana
Ameuvionalnasvessyuunainiegluslaumsdewius v = f(t, y) B Fasavil
fruatosuazdanududeunnnnitisessiaesdounds 3ngdivasuaaliaunsfiie
wsiilinuasisaestwesaunsiuiontu Safosdaaunsilisuuuulafidao
FaLau (S. C. Chapra and R. P. Canale, 2015) a1n153naun1sidaiuisaaniuniste
sudugedddisnismeneuiugi@eiaiay (Wikipedia contributors. "Trapezoidal rule

(differential equations).", 2024) BN AVRLUAVYTAINTTAA]

Ye+1 = Yk + 05T(f(tk, Yi) + f(tks1, Yi+1)) (3-11)

Tne
= v
t AD AUagUu
wae  f(tr, yi) Ao flandusiaiiesniaitagdu

FAUUT Y, , b WAT ty 4 1 AOAILUSAINGIUAT LAY Yy 4 1 AOFAILUSTLINIIUAN

3.8  ASaunsumdians

FSounsumeiass (Taylor expansion method) AeisiBeiLavitldszanarney
m%awaLaaasumizwwai’mﬁaaﬂugﬂamm,%qauﬁuﬁ‘ y o= f(t, y) 38deinaviln
AnugndaslunIsAnauaziiaududauNINnIIToRumas UM sz tesslaasiunii

(% =~ J

finnsamativiemenvaseytussusunidwiiulueunsumeiaed uniSeunsumdiaes
Asannativesoyiussudunilsuazwatveseyiussusvasddusunsumdiant (S. C.
Chapra and R. P. Canale, 2015) 'ﬁayﬂﬁmm5Laa§1ﬁammsﬁﬁ@hLLUiﬁlﬂJm’mﬁﬂu%’NLﬁm
Ye3aunTT wioliaunsniguuuudanidmeudaiau (Wikipedia contributors. "Euler

method.", 2024) '3'§ayﬂiumél,aa§ﬁauﬂﬁﬁa5
Yk+1 = Yk + Tyx + 0.5T% (3-12)

Tne

Vi = f(tk’}{k)
wae Vi = f(te, Vi)
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FUT by, Vi » Vi W8T P ABMWUSINTIUAT Wag Yy, 4 1 AomaLUsAlUnsuAn

39 dsd

9

unil 3 lanantaruiiugiuisliiauiwuudiaesdeinay 3 wnun1savimeii
Uszanauednsnsilunisiedeufiveseruniviug uaziiagldasisszuuamuaudnsnsineda

Yoseunmuzkazeunviuglni auiiugiudananadliuuimadunsiawseuuiondy

a s

YAIRTUAAURAZTEUUERETUYE AT LT 180980 1UN150INT1TAIVANSN TSIV UN ML

9

a

WAZNNSATIVFDUANTIOULVDINITUTEUIUAIDRNTUSINAZNTIT UL UUINADUTIA A VLNY
379791157 wuudtaswmata@analu@adulunisiedsunveseruniusluniamsani s
WagIBITIaY 3 35 2 ldainluuIng0t0taes faunal huUTIaeIN)anasNA1nY

LAZLUUTIARIOYNTUMELADS LUUTI0INaInTINaluN1SARauNYRIUNINUY 92113

v

aseszuugaeduyadnitiiaanIunIsainIsAdeuTiveteUINUE Lariudenuiondu

a faa I

yArduanUnnssiuwagldlunisdiastaniunisal wuudnaenainvesusin osATunan
asasihudonudenduydsiduanuiinstiuuazlidiassaniunisal 1a9sevUIaduasil
auidagiduiivionduydsrduainunnionldnu uazdnivauitleuuuiansndaunisnuim

a519sBUUdosBuydrltdnaesaniunial
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LUUINADITIANATNUTEUIUAID ATIS VDI TUNIAUY

4.1  na1un
UNT 4 92NA1IDINISUILUUIIADINA TATINADUA UM L UNISARDUNVDILTUN U
lunatsieiies I5eeuiaesdounds Iongdwasunavy waziSounsumdiass uasia

[

WUUTIADI808LADTHOUNAY LUUTIARINYAMAUA1IMNY LazluuTIaesaynIuingdiass

a

AIUAIFU WUUTIBDUTIANAY 3 LHUNITAINARABLUUTIaRINaTnlunaRdaATe Laziniln
Uszanaua1dnsisalunisiad oudl Wi eneendsvessruninuzlunimsmidda
WUUTADUTIAAY 3 LLmumﬂé’i"UU‘%mmﬁuwmﬁLi‘;lmmﬁi’fum?iaml,amiawiﬂwhﬁu wagly
Fosnsdaraindnsisviednsusiildainnistn uwuudaeaudaiian 3 wnunisied
Taseadadilddudeuazdiusslenilunadmnssy wsndeduaaindnssuinnisuis
e wUUTIRendiian 3 wnunsarillemawnuiinisindnsis duiednsdafilaannis
Uszunarilenawnuiidyaaindnsids LLﬁ%ﬁ’]ﬂJﬂ%Lﬂusﬁj@yjaﬁLLﬁ@ﬂUUMﬁ’]‘\]@%%@UU
wihiaveuwnsindnssa wieevsxiunléidudyaadeundulussuuniugusnsnging
U Fefunvusassded 3 unun1sUszanaas g lderdeutunmsTasasnidaves

YIUNINUL

o .87 [-Y)
4.2 NS T M AR REIGREIERIPYIGE]
ANSLAR DU LUNIIATINS D UTIL AV IUNI N UL TR TuuuTaeanadindanali

Wadulunaweidedluaunisi (3-4) nanfe

Ve = —av, — bvf —d + hu, = f(ve, w,) @
o _ r Ve _ 1 Ve 1 _  0.5pqirACq I
el b= b=, d = dpme, b= et d = g

1 aqa v o Qll Qll o %
a = g uae h = — THeoulanstounasluauni1sy (3-10) WasuwuuTawain
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Tuaunisn 4-1) Tuiduanuduius i eudaia (recurrence relation) #50auN1SHAAS

duiiles (difference equation)
vk + 1) = v(k) + Tf(v.(k + 1), u,(k + 1)) (4-2)
Togil

T Ao summ%gw%amunmmiau%ﬂwﬁﬁau (s)
v.(k) A9 5@31Sau%aéﬁuﬂiaaﬂuzfiaaﬁﬂa@fhg(nﬂs)
v.(k + 1) Ao é’mﬂL%’m%é"guﬂiamuzﬁL’JmamﬂmﬁmmﬂL’Jmﬁﬁ]ﬁ;ﬁ’wﬁwm@sﬁy’u (m/s)
u, (k + 1) fio ussavideusstulndouvidonssudndu uazusausnvideussinude Buns
maqawuwwwug)ﬁnawauWﬂmﬁhawﬂnawﬂaqﬁﬂwﬁamuwm%u(}D
wae f(u.(k + 1), u,(k +-1))ﬁa‘Wqﬁ%ﬂﬁauﬁa¢ﬁnawauwmmﬁhaWﬂnaﬁﬂagﬁuwﬁa
muwm%u(nﬂsﬁ

FauUsanuz v (k) Aofudsiingua wi v.(k + 1) waz u,(k + 1) Aad
uwsanmugilinmuauagdunavessumvugilinsummudify

o T fertfossnn avaum@in u,(k + 1) ~ w,(k) laofl w, (k) fo ussds
v3auseTuLIAA DUV BUSIHENAY UATUSIUINVTOUTIINED (Bunmuesstunivuy) Anal
Uaqdu (N) Jufie uw(k)ﬁa%uwmmaﬂawuwwwusﬁW§WUﬂﬁ wasleuaunisa (6-2) ualle

il

Ze

v.(k + 1) = v.(k) + T(—av,(k + 1) — bv?(k + 1) — d + hu,(k)) (@
3)

3 p = p—2W ay g = 2B
g b = b way d = d
[ve(R)| + € [ve(B)| + €

ve(k + 1) Aednsnfwdosuusangilingua deandnguannislml azlé
v.(k + 1) = v.(k) — aTv,(k + 1) — bTv?(k + 1) — dT + hTu, (k)

bTv?(k + 1) + v.(k + 1) + aTv.(k + 1) + dT — hTu,, (k) — v.(k) = 0

bTvi(k + 1) + (1 + aTv.(k + 1) + T(d — hu,(k)) — v.(k) = 0
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dun1siasantlasu daauusilinsiuan v (k + 1) Wesiaenvindy wagli

(%
v A

NI naundaUnsULUUTUAR

—(1+aT) + J(1 +aT)2 - 4bT(T(d - huy (k) - ve(k))

vk + 1) = (4-4)

2bT

gunsideaeslyirneundnIeawung ‘£ agd1amunsinfidass duAsAInoy
v.(k + 1) Haosmlunandediu dnvdswaiownne + luiduniesmuneg ‘= Amou
v.(k + 1) azdanlduduou uaanldeuiaiomany ‘+ ldiduiaSosmang ‘+ Ameou

v.(k + 1) edAiLiuoy AHUILADNIATOWNY ‘+ UNUNLATDNIE ‘+’

x10* Velocity profiles

——Backward Euler mode!
----- Velocity reference

——Chassis velocity £
1

v
n

—_

&
n

S
in

1
—_—

* L
5.0005 5.001 5.0015 5.002 5.0025 5.003 5.0035 5.004
Time (seconds)

[
-
]

1
[ ]

Reference, chassis and estimated velocities (m/s)
>

1
N
n

Time (seconds)

= [ < LY & Ay 1 o s
JUN 4.1 HANBUANRISNT T IMALENTIININAINMTUTEUINAIVDUUTIABIDELADS
dounasiinduilisinsaunmasuiiiiniomingauagdnainsniiaes
aun1smasasslidneuiiinTewanguInag Vraninsniiaes uazlvdineuid
\ASeMINEAUBEI1IMTI N Wedni 5181989 (velocity reference) uasnanouawes

B350 UN UL (chassis velocity) HAMITALATLULEY WUUI1ADI0DELADSHBUNAS

ﬁl,ﬁmmﬂﬁmauﬂﬁm‘%awmaauagﬁﬁdwﬁﬁﬂﬂﬁﬁm 2xUTEUIUA1RIT NS (backward Euler
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model) AfA1un weavluiveuws luduau JaulinwazaAravaauny waglidaununey
wandlugu 4.1 detuiuuinaesesgaesdoundiniinsesmuneavaginamtinsniiaes el
fusglevdlunuimnssuuazazliiunldou uidmeuniinIomunguinegd1aminsing

A494 ABLUUT1a09998La38aUNd Nz T UTZUNUAISNS IS IVDILTUNI MUY

—(1+aT) + J (1 +a1)? — abT(T(d - huy (k) - ve(k))

2bT (4-5)

vo(k +1) =

aUnN159 (4-5) AawuUINaBIeaULaBsdaunad (backward Euler model) 1Usa1uAN

dnsnsilunisindouniveseiuninug was b # 0 wisizdasdeslivindugud wadle

v.(k) = 0 aglann b = p—2e® 0 g Ffess b £ 0O
Y lve(K)| + o] + ¢

szmuuaeulvlmiansd We  |v.(k)| < & waz v.(k) — v.(k —1) < 0 azla

M b = b vieWe v(k) > & aglain b = b uaz e |v.(k)| < €
waz v (k) —v.(k —1) > 0 aglaan b = —b wSele v. (k) < —e 3
1937 b = —b' 1989 & ApAUINTNTAANIUDEUIN WUIARYDINITASIWUUINADIDDULADS

douraauansluguil 4.2

1+ag sl -1 126T =] 1/z —Imb
aval sqrt -1
»| X @47 -4bT 4—%
Uw®) o I T
d
d_ x4y b %12,
e Te v

SUT 4.2 LNUNNNTOUTDILUUTIA8I00ULa 850 UNAT

Y

4.3 wuuINaRINgFmaENAIWY
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wngamdeuamyluaunisi (3-11) Waguwuudeemainlunaiseiiedluaunisy

(4-1) Tuanudusiusteutuinvseaunisnasduiles

ve(k + 1) = velk) + 05T (F(ve(k),wy (k) + f(velk + D,uy(k + 1))

(4-6)
Toedi
fw.(k), u,(k)) A Wﬂﬁ%’uﬁimﬁmﬁnmﬂwﬁu (m/s’)
dle T fiddfossnn avaun@in u,(k + 1) ~ w,(k) wosdouaunisi (4-6)
Tnallgioredd
v.(k + 1) = v.(k) + 0.5T(—av.(k) — bv?(k) — d + hu, (k)
—av.(k + 1) — bv2(k + 1) — d + hu, (k) a-7)

et b = b yqy g = @2
Ive(l + € el + ¢

v.(k + 1) fednsnswsomulsaniuegiilimauan deundngUaunisivy agldan

ve(k + 1) — v.(k) = 05T(—av.(k) — bvi(k)) + 0.5T(—d + hu,(k))
+ 05T (—av.(k + 1) — bvZ(k + 1)) + 0.5T(—d + hu,(k))

v.(k + 1) — v.(k) = —0.5aTv.(k) — 0.5bTv?(k)
—0.5aTv.(k + 1) — 0.5bTvi(k + 1) + T(—d + hu,(k))

0.5bTv2(k + 1) + v.(k + 1) + 0.5aTv.(k + 1)
+0.5bTv2(k) — v.(k) + 0.5aTv.(k) — T(=d + hu,(k)) = 0

0.5bTvZ(k + 1) + (1 + 0.5aT)v.(k + 1) + 0.5bTv2(k)
- (1 - 05anv.(k) + T(d — hu,(k)) = 0

0.5bTv2(k + 1) + (1 + 0.5aT)v.(k + 1)
+T(0.5bv2(k) + d — hu,(k)) — (1 — 0.5aT)v.(k) = 0

0.5bTv2(k + 1) + (1 + 0.5aT)v.(k + 1) + A(k) = 0 (4-8)
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Tnefi
A(k) = T(0.5bv2(k) + d — hu,(k)) — (1 — 0.5aT)v.(k)

dunsndsaenlasu daudsilinsven v.(k + 1) wissdaufoanvintu wazl

IR naundaUNsULUUTUARA

—(1+0.5aT) + /(1 +0.5aT)2 — 2bTA(k)

ve(k +1) = e

(4-9)

aun1smasasslirineuniiipioanung ‘£ sgdraminsiniiass dumeAIneu

v.(k + 1) Haosmlunandediu dnvdswaiowane + luidunlesmuneg ‘= Ameu

v(k + 1) azilAfliduduey undnldsuniewune ‘+ lUiduasomune ‘+ Aneou

N A

v.(k + 1) edAiuiuoy AUILADNATENNY ‘+ WNUNLATDNIY ‘+’

—(1+0.5aT) + /(1 + 0.5aT)2 — 2bTA(k)

vo(k + 1) = o

(4-10)

#1N137 (4-10) AeuuudARINg@NGENANINY (trapezoidal rule model) AiUsEaM

A9RITUSNUNITARDUN VDI IUNINUL Way b # 0 wisizdvnsaeslaiviniuaug ue

= v k 0 v v

We v.(k) = 0 aglgn b = @ OWl N = 0 2weInNs b #
[ve(B)| + € [0] + €

0 azdvundeululuassd e lv.(k)] < & wag v.(k) — v.(k —1) < 0

wlen b= b Wi le v.(k) > & alann b = b waz e |v.(k)| <
e waz v.(k) —v.(k —1) > 0 alann b = —b' wie e v (k) < —¢
3gldin b = —b' lawil € AoA1uINNIAIBENIN WUIAAYBINITATIMUUTIABING

Avheumavynandlugun 4.3
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+ (). :
ik _.?_.1/111 o] 172 LN
sqrt -1+ 0.5aT |e&
o
b \ 4
Uw(k) h ("2
d d b’ b

l/'. - ’/'. >
sgn(.) ‘(") _‘B'— 1(")

SUT 4.3 WHUAIMNTOUYBILUUTIABINY FLrREaA1anY

4.4  WUUINRBIBYNIUMELADS
Founsundiaosluaunsi (3-12) wWasuuvudasmaislunadededuaunisd

(a-1) T upuduiusSoudainvseaunisnan1aduiiios
vk + 1) = v,(k) + Tv,(k) + 0.5T2i,(k) (a-11)

MsfinsawuUaewainluaunisn (4-1) lunsaudinnatagdu agladh

v.(k) = —av.(k) — b(k)vi(k) — d(k) + hu, (k) (4-12)
Tned
_ _ I ve(k) o _ _ I ve(k)
b = bk) = b PO way d = dk) = d PO

nsmeyiUsSLUUTIaemainnIsiedeunveseunnuglunanaliadluaunisi @-

1) Wisununan aglain

v, = —av, — av, — bv? — 2bv.v, — d + hu, + hu,
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el @ = 0, h =0, b =0 wag d = 0
v, = —av, — bv? — 2bv,v, — d + hu,

Wenasannsuginatagtu ssleuladn

v.(k) = —av.(k) — b(k)vE(k) — 2b(k)v.(k)v:(k) — d(k) + hiy, (k)
v.(k) = —(a + 2b(k)v(k))v.(k) — b(k)vZ(k) — d(k) + hiy, (k)
Tnefi

uy (k) — uy(k = 1)

uy, = uw(k) = T
AIUIPUNUS b = b'—=— war d = d —=— figuduian n13
a vl + € [ve| + €
s |v.] = vesgn(v,) uwar & = 0 wagnsuszaadn sgn(v.) (Hurai
ke

(lvcl + E)U'c ¥ Uc(ﬁchn(Uc) + 8)

b = b

(vl + )2
[9 — P |vc|v.c + Svc - 1jcvcsgn(vc)
(Ivel + )2
[9 _ b,v.clvcl + &V, — v.clvcl
(Ivel + )2
€

b= b s

Wenasanmsmuginadagdu avledn

b'e
(lvc (k)| + €)?

b = blk) = Ve (k)
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b'ev? (k)

bUvee) = o+ o

5 Ue(f)

d’ (lvel + &)V — v (Vesgn(ve) + €)

way d =
(lvc|+8)2

. , £ _
4= dTve

defiarsannisiuginadagiu agledn

d's
(lve (k)| + €)?

d = dk) = Ve (k)
MA9IINNTIBYRUS LUUTIaRNaTnvade unvuglunadelauisuiuna way
nsmeyiusnalnnetaniisuiuna deuunuamal b(k)vz(k) uaz d(k) wazdingy

aunsivd 9zl

b'ev? (k) N d'e
(lve()] + )%~ (lv.(k)| + €)?

v (k) = —(a + 2b(k)v.(k) + )ﬁc(k)

+ hit, (k)
(4-13)

qunNSh (4-11), (4-12) wag (4-13) Arwuudasiaunsumeiass (Taylor expansion
model) MUsE11UA19R 152 TUNITLAR DUN VDI IUNIVIUL LUIAAUDINITAS L UUTIA D

BuNIUNELaRsHAnIluIUN 4.4



39

dk)
V‘ i
| 7 1z (k) e +>(_ I :Uu(k)
Uw(k) 1z N ()2 X b(k)
J A 4 A 4
be
* N
O ()'—|d
= 1 b(k
D ()] (k)
+ 7 d(k)
vt
hT -1 le
SUN 4.4 UHUNINNTBUTBLHUUTIGRIRUNTUWELaDT
45 &5

q

9/ o

unilldarauuudaendiian 3 ununmsiivszneudie uuudiaesesiaesounds
wuuiaeIngAmasInImy waruuusaseynsumelass Avihiszanamsnsgiluns
wndouitluinmiiviensendweserunmuglunensmidin msuszanuasnsisiiang
Wisuisuldiunisliisessiansdounds 18ngdwmasuaany uagiseynsumndiaos
Uszannandneuvs onalaasvesannmadiseyiusliidadusudunis uuudaesoesians
foundafinunatos wazdeitesnaeitounduarisoosinoslumindvunduniiiu 33
ooulaesfaundvziinnuiaiosuinnin wazuuudiaeangdma suaanyiaiuatios
oty wikvurasseunsundiaesilassainenisiuinidudeusnnnit wudaonds
fan 3 wwun1sreuuusaesmaalunafaninfidnissunadesiiludnuugiud duie
Uiinadunauazsnsidafilaannisssnaailuseuvesmssnainaiiagdu azhn
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Uw(k) | Backward Euler model | Vc(k)
Trapezoidal rule model p=——p>
Taylor expansion model

Uw . Ve
PI Vehicle >
— Discrete PI Continuous-time
Controller model
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Velocity profiles
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Integrations of absolute of error
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Velocity profiles

=='Velocity reference

—Continuous-time model

——Backward Euler model -
Trapezoidal rule model
Taylor expansion model
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[ v dl

5 V UA9N1995L83US AR LASUF U T UL N NILSIoU 5 V wasiiinadaneusisung 400 V

A7)

s A 1

agnelu vdenuemesAgulindnaslid1aAud U uTeIInaIne15iees 0.1 Q Ja
Aumieatvewnainersiuwes 0.01 H fdrasfivesnisadisusaad oulni1doundu
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Wwes &l p, = 0s/m, g = 9.81m/s?, pgr = 1.18kg/m3, A = 3m?, C; = 0.4,
m = 1200kg uaz p; = 0.015 n1597188sd@nIUNTaIdv 1T uEIaT 2474 U9 (S.
Das, 2021) Lazilvunaduned (fixed stepsize) 0.001 Tu19 wazluUTIaDUTIAIAY 3

[y

WAUNNSHUWIATY 0.01 FWWinAuW (T = 0.01 s) uagdiawisimesnuanslunisned 5.1

[ I

u
wazAIEmeswarAnUNd Ay A nliTIaean un1sal wanlunisei 5.2

A15799 5.1 ATNSITLADSVRLUUINEIRIAaTTUNTINaIdnUN15a]l

R b ANNNSITLN DT VBILUUINABITIA LAY

a a = u,g = (0)(9.81) =0

0.5p,:-AC, 0.5)(1.18)(3)(0.4
b b= PairACa _ (0.5)(1.18)(3)(0.4) = 0.00059

m 1200
d d' = g = (0.015)(9.81) = 0.14715
1 1

h h = — ——— = (0.00083

m 1200
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LY <

AsnauLTagdy 4000 Hz
5 . LIIRUBUNAN 0% Aflafa oV
vaeniinuilasLou . -
LIIRUBUNAT 100% FadluiAa 5V
TN 5V
Audfisuiagdu 4000 Hz
UADNLITUSAD LaUNAYA ”@@mﬁﬁmﬁagﬁm 5V
v aa
ussRuAgA ey 400 V
ATAUAUNTUVDIVARINDISLULADST 010
L ANANUWTEIU1Y89AAINDT5LALRDS 0.01 H
UBLADIATLULAANDNIS - -
ANAIVIVBINITATNNDIA 1.5N-m/A
TIUAANRREUBILTADS 0.0002 kg - m?
(ol 1200 kg
onsusaliosanusslinnvsslan 9.81 m/s?
NUNATUNTN VDI TUNIRUY 3 m?2
FUUTEAVDVBILTIAIUIINDINFA 0.4
: AUNUILUUYBIBINA 1.18 kg/m3
YIUNTAULLALAD
(i ONGR 0.3 m
FUUTLEANDVRISUFUANIUTEIN9ED
YA RINUUTLAAIINUNTINTDS 0.015
YAIUNINUL (Uy)
FUUITAV5VUINFIAIUNLA (Ly) 0s/m
fAuAuileluUAd ANNUAAAIUNTOAMNUN 2V-s/m
AR AnnuBunSarsaanule

0.2V/m
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Velocity profiles under average mode
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6.1 nanun

msdassanunsaiildeniauaslugu (hardware-in-the-loop: HIL) flensauasifu
drunilduannndenvesnisdiassaniunisalszuuAIUANSS 5L UUNAFILIAINTTY
aﬁﬂm%éf@ﬂa'nhiagjmstuLﬂ%"amauﬁama% LwiagjmauaﬂLﬂ%'amauﬂamai‘ wauidouse
(interface) L%ﬁﬁﬁW@%@ﬁ@ﬁﬂi%’a;ﬂaﬁuaqm%mamﬁama% g15ausT i dussuugey
viseluganilslunisiassaniunisal duAenisiiaesanumsaliliendawsluguazunnsing

31NN159189EUNTNNTANINIAT BN IMUANT 053 UUE 08NN T UURY N18luLAT B

saa v

ARURNILADS (computer simulation) gnsawisAlanvaiduniieien dauazain uag
fealdauiuann Aevedalilaspoulnsameiinaliunamieidunuiios Wesdamsilu
vedalulasreulnsaiaes nsideulsunsuiidvuailsdduiifesnisvesszuuges Sadunu
Afauazmnuaziinnudanguinn mnglalasreulvsaaoiiininensuasmieanudag
T dudunsmeadamaniiagnssng uavUszananasanoiiiuuayisaniideuuuy
uywd 1iesnnlulasaoulnsaiae fHimininugNn15YNLIBITTUUNIINIBATHLNUY N
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vhwihiduszuugosuazeglululasaeulnsaiass aunazmuauszuudesiiegaisly
1A5 peneuN LAY n1sd s udyyrudunanazdyyiued nnTENI19Ueia
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6.2  MIaiuNIINRaaauMITAlnldasauaTlugy

[
S A

nMsTansanunsaiiifendauailugy (nans ussdqns, 2557) luawided 4
TUsunsutanuauduyaed (MATLAB-Simulink) #UuRAn1s (run) Tuie3esneufinmes uas
vosalulasaoulnsataesuianisanaulnga (control card) F28335 (TMDSCNCD28335
R2.2) Miusniaumnd msdwiudoyanazdyaaseninalusunsuuanuaudaudsduazniin
AoUlnTafINa ﬁ]mﬁwﬁuiuwa%mﬁamigt,aaﬁ (USB port taz JTAG emulator) TUsuATuLY
nuauBuAsRIaSsanmuIndendsruumuaNnIElnvesnsiadeuinumg
o Auanslugud 6.1 ssvumunuUsENaUsBTEUULRY 7 szuudell mieatednaid
Sedtomheiuiinseunstu fmuauiileuvufaniailideunuungnssuveaddud #
fuidagidu 219991890309 wuuiassuemeiATusinAnas wuuSiasudenaveinsiadoud
grunmuglunadeileduanliiiide 4 &0 wazaiatdendyaradounduiivhaulunand
fmualiarmin nfaneulnsadeszuugesiiviviniuuudiasiossiassdounds vie
wuusassngdvasuanay vieuuusiasseynsuwmdiaes (wHunsviasini) Aussaioe
§a3132 gamdsnwdasimuslinidaneulnsavivthill Juuuuiasndeney 3 wnums
wdaannsdeulusunsuiwlasuudtaeadeiaarldiduyamdan1vd daudaniw
(compiler) TulAnmaylnawasanale (code composer studio) ka$du 3.3 agLauyndda
A3 (C source code) luifunwiiazas (machine code) uagninnoulnsalsfunazifv
yamdinwiaieduntngaudl msdaesaaunsaiazdidulininneulnsaduinmwad
wazlnarresuuudiaosdeiney azUssnaasnsnsvesetunmus i minreulnsa
wvhnuuuuuaginsihodluitazedsife seenavisiuidurunadud fmun
17 msareulnsaiuaioulszunanonsnialunaiass (real-time computation) (Wum
nn5al aAa", 2566) NANWIN U AxNENEIRIdisunieswaifiey (pseudocode) 104
YaMdInFRlHny nansiaesaanunsalagthunliussiiaussouz g dululaly
n5UsEgnAldsuLuUTIasadadaay 3 ununslunsjoa nsdiaesaniunsalnly

(Y

gniawisluguiiaduninvuluusasnsiugiuanslugun 6.2
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TAIRRECAL - v,(k)
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P Open-loop

(k)

JUN 6.1 Lunfnvesn1sdnaesanunisainldaniauslugulunisusaiivaussouy

YDILUUINADUTIF LAY 3 LAUNIT

o A

aeuil 1 veenwuwesanedyaainnszualiiinensiuiaes uavuden RTDX write

a s

YIlUTLNTULUNLAUTUYAIR (MATLAB Simulink) losutazdsdygrainnszualniiens

q

wwesidusia muwa%m?{amiql@aﬁ (USB JTAG emulator) flan1snmaulnsa F28335
&UTl 2 A1da Read from RTDX axtssulindnmeulvsa F28335 sesudyaiauin
nsvualiiinensuwed Wendarsulnsaldsuduaratanszualiiiondiumesd n1sa
AoulnTazfavveInTElalni19151@es UIAIUINNALLAETINIUUDINUUTIAD TS
Fuawyndu wazUszanaasnsEiveseiunmuglii gaddiniviaies azimun
sULuUBM A Liumsneadinmansuaznsang
S19UT 3 A1de Write to RTDX azdadulinisnneulnsa F28335 defaiavves

gnsnusalaainnisuszanann kaunesadearseeal fvudon RTDX read vodlusunsuu

a (3

VLAUTHAIA

a

WaYaIsuN 4 uAan RTDX read L9suUllaza18@Lavua8n5 115171 l9a1n15UT2U AN

fevdenaindidendygrulounau LazUAonwUweII8d Y ITANTIEIVRIUIUNITLL
= [

IihvSenanauaues tauenaindidendymudeunduuisntu ndeainudenaindiden

o v v <

duanadeundu lnsuduaraindnsusuazdnsuiinlaainisussunuai vaenaindiden
FyaradoundvazldidoulvvesnanlunisanedygrainsnsuSmiesnsisnlaainig

Uszanaurwisedyaaaud (null) Asmauauitlenuuianss ddygadeundufedyayin

v v

Ans 57 sruumuanlnaglinainvesdnsniiwaznainvesnseualiiinensuees i

= U 3 T o

yaaleundufedyauaudisluiidyaratoundu szunialavzlimainvesdning,
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[

warnainvesnsrualiiiensiees windyuiadeundudesnsiiifilaainisuseuima
szuumvAulaadouszlinainuasdnsisuaznainvoinssualiiionsiuwes vden
wuweslasulsunaveinselaliinosues werdtedygraianszualviionsuaes f

vdan RTDX write

MATLAB/Simulink @
[Host]

1
I
1
1
: USB JTAG port
I
U
v

TMDSCNCD28335 @
[Target]

CCStudio v3.3 |——

'
o v o

JUN 6.2 duveanisinassaaiunsainliansawisiuguluusasnisiueg,

6.3 wWansinaesanuMsaluuuaedeiaavilisniauilugy
wuudasseunmuglinilddrassaniunisal Uszneumeuuudiasudanaday
MATNaLAUYI8IUNIUE (Simscape driveline) (S. Nayak, A. K. Bohre, P. Kumar and M.
L. Kolhe , 2022) WuUs1aesmainvesteinosasuiuanansluaunisy (3-5) wag (3-6) 1993
BYU3nd waziiduidagdy TUsunsuuunuauduydsdduany Judonniessuudesves
UMD ATLAIMAN T 299518904 warfisuidagiduinienlduuazdeuseddeiu
Jussuulwinduied eulnaniBena szuumuausnss1adavedsrunivugliiag i
wuusassessiaesiounds vieuuuitassngdmasuaiamy isuuuiiasseynsumdiaes
(WM Wi LLaﬂﬂugﬂﬁ 6.3 vdsandaanasiasnsdidudyaadounduinns
VMY WUUTIaedaiauni LIz suar RS 1S TldnnnIsUsTInae
wnuiidaaindnsis tufedyaadeundulasuluidusnsifildnnnisussanae
wuuiansesniansfeunds uuudiansngdivasuanemy uazkuuiasseynIIINg

o3 lnsudyarainnssualiinonsiuesiasUssanua1dnsidvesumivugluin neu

NMsMUIAERs IS Luudasadeiian 3 wwumsazihdyanainnssualniionsiumes (iy)

Y K, AV v oA ) 41' a a
uguivAny —— naguildiuAsusiduind sunazusauusn (u,) Mdudunnves
wheel
° a o O + K, .
WUUTARIBINILAY 3 uHUnNS tufe —wheel ” Thrake _ o, - — L

Twheel Twheel



a o

nsdraesanunsaiildansawislugy Samnafiwesuasannudall vdenfiduiday

A o

1y (PWM) Tdyanamveaislufidainud 4000 Hz Weousiiuen3iuaese19dsvsedyyin

o

gedaflAinduaud vaenfiduilagduassdyanadunaiduruiudygyraiadida

Y

1 o v € a a1 ]

N33 (duty cycle) 0% wislufidygruiad wazidlousinuosiueso1eddllaAwindy 5V

[ Ae]

v Py saa 14

vaeniinuiagduasndyaraduinaiiduruindygravadiidanunie 100% uay
Foyratadiusadu 5 V udonisasievuiadldSuduaraduinaiidusaiu 5 V uasd
WERTIEUIIAUAT 400 V agnielu udenuewesiduwnanan5dA1ANAIUINUTBIUAAIA
815103 0.1 Q feanumdertivesvnaine1diess 0.01 H faasfiveanisadig
wsaadeulniihdoundu 0.15 V- s fidnasiivesnisadramesnmaudmdnlnda 1.5 N - m/A
fuwudaruidosveddsined 0.0002 kg - m? waziduuszaninsniimila 5 x 10 6 N -
m - s WaginuauiilawuuAansnilannudadiuvieAnnuil 2 V- s/m dannusuiinanse
Annule 0.2 V/m wazilvunndu 0.01 3undi

wuUT1aendenanisind sufiveserunivuglunaided esduaaud p, = 0,
g = 9.81m/s? pgir = 1.2kg/m3, A = 3m? C; = 04, m = 1200kg uag
W = 0.015 wuudIaeulnaveseIunInUzdNaInUlae 4 ao

wuuiansesniansfeunds LuudiansngAvasuaemy uazuuuTasseynIIINE
w@es 4 u, = 0s/m, g = 9.81 m/s?, pgir = 1.2kg/m*, A = 3m?, C; = 0.4,
m = 1200kg uag w; = 0.015 nMsdiassanunsaiilieniauaslugy fvreszezinm
2474 31 (5. Das, 2021) wazivwradunadl (fixed stepsize) 0.01 3wt wazuvusiasada
Faw 3 wnumsiivunadu 0.1 Sunfiviiu (T = 0.1 s) warirmsiwesivandduniss

[

1 6.1 wazAmiwesiazanudAgvnAiTaesan1unTel wanslunisei 6.2
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Wnes AN TITLIDTUDILUUTIADITIA AT
a a = u,g = (0)(9.81) =0
0.5p,irAC, 0.5)(1.2)(3)(0.4
b b = p(;;:‘ a _ (0.5)( 122)(0)( ) _ 0.0006
d d = ug = (0.015)(9.81) = 0.14715
h h=l=—=0.00083
m 1200
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M3NT 6.2 Arnnsidmeiiazainulunisiassaniunisalildensauaslugy

AuAisuITag Sy 4000 Hz
3 Lmﬁuauwmﬁ 0% Af kLA oV
vasnfisuidagLdu ,
LIIRUBUNAN 100% FadleiAa 5V
LI9AULDANA 5V
AnuBfisuTag Sy 4000 Hz
UGONBvUINY weundyndayaasiisuidagidy 5V
ussAuATAelY 400 V
ANAUATUNIUTDIIAAINDISLURDS 0.10
. Aarumiieathvesunaine1siuees 0.01H
UOLMDIATULLIANDIT - -
ANAIVIUBINITEATNNDIN 1.5N-m/A
Tuudanudesvedlsnes 0.0002 kg - m?
(ol 1200 kg
Sassaesminusdliusivadlan 9.81 m/s?
Hugumivosenunmuy 3 m?
HuUsrAvdueausduIneIne 0.4
S AUAUILUUTDIINA 1.2 kg/m?
YIUN UL LATAD SR
IAUVDIAD 0.3m
Sulszavsuousudunnusenings
prauaviiauuiitinanimdnues 0.015
YIUNINUE (1)
HuUseansesusLaunnumnie (13) 0s/m
fpuANiilowuufa ANNUARAIUNTOALNUN 2V-s/m
A6 ANAUBUANTanTeAnule 0.2V/m

9N nAaUINTaYN NN ULUUII8999981a05 6 oUNEIN UTZU1UAITNI NS

1 = a = v < a Y (%
paoaal wazlutaeszeziaan 0 69 450 Jui izwmmuamm’;’mﬂmlmu&@y@y’lm

Jounduidudygratndnsnirvessruninuzlvi ssuuauauislalinanouauss
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9m31157 (velocity response) 7ifnn1N8n311538198 (velocity reference) Tuanustinguas

a

Tuanugegiiuandluguil 6.4 nafserunmugliiliadounmednsdinidnainfnniu

Y
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[y 3 v a J v @ < a a ~a =2 a aa
995115191983 Aoudygraindnsnsuianisviameluiungin 450 §93u199 500 szuy

o

muAstnddliidygadeunduuazudsuluiduszuniadalutissyeznaium 50 3und
pruN LB DUl desnTSiut uegesanganarlifveuwn mszenuninuzlinng
AIUA LUUTIa0de0sIaeddoundUranaA1dnIiafifiul unieutunanouauss
WUy n9nuuUiiasesslaesfaundinednsnsifildannisuszunai fas
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LUUSIR010081a8S ToUNET AINLANAITENI1I RTS8 9B uazdnsusafildainnis
Uszanauen azanadeensreiiles sruumuauilniaiioulitsssoznamildunstiduns
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Velocity profiles
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Velocity profiles
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Tne

[ =

—(05a*(1 + sgn(v.) + 052 (1 — sgn(v.))) 2,
— (0.5b*(1 + sgn(v.)) = 0.5b=(1 — sgn(v,))) 2
—0.5&*(1 + sgn(vc)) + 0.5(2"(1 — sgn(vc))
+hu, + (v, — 9.) + k(v — ©)

—y (0.5d+(1 + sgn(v)) + 0.5a (1 — sgn(vc)))

95

(N-3)

- (0.513*(1 + sgn(v,)) — 0.507(1 — sgn(vc))) (v, + 7,)

(N-4)

D.,at,a ,b*,b,d",d way h Aedn5 ST LAINNAITUTLUIUAT WAL

AIsImesilaannsusenuaes v, , at ,a”, bt , b~ ,dt , d” uay h muaeu

[ AeAunuilidsuulasmunan y Aerpsindliatesnin 1 wag k; AeAnuasinidaiuan

JUADAIUTEUUATMUIVUTUMT AN 51T 057 Laa1NA1SUTE LA N EU

[

LARDUNVDIY TN VUL 9T

fu a

WUBTNU

AN19N13



a

~

b
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0.5a*(1 + sgn(v,)) + 0.5a (1 — sgn(v,))

= 0.55+(1 + sgn(vc)) — 0.55_(1 — sgn(vc))

way d = 0.5&“‘(1 + sgn(v,)) — O.Sd_(l — sgn(vc))

N19USBULTIBUTENINUUUTIADINATANITIAA BUTI VDI IUN IR UL UALFAAIUTEUUAILUU

USusn dmnuRananeall

v, — U, = —(0.5a+(1 + sgn(v)) + 0.5a (1 — sgn(vc))) U,

+ (0.5&+(1 + sgn(v)) + 0.5a (1 — sgn(vc))) D,
— (0.5b+(1 + sgn(v,)) — 0.5p7(1 — sgn(vc))) v2
+ (0.53*(1 + sgn(vc)) — 0.53‘(1 — sgn(vc))) D2
—0.5d*(1 + sgn(v.)) + 0.5d~(1 — sgn(v,))

+ O.5d+(1 + sgn(vc)) - 0.5&‘(1 = Sgn(vc))

+ hu,, — hu,, — (v, = 9,) — k,(v, — ,)

—0.5a*(1 + sgn(v.))v. — 0.5a (1 — sgn(v,))v,
+0.5a%7(1 + sgn(v.))?. + 0.5a7(1 — sgn(v,))?,
—0.5b%(1 + sgn(v.))v? + 0.5b~(1 — sgn(v,))vé
+0.56%(1 + sgn(v.))d2 — 0.5b~ (1 — sgn(w,))d?
—0.5d%(1 + sgn(v,)) + 0.5d*(1 + sgn(v,))
+0.5d"(1 — sgn(vc)) - 0.5&"(1 — sgn(vc))
+(h = Ruy, = 15, — k¥,

—0.5a*(1 + sgn(v.))v, + 0.5a%(1 + sgn(v,))?,
—0.5a‘(1 — sgn(vc))vc + 0.5&"(1 — sgn(vc))ﬁc
—0.5b%(1 + sgn(v.))vZ + 0.5b%(1 + sgn(v,))d?
+0.5b7(1 — sgn(v,))vZ — 0.5b7(1 — sgn(v,))d?
—0.5(d* — d*)(1 + sgn(v.)) + 0.5(d~ — d7)(1 — sgn(v.))

+ hu, — v, — k¥,
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v, = —0.5a*(1 + sgn(v.))v. + 0.5a*(1 + sgn(v,))?,

—0.5a*(1 + sgn(v.))?, + 0.5a*(1 + sgn(v.))?,

—O.Sa‘(l — sgn(vc))vc + 0.5a‘(1 — sgn(vc))ﬁc
—O.Sa‘(l — sgn(vc))ﬁc + 0.5&‘(1 — sgn(vc))ﬁc
—0.5b%(1 + sgn(v.))vZ + 0.5b%(1 + sgn(v,))d?
—0.5b*(1 + sgn(v,))dZ + 0.56%(1 + sgn(v,))d?
+0.5b7(1 — sgn(v.))vZ — 0.5b~(1 — sgn(v,))d?
+0.5b7(1 — sgn(v,))d2 — 0.5b7(1 — sgn(v,))d?
—0.5d*(1 + sgn(v.)) + 0.5d (1 — sgn(v,))

+ hu,, — v, — kv,

+
+

v, = —05a*(v, — 9.)(1 + sgn(v)) — 0.5(a* — a")v.(1 + sgn(v,))
—0.5a (v, — ﬁc)(l — sgn(vc)) — 0.5(a” — d‘)ﬁc(l - sgn(vc))
—0.5b+ (w2 — 93)(1 + sgn(w,)) — 0.5(b* — b*)D2(1 + sgn(v,))
+0.5b~ (w2 — 93)(1 — sgn(w)) + 0.5(b~ — b7)D2(1 — sgn(v.))
—0.5d"(1 + sgn(v)) + 0.5d7(1 — sgn(v.)) + hu, — ¥, — k¥,

v, = —0.5a*%.(1 + sgn(v,)) — 0.5a*9.(1 + sgn(v.))
—0.5a‘ﬁc(1 — sgn(v,)) — 0.5a 9.(1 — sgn(v,))
—0.5b% (v, — D)(v, + 9.)(1 + sgn(v.)) — 0.56%92(1 + sgn(v,))
+0.5b" (v, — D), + 9)(1 — sgn(v)) + 0.50792(1 — sgn(v,))
—0.5d"(1 + sgn(v)) + 0.5d7(1 — sgn(v.)) + hu, — ¥, — k¥,

t, = —0.5a%%.(1 + sgn(v,)) — 0.5a"9,(1 + sgn(v,))
—O.Sa‘ﬁc(l — sgn(vc)) — O.Sd"ﬁc(l — sgn(vc))
—0.5b%9.(v, + 9.)(1 + sgn(v.)) — 0.5b79%(1 + sgn(v,.))
+0.5b"7.(v, + 9.)(1 — sgn(v,)) + 0.5b"9%(1 — sgn(v,))
—0.5d*(1 + sgn(v.)) + 0.5d7(1 — sgn(v,))
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-1, = y7, (0.5&*(1 + sgn(v,)) + 0.5a (1 — sgn(vc)))

+ 7, (0.53*(1 + sgn(v.)) — 0.5b7(1 — sgn(vc))) (v, + 7,)

-, = 0.5yd+ﬁc(1 + sgn(vc)) + O.Syd‘ﬁc(l — sgn(vc))
+0.5b*7, (v, + ﬁc)(l + sgn(vc))
— 050" 7:.(v, + 9.)(1 — sgn(v,)) (K-6)

wnuAIwaY —I7, 9naun1sh (4-6) adluaunsn (w-5) aglaan

v, = —0.5a*%.(1 + sgn(v.)) — 0.5a*9.(1 + sgn(v.))
—0.5a7%,(1 — sgn(vc)) — O.Sd_ﬁc(l — sgn(vc))
—0.5b%7.(v, + 9.)(1 + sgn(w,)) — 0.5b79%(1 + sgn(v,))
+0.5b"7:.(v, + 9.)(1 — sgn(v,)) + 0.5 9%(1 — sgn(v.))
—0.5d*(1 + sgn(v,)) + 0.5d~(1 — sgn(vy)) + hu, — ki
+0.5ya*7.(1 + sgn(v.)) + 0.5va o.(1 — sgn(v.))
+0.56%9.(v, + 9.)(1 + sgn(v,)) — 0.5b ¥.(v, + 9.)(1 — sgn(v,))

v, = —0.5a*%.(1 + sgn(v,)) + 0.5ya* (1 + sgn(v.))
—0.5a77,(1 — sgn(vc)) + 0.5ya o.(1 — sgn(vc))
~0.5a"9.(1 + sgn(v.)) — 0.5a 9.(1 — sgn(v,))
—0.5b% 0. (v, + ﬁc)(l + sgn(vc)) + 0.5b%9,(v, + ﬁc)(l + sgn(vc))
+ 0.5b 7. (v, + ﬁc)(l — sgn(vc)) — 0.5 %, (v, + P.)(1 — sgn(vc))
—0.5b%92(1 + sgn(v)) + 0.56792(1 — sgn(v,))
—0.5d*(1 + sgn(v,)) + 0.5d7(1 — sgn(v.)) + hw, — k¥

v, = —0.5a*%.(1 + sgn(v,)) + 0.5ya*™#.(1 + sgn(v,))
— 0.5ya*#.(1 + sgn(v.)) + 0.5va*#.(1 + sgn(v.))
—O.Sa‘ﬁc(l — sgn(vc)) + O.Sya‘ﬁc(l — sgn(vc))
—O.Sya‘fic(l — sgn(vc)) + O.Syd‘ﬁc(l — sgn(vc))
—0.5a"9.(1 + sgn(v.)) — 0.5 9.(1 — sgn(v,))



—0.5(b* — b*) (v, + 9.)(1 + sgn(v,))
+0.5(b‘ — B‘)ﬁc(vc + ﬁc)(l — sgn(vc))
—0.5b%92(1 + sgn(v.)) + 0.56792(1 — sgn(v,))
—0.5d*(1 + sgn(v.)) + 0.5d7(1 — sgn(v,))

+ hu,, — k7,

v, = —0.5(1 — y)a*¥.(1 + sgn(v)) — 0.5y(a* — a*)v.(1 + sgn(v,))
—-0.5(1 — y)a‘ﬁc(l — sgn(vc)) — 0.5y(a” — d_)ﬁc(l — sgn(vc))
—0.5a"9.(1 + sgn(v.)) — 0.5a79.(1 — sgn(v,))

—0.5b%7.(v, + 9.)(1 + sgn(v,)) + 0567 ¥.(v, + 9.)(1 — sgn(v,))
—0.5b%92(1 + sgn(v.)) + 0.56792(1 — sgn(v,))
—0.5d*(1 + sgn(v,)) + 0.5d (1 — sgn(v.)) + hu, — ki,

v, = —0.5(1 — y)a*v.(1 + sgn(w)) — 0.5va*s.(1 + sgn(v.))
—0.5(1 — y)a‘ﬁc(l — sgn(vc)) — O.Syd‘ﬁc(l — sgn(vc))
—0.5a"9.(1 + sgn(v.)) — 0.5a79.(1 — sgn(v,))
—0.5b%7.(v, + 9.)(1 + sgn(v,)) — 0.5b79%(1 + sgn(v,.))
+0.5b"7.(v, + 9:)(1 — sgn(v.)) + 0.5b"9%(1 — sgn(v,))
—0.5d"(1 + sgn(v,)) + 0.5d7(1 — sgn(v.)) + hu, — ki,

v, = —05(1 — Ya*#.(1 + sgn(w)) — 0.5(1 — Y)a (1 — sgn(v,))
— 0.5ya*9.(1 + sgn(v.)) — 0.5va #.(1 — sgn(v.))
— 058" 9.(1 + sgn(v.)) — 0.5a79.(1 — sgn(w.))
— 050" (T (v, + B.) + P2)(1 + sgn(w))
+0.5b~ (T (v, + D) + 92)(1 — sgn(v,))
—0.5&+(1 + sgn(vc)) + 0.5&‘(1 — sgn(vc))
+ hu,, — k7,

v, = —05(1 — Y)a*#.(1 + sgn(v)) — 0.5(1 — Y)a (1 — sgn(v,))
—0.5ya*9.(1 + sgn(v.)) — 0.5a*9.(1 + sgn(v.))
—O.Syd‘ﬁc(l — sgn(vc)) — O.Sd‘ﬁc(l — sgn(vc))
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—0.5b% (T (v, + 7.) + 92)(1 + sgn(v.))
+0.5b~ (T (v, + 9.) + 92)(1 — sgn(v,))
—0.5d*(1 + sgn(v.)) + 0.5d7(1 — sgn(v,))
+ hu,, — k7,

a4a1InN1sIngUaunsmikazdnngunauimnzaudineiu aglasvaunisning

RANAIATLININNISLARDUNVDITUN UL AS A UTEUUATWUUUS Ut UELNIST (J-7)

v, = —0501 - y)a+1~7€(1 + sgn(vc)) — 0.5(1 — y)a‘ﬁc(l — sgn(vc))
—0.5a*(yp, + 9.)(1 + sgn(v,)) — 058 (y¥, + 9.)(1 — sgn(v.))
—0.5b% (T (v, + 9.) + 92)(1 + sgn(v,))

+0.5b~ (T (v, + 9.) + p2)(1 — sgn(v,))

—0.5d*(1 + sgn(v.)) + 0.5d(1 — sgn(v,))

+ Fluw — klﬁc (N-?)
el o, = v, — 9, , a* =at—-at, a = a —a ,
b* = b* —b*, b~ = b  —b~, d*t = dt - d*,

b.,a*t,a ,bt,b”,d*,d uway h AeANURANAIAURINTUTEUIAIERTIST
LazANURANAIAT8IN1SUSEINAIISTIMesMNAaISU aunisauiawainluaunisi (w-
7) Aeszuuldiiadususundsiidsuntatniuna fussuaruulsusiiasiedinis
YUYl AT AINRANGIATE NI 19N I5LAR DUTITO I UNANULLALFIUTENUATLUY
UdusuAmatiosnim dufenalnivanzauiimihiivssnasmnainesnndmioutiuiuy
soulatl ssshwaiiosnmussaunIsALRanaIndinan MaiaEdesamaaduteulyils

o |

MNANNTUTEANUAIMISINNTARY siaut 7, AauIVIaeadnavesaunIsn (1-7) s

P, = —0.5(1 — y)a*¥2(1 + sgn(v.)) — 0.5(1 — y)a~p2(1 — sgn(v,))

— 058" 9.(yP, + 9.)(1 + sgn(v,)) — 0.5a 9. (y¥. + 9.)(1 —
sgn(v;))
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— 050" 9.(F. (v, + D) + 92)(1 + sgn(v,))
+ 056~ 9.(F. (v, + D) + 92)(1 — sgn(v,))
—0.5d*9,(1 + sgn(v,)) + 0.5d 7.(1 — sgn(v,))

+ hvu, — k72 (W-8)

+§* a4 b*tbt bbb~ dtdt d-d- Rh v & o
— LAY — UINWINIADIVUN

S o ¢ a
PINUUUINIU — —
Tk ok K kg kin

ki, 7 k;
Y8IaUN5N (W-8) 9la N

k} k. k? ki, kf ki, ih

= —k#? — 0.5(1 — Y)a*#2(1 + sgn(v.)) — 0.5(1 — y)a #2(1 — sgn(v,))

+ ak_f — 05a*9.(y?, + 9.)(1 + sgn(v,))
+ a;f_ — 054 7.(yv, + 9C)(1 — sgn(vc))
b*h* P p .
+ = — 0507 T (P (v + D) + 92 (1 + sgn(v,))
ib
b=b~ e ~ ~2
+t o+ 0.5~ 7. (U, (v, + U.) + vc)(l — sgn(vc))
ib
~+.f.+ =
+ dkf — 0.5d*7.(1 + sgn(v,))
id
+42 4 0.5d"%.(1 — sgn(v.)) + I+ ko,
Kig kin
s @ o b*b* N bb- s d+d+ s d-d~ , hh
Y ~ — - —
o ki ki kg, Kip kg Kia kin

= —k#? — 051 — Y)a*#Z(1 + sgn(v.)) — 0.5(1 — y)a #2(1 — sgn(v,))

+at <—+ — 050, (v + 9)(1 + sgn(%)))
+a (I‘:_ — 057, (y7: + 9)(1 - Sgn(vc))>

+bt (3 — 0.57.(F. (v, + D) + 92)(1 + Sgn(vc))>
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+ b~ (:—: + 0.50,(0.(v, + D) + 172)(1 - Sgn(Uc))>

+d* <&—+ 0.57.(1 + sgn(vc))> +d” <_ + 0.57,(1 - Sgn(vc))>

muuald at (“— — 0.57.(yD, + 9)(1 + sgn(vc))> =0 ,
a- (— - 050, (y¥. + 9)(1 — sgn(vc))> =0 ,
<— — 0.50.(T.(v, + D) + vz)(l + sgn(vc))> =0 ,

b~ (5—_ + 0.57.(F.(v. + D) + PA)(1 — sgn(vc))> =0 ,

a* <f—: — 0.57.(1 + sgn(vc))) =0 ,
id
~_[d- A ~(n -
d <’_‘5 + 0.57.(1 — sgn(vc))> = 0 uag h<k_ih + vcuw> =0
el at =0, a #=0, b* 0, b= %0, dt + 0,
d- # 0 wazx h # 0

wldin — — 0.59,(yP, + ﬁc)(l + sgn(vc)) =0,
— 0.59,(y¥, + 9.)(1 — sgn(v)) = 0 ,
— — 0.57.(%, (v, + D) + 92)(1 + sgn(v,)) = 0 ,

— + 0.50.(T.(v + 9) + 92)(1 — sgn(v)) = 0 ,

(@)

— - O.Sﬁc(l + sgn(vc)) =0 , f—__ + O.Sﬁc(l - sgn(vc)) =
id
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Ay L vu, = 0
kin
2 ’L+
azlan ;:—Jr = 0.57.(y7, + ﬁc)(l + sgn(vc)) ,
’fj = 0.50.(y?, + ﬁc)(l — sgn(vc)) ,
b* o - ~2
= 050(B (v + 8) + (1 + sgn(ve))
b~ . R "
el —0.57, (7 (v, + %) + 92)(1 — sgn(v))
i 0.59.(1 + sgn(v,)) Pl —0.57.(1 — sgn(v,))
h -
1 P
Yufle Gt = a4t — 4t ~ —4t = 0.5k 5. (yD, + ﬁc)(l + sgn(vc)) ,
i = a — 4 ~ —a4 = 0.5k, 7. (y¥. + 96)(1 — sgn(vc)) ,

b* = bt — bt ~ —b* = 05k} 5.(B.(v. + ) + 92)(1 + sgn(v.))
b= = b~ —b =~ —b~ = —0.5kj, T, (T (v, + D.) + 92)(1 — sgn(v,))

d* = dt —dt ~ —d* = 0.5k57.(1 + sgn(v.))
i =d —-d ~ —-d- = —0.5kjz7.(1 — sgn(w.))

~

~ —h = —kyv.u,

-

WAL h = h —

[
Y]

At unalnfviudnfidssuiunimisiwesnnainsaudusuussulatiasSnwl

EDYINIMVBIANNTAURANAIN ABNYN1TUTU (adaptive laws) §ai]

a*t = —05kLv.(yD. + 9.)(1 + sgn(v,)) (W-10)

a- = —05kv.(yo, + 9)(1 — sgn(v,)) (W-11)



bt = —05khi (7 (v + 9.) + 9A)(1 + sgn(v,))
b~ = 0.5kjv(F(v. + 9) + 92)(1 — sgn(v,))
(N-13)

d* = —05kyi(1 + sgn(ve))

d~ = 0.5ki#.(1 — sgn(v,))

(N-15)

i‘l = kinUcuy

104

(N-12)

(W-14)

(N-16)

edl ki > 0, ki > 0, ki, > 0, kj > 0, ki, > 0, kiy > 0

wag ky, > 0 AeANuUIUAI (adaptive gains) MilA1ATIUIN @UNTTA (W-9) AvangUad

LARD

- atat N i da- A b*b* | bb- N ard+ N d-d- N hh
V-V — — — 7
kY Kiq ki kip ki kia ki

= —k©2 — 05(1 — Y)a*#2(1 + sgn(v.))
—0.5(1 — y)a‘ﬁcz(l L Sgn(vc))

(W-17)

N15RTNENNT (1-17) axhailiFenilanduideyuenniianeiatiosninues

AUNTAMURANAND LAPaTl

- ~an\2 —— ~1\2 ~_\2 ~1\2 ~_\2 P
poo #L @ e 6, 6, @ @l B

+ + — + -
2 2k}, 2k 2k}, 2k}, 2k} 2k, 2k;n

ia

(% = (% [

wagileidudeyuenluaunisi (1-18) deusiusinieuiunandail

V = —k9? — 0501 — y)a*#2(1 + sgn(v,))
—0.5(1 — y)a 92(1 — sgn(v,)) < 0

(N-18)

(N-19)
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Hlafdudeyuenluaunisil (-18) feuinvSewindugud (sifidav) uazeyiusves
ﬁqﬁ%’mﬁs@uaﬂﬁwﬁuL’;aﬂuammiﬁ (W-19) Heraunsawindugud (ladiruan) hE
7. # 0 2zl V < 0 uaz V daranasedrwraiies 7, fdranasegsdeaiies e
. > 0 9l V - 0 uay VﬁmamaﬁLLazszsﬁwmmmﬁﬁmﬁq 7, dAnanauwazgiin
AU wAMURANAIAVRINITUSTIIMAINISSwes at, a”, bt , b, dY ,d” waz h
m%zgjLﬁi’hmﬁhmﬁm'mﬁm%m%zhj@jLﬁﬁ’wmmﬁmﬁ wazidle 7, = 0 %gldi V = 0
uay V feasiidmisluaniuzedd dmuaumsanufianaeiiadosnn dussduedou
LAZLIIUTN (Bunmvoseunmug) u,, Janautivesnisnszdusgideiiies (persistent
excitation) AURANAIAYBINSUSTIIAIWIS SRS at L, da , bt . b ,dT ,d war h
gl maudluaniuzeyda Tufed1mdnesiildannsussunaiazgiiim
ANMISITMesVRIEUNINUY se a* — at, &~ - a, bt - b, b~ - b,
dt - d*, d” > d” war h > h gumsANnuRenaInIdiE@desnInLuuieyuen
(Lyapunov stability) (H. K. Khalil, 2002) 81 a* > 0 uaz a~ > 0 81939zAMuali

k, = 0 uion a* = 0 wag a” = 0 wmaesnmuald k;, > 0
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plus

sgnVc
sgn(Vc)

minus

0.5(1 + sgn(Vc)) : [plus]

—————» [minus]
0.5(1 - sgn(Vc))

0.5(1 + Vi
[plus] (1 + sgn(vc)) P plus
- Vc_error
P errVe

0

Vc_est

» Vch
Ve (Ve)(|Ve| + e) ————PX [sgnVc]
» (Ve)([Vel +e) son(Ve) » [sgnVc]
inus] 0.5(1 - sgn(Ve)) .
sgn(Vc) mlnus/ P minus
»| Ve
P Ve
err_Vc [errVc]
Vc_error
P Vc_est
» outerrVc
ErrvVe

at+

a-

b+

b

dn-

hA

Vc_est

N

a_pos_est

w

a_neg_est

b_pos_est

b_neg_est

d_pos_est

(2]

d_neg_est

~

Y &Y 2y ° & . . P
2 3 3 3 2 3 ©
e 2 @l e e 2 21"
(3 (] [o3 o [0 [0 =

A e A N g}

Uw

Adaptive law

a < a a & ) | Y
UM 1.2 Ua0NTUYAIATDIAIUTENIAUAMUUYIUR?

h_est

h_est

L0T



plus.

enve

Cov
Ven

[«

(" (Ve_ex)

Gan(Ve_ermor)

Gow

Ve

IYve- ven

) (Ve_eat2)

Ow

Ve et
44,.
[&»; g *
051+ sgn(ve)) 051 + sgaive))
a
Ve_emor Ve_ertar
[
Ve et Lot >0
b
D) )
o Ve_est
05(1- 051 - sgriVe
o 081 -santve) (1 - sgrive)) g
m
Ve v
i Ve est
05(1 + sgn(ve))
ertve
Ve_ermar
x
& prve C5(1 + sgn(ve) (@)
5(1+ sgni(ve)) =
d_pos_est ®
e
051 - sgn(ve))
Ve_emor _m
x
dn - »| D501 - sgnVel @)
01~ sghive))
d_neg_est r
e
Ve_emor 3
G oW
° Uw Uw Uw
h_est

a @ a a ¢ Y
UM 1.3 UADNIUYAIAYBINHNITUIUMD
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TUSWATUN YRl

SYAEUVDILUUINADI008LaDITOUNAY
Algorithm for computations in the backward Euler model
Contain some libraries involving numerical computation,

JTAG-based USB data-communication,

and the microcontroller-card target.

Assign numeral values to its own parameters covering m, g, Ly, o, P As Copo Fropeers

K, and T.

Declare each of lumped parameters comprising: a < [,g, b <« (0.5p,,AC,)/m

b

d <« wg, h < lUm

Allocate data buffer into a portion of memory for input and output channels over data

transmission.

Dispense a fragment of memory as the global variable of v (k) and initialize v (k) to

zero value.

Subroutine for the backward Euler model with argument of i (k)
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Acquire i (k).

Set aside a fraction of memory onto local variables that are composed of b, d, ©, Y,

A(k), ©(k), E(k), v,k + 1), and u,,(k).

Determine conditionally a few of the parameters and compute terms and expressions

as follows.

If v(k) > 0 then d <« d' else if v(k) < 0 then d < 0—-d' else d
«~ 0

if v(k) =0 then b <« b else if v(k) < 0 then b < 0-b" else b
b

(k) = (K7 pee)io(K)

® « 0- (1 + al)

Ah) < T(d — hu,(k) — v.(k)
Ok) <« (1 + al)’ — 4bTA(h)
if @) < 0 then OK) <« 0
E(K) < (©k)"

¥ o« 2T

vk+1) « (@ + E(k) /¥
vik) <« v(k+1)

return v (k + 1)



119

Prescribe a tiny part of memory toward local variables incorporating i (k) and v.(k +

1).
Initiate operation and running within the microcontroller-card target.
Allow the input and output channels for data transmission through USB port.

Enter execution into the iterative loop that carries out

receiving 7 (k) from the USB port,

launching subprogram for the backward Euler model with argument of i (k),
releasing v.(k + 1) outside such a subprogram,

and dispatching v (k + 1) to the same USB port whenever the data-transfer channel

becomes ready, respectively.

SAENYDIUUUIIABINY HvBUUAY

Algorithm for computations in the trapezoidal rule model

Contain some libraries involving numerical computation,
JTAG-based USB data-communication,

and the microcontroller-card target.

Assign numeral values to its own parameters covering m, g, Wy, s Puirs As Cis Fropeers

K, and T.

Declare each of lumped parameters comprising: a < g, b <« (0.5p,,AC,)/m

b

d <« wg, h < Unm.

Allocate data buffer into a portion of memory for input and output channels over data

transmission.



120

Dispense a fragment of memory as the global variable of v.(k) and initialize v.(k) to

zero value.

Subroutine for the trapezoidal rule model with argument of i (k)

Acquire i (k).

Set aside a fraction of memory onto local variables that are composed of b, d, ©, 'V,

A, Ak), O(k), E(K), v,(k + 1), and u, (k).

Determine conditionally a few of the parameters and compute terms and expressions

as follows.

If v(k) > 0 then d « d' else if v(k) <0 then d < 0—-d' else d
«— 0

if v(k) =0 then b « b else if v(k) <0 then b < 0-b" else b

« b

w0, () (K r)i ()

® « 0 - (1 + 0.5aD)

A « (1 + 0.5a7)

Atk) « TO.5b(v k)Y + d — huy (k) — (I — 0.5aT)v (k)
Q) « A — 2bTA(k)

if @k) < 0 then O(k) <« 0
E(k) < (Ok)™

VY « bT

vk+1) « (® + Z(k)/¥
vk) « vk+1)

return v (k + 1)
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Prescribe a tiny part of memory toward local variables incorporating i (k) and v.(k +

1).
Initiate operation and running within the microcontroller-card target.
Allow the input and output channels for data transmission through USB port.

Enter execution into the iterative loop that carries out

receiving i (k) from the USB port,

launching subprogram for the trapezoidal rule model with argument of i (k),
releasing v.(k + 1) outside such a subprogram,

and dispatching v (k + 1) to the same USB port whenever the data-transfer channel

becomes ready, respectively.

SHAVIENUDIUUUINA DD UNTUNELADT

Algorithm for computations in the Taylor expansion model

Contain some libraries involving numerical computation,
JTAG-based USB data-communication,

and the microcontroller-card target.

Assign numeral values to its own parameters covering m, g, Wy, s Puirs 4> Cis Froheers
K, &,
and T.
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Declare each of lumped parameters comprising: a < g, b <« (0.5p,,AC,)/m

3

d <« wg, h < Um.

Allocate data buffer into a portion of memory for input and output channels over data

transmission.

Dispense a fragment of memory as the global variable of v, (k) as well as u,(k — 1) and

initialize v (k) as well as u, (k — 1) to zero values.

Subroutine for the Taylor expansion model with argument of i (k)

Acquire i (k).

Set aside a fraction of memory onto local variables that are composed of b, d, ®(k),

P(k), A(k), A(K), OK), Z(k), 9(k), v,k + 1), and u, (k).

Determine conditionally a few of the parameters and compute terms and expressions

as follows.

If v(k) > 0 then d <« d' else if v(k) < 0 then d < 0—-d' else d
«~ 0

if v(k) =0 then b <« b else if v(k) <0 then b <~ 0-b" else b

«— b

u,(0) < K/, i fR)

Ath) <« —av (k) — b(vc(k))2 - d + huy(k)
A« (vl + &)

(k) « (be(v(k)")/AK)

Ok) « (d'e)/AK)

(k) <« a + 2bv(k)

V) < (k) - w=1)/T
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(k) « 0 — (Ek) + DKk) + OUR)AK) + h¥(k)
vik+1) « v(k) + TAKk) + 0.5T°9(k)
u(k=1) <« u,k)

v(k) <« v(k+1)

return v.(k + 1)

Prescribe a tiny part of memory toward local variables incorporating i, (k) and v.(k +

1).
Initiate operation and running within the microcontroller-card target.
Allow the input and output channels for data transmission through USB port.

Enter execution into the iterative loop that carries out

receiving i (k) from the USB port,

launching subprogram for the Taylor expansion model with argument of i (k),
releasing v(k + 1) outside such a subprogram,

and dispatching v.(k + 1) to the same USB port whenever the data-transfer channel

becomes ready, respectively.
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Vehicle Velocity Estimation by using
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Abstract—This paper reports the backward Euler,
trapezoidal rule, and Taylor expansion models which all
estimate vehicle velocity. First-order nonlinear vehicle
model of motion is underlying of these three numerical
models. They leave out chassis velocity signal from
estimations whereas the dedicated state-observer wants
such a  velocity signal for single state-variable
observation. Hence, the observer acquires the force input
as well as the velocity output to evaluate merely velocity
while the three models obtain enly the force input to
estimate the same velocity. Thus, the observer proves
superfluous and inoperative when the velocity signal
turns up missing. Some numerical methods that find
solutions of ordinary differential equations (ODES) are
adopted to build the three models. Their fine
performance of velocity estimations comparable to the
velocity response arising from cruise control system is
confirmed by simulation results. Equivalence between
speedometer and the three models is feasible and the
trapezoidal rule model tends to be more precise.

Keywords—backward Euler model, Taylor expansion
model, trapezoidal rule model, vehicle velocity, velocity
estimation

L. INTRODUCTION

Safety in driving car and cruise control benefit from
vehicle velocity measurement. A car drniver must
monitor instrument cluster at dashboard. watch velocity
indicator and circumscribe his‘her vehicle velocity
within a speed limit under law enforcement [1). The
velocity control methodology of a vehicle relics upon
firm feedback of welocity signal (2. The anti-lock
brake controller detects wheel rotation as well as
vehicle speed and decides to increase or decrease
hydraulic pressure excrted on the affected wheel so that
there is not any wheel locked during braking [3).

Whenever the velocity signal is lost, the cruise
control will fail, and the anti-lock brake system
becomes defective. And if a speedometer (4]
malfunctions, the car dnver could commence a risk or
cven cncounter harm. To aveid difficultics and
continually maintain the functionality of the vchicle
mancuver, a manncr of velocity csumation was
developed and originated from the two-dimensional
complex nonlincar model of vehicle motion on the
horizontal plane [5]. Such a development imparted the
third-order nonlincar observer associated
wnh compuuuonnl complexity and vanous

*Corresponding author
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The nonlincar observer was validated and estimated
the velocity that tracked chassis onc.

When the velocity signal disappears or the
specdometer is damaged, the estimated velocity may be
delivered into feedback signal and as a reading to a
driver. Itis worth to estimate velocity of a vehicle while
the velocity signal vanishes. Besides, the backward
Euler method could solve the vehicle dynamic model
explained by the system of the first-order coupled
ordinary differential cquations with stiffness [6]. It
afforded a stable solution. This paper proposes the
backward Euler model, the trapezoidal rule model, and
the Taylor expansion model which all online evaluate
velocity. They are provided by the first-order nonlincar
model of vehicle motion and some numerical methods
that each name backward Euler method, trapezoidal
rule, and Taylor expansion. The force input is only
issucd onto them whereas any velocity and wheel speed
signals [7] are unnccessary.

II. DYNAMIC MODEL FOR TRANSLATIONAL MOTION
OF VEHICLE

According to the Newtons second law of motion, a
ground vehicle travelling on the dry flat hard straight
road 1s modeled as the continuous-time single-input
single-output first-order nonlincar system with its
single state-variable becoming the output. It is
expressed as the first-order nonlincar ordinary
differential equation (ODE) with constant cocfficients
below [8].

mv, + pmv, + 05p,,AC4v, + pym
- Ewu:f_ Torake m
Jwheei

where v, = v, t) denotes the chassis velocity (m/s)

being the state vanable and output of the vehicle or the

velocity output.

m stands forthe vehicle mass (kg).

g represents the gravitational acceleration (9.81 ms’).

Patr denotes the air density ( I:g/m").

A stands for the frontal arca of the vehicle (m").

C4 represents the acrodynamic-drag cocfficient.

py denotes the rolling-resistance coefficient duc to the
normal force as well as the road-surface condition.
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M2 stands for the coefficient of viscous friction
or damping (s/m).
Tuwheel Fepresents the tractive torque or the torque
driving wheels (N-m).
Tarake denotes the braking torque (N-m).
Twhee Stands for the wheel radius (m).
And then define u,, = Zwheet®Thrake oo ghe vehicle

Twheel
mput or the force input equivalent to tractive effort plus
braking force (N).
pymg represents the rolling resistance (N).
pzm v, denotes the viscous friction or damping (N).
0.5p,,, AC,v? stands for the acrodynamic drag (N).
And m, represents the resultant force or the net force
applied to the vehicle (N).

When both sides of (1) are divided by m, it is written

as follows.

/] 1
g b g =, (2)

U + pagve +
Later on, declare @ = p,g inumit s

b = % inunit m”, d = p.g in unit mis’,

and h = i in unit kg™'. This brings (2) to the

continuous-time vehicle model of longitudinal motion

including all the terms that mean aceelerations below.

v, = =av. = bv? - d + huy, 3)

When the vehicle moves forward (v, > 0) and
reverses in direction v, < 0), this leads to
b = b'sgn v.) aswell as d = d’'sgn v.) where if
ve >0 then sgny) =1, if v <0 then
sgn(v,) = =1, and if v, = 0 then sgn(y,) = 0.
Whenever v, is changing its direction, sgn(v.)
discontinues strongly and is unlike real situation.
Thereby it is approximated to sgn(v.) = —=

ol + =

where £ is a small positive value. Next assign

£ = 0.01, whereupon Iv;:- ~ will keep smooth
variation and imitate better a direction reversal. Once
the vehicle is propelled by a consistent effort (u,, ), it
will run at a constant velocity in steady state

(9() = 0). Thus, (3) tums into the quadratic
polynomial equation. After reforming it, its solution is

found as follows.
v‘(w) - ~a +Ja% = ab(d = Ruwl®)) 4)

2

The relatonship between w.(ee) and u,, () draws
nonlincar curve and significs that vehicle motion is
classified into nonlincar model.

1II. DISCRETE Pl CONTROLLER

Govemning vehicle velocity under a conscious
driver performs as and conducts like the continuous-
time Pl (proportional-integral) controller that
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constitutes cruise control in modern automobile ).
Such a controller is pointed out in the following.

Uy = U(t) = Kpe(t) + K fe(@)dr (5

where  u,, denotes the Pl-controller output
commensurate with the tractive cffort plus braking
force (N).
e(t) = v (t) = v.(t) stands for the error between
the velocity refi ¢ and the chassis velocity (m/s).
v, = v, t) represents the velocity reference (mfs).
K, denotes the proportional gain (kg/s).
K, stands for the integral gain (kg/s").
And 7 represents the time clapsing (s).

An alternative form of the rudimentary Pl controller
is often utilized digitally through discretization. It
manifests the discrete P1 controller below.

u,(k) = Kpe(k) + KT Zi.o(e(m)) (6)

where T denotes the stepsize or the sampling period (s).
elk) = v,(k) - v(k). k = 7.
k = 0,1,2,3,4,.... and k stands for the number of

itcrations or the sample mdex from functioning at
begimning up to the current time.

IV. BACKWARD EULER MODEL

State observers have been exploited regularly in
order to online estimate internal or inaccessible state-
vanables of many sccond-order or higher-order
dynamic systems [9]. They also reconstructed the
velocity or speed of wvehicle systems that contain
scveral state-vanables. However, the pondered first-
order motion model of vehicle holds only a solitary
state-variable which matches its velocity being the
same as the system output. Therefore, velocity
estimation by employing a state observer for the first-
order vehicle system gets redundant and uscless
because velocity observation needs information from
measuring  the  identical  velocity.  Thercupon
exclusively simultancous velocity estimation and
mcasurement go wasteful. A potential way over the
velocity estimation will disclose the backward Euler
method [10). [11] deployed by the contmuous-time
vehicle model of motion. This arrangement releases the
backward Euler model which belongs to an
uncomplicated scheme and disregards chassis velocity.

When the continuous-time motion model s
disposed into approximation under assumptions of
uy(k + 1) = u,(k) and very short stepsize T, the
backward Euler model below will proceed from the
backward Euler method.

BT (k+1) + (1 + alvlk + 1) + dT — hTu, (k) — w k)
=0

The above quadratic algebraic equation boasts the
unknown v, (k + 1) and afterwards it is solved into the
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closed form cxpression that suggests an explicit
formula as follows.
vk+1) =

—(1 + al) + J(l + aT)? — abT(T(d — hu, (k) — v.(k)
26T

(7

Since the quadratic equation yiclds two distinct
roots, there will be just one root allowable while the
other appears insignificant and invalid. The root which
conveys plus sign before the radical symbol establishes
a certain solution because the numerator of the fraction
alters between positive and negative values at zcro
crossing of velocity estimation. Another which camies
minus sign in front of the same radical symbol acts
undetermined because the numerator stays always
negative. Consequently, the proper root of the former is
designated as the backward Euler model whereas the
latter is ignored. During the zero crossing, the
denominator of the fraction remains nonzero, and it is
equal to cither a positive or negative constant value that
mvolves the direction of cstimated velocity. The
backward Euler model posterior to venfication will
continue computing without mterruption. For the
purposc of a study conceming performance on
estimation, whole parameters of the continuous-time
motion model, the backward Euler model, and the PI
controller are nominated by their corresponding simple
numeric-values below.

a=1s" b =01m' d = 01ms,

h=2kg'. T = 0001s, K, = 2kgls,
K = Zkg/s:. and ¥, = 3m/s.

V. TRAPEZOIDAL RULE MODEL

In numerical analysis, the trapezoidal rule is served
for cvaluating numerical integral [12]. After the
trapezoidal rule is leveraged with the continuous-time
motion model, the trapezoidal rule model which online
estimates  vehicle  velocity is  derived  from
mathematical term manipulation as follows. It is
modified from the backward Euler model and looks
slightly more complicated than the one. The instruction
for usage of it 1s also the same.

05Thv2(k+1) + (1 + 05aT)v.(k+1) + A(k)
where y

Alk) =
T(0.5bv3(k) + d — hu,(k)) — (1 — 0.5aT)v(k)

The reasonable solution is traced further by the same
procedure as that of the backward Euler model.

vk +1) = %(-(1 + 0.5aT)

+ ((1 + 05aT)? - 2bTA(k))*S
(8)
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VL TAYLOR EXPANSION MODEL

There are still some other numerical methods that
can support vehicle wvelocity estimation without
velocity signal accessibility. A part of Taylor series
[13] that solely comprises zero, first, and second order
terms is able to pertains to velocity evaluation based on
the continuous-time motion model. The Taylor
expansion model below is formulated through vehicle-
model differentiation with respect to time, substitution
into the first and second order terms, and compact
configuration across the entire equation for velocity
computation.

v.(k+1) = v.(k) + Tv.(k) + 05T%5.(k) (9)

where v (k) =
—av.(k) = b(k)v?(k) - d(k) + hu,(k)

5k) = —(a + 20w (k))v. (k)
- b (k)
- mvc(k) + hi, (k)
Uo(t) = i, (k) = M
b= b = L

VII. SMULATION RESULTS

The backward Euler, trapezoidal rule, and Taylor
expansion models are specified by the same relevant
parameters. They all receive an identical control input
from the PI controller incorporated in the closed-loop
velocity (cruise) control system illustrated in Fig. 1.
When cach stepsize falls even and cqual to the fixed
stepsize in simulation environment at 0.001 s, every
estimated velocity agrees exactly with the closed-loop
response (continuous-time model) displayed m Fig. 2.
Thereafier the PI controller and the three models take
their stepsizes at 0.01 s and 0.2 s, respectively whereas
the fixed stepsize of simulation is preserved. The three
models all estimate more sluggish velocities than the
closed-loop response (continuous-time model) shown
in Fig. 3 because cach occurrence of iteration touching
estimation is retarded by their much longer stepsize.
The backward Fuler. model produces the velocity
cstimation pronce to be slower during transient state
since it gives larger integration of absolute error
(deviation) between the closed-loop response and its
velocity estimation with respect to time displayed in
Fig. 4.
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VHI.CONCLUSION

Owing to lack of effectivencss against the
applicability of the fisst-order state obscrver that
estimates vehicle velogity, a fewof numernical methods
solving ODEs is offered to create the backward Euler,
trapczoidal rule, and Taylor expansion models for
online velocity estimation without sensing chassis

132

velocity. The Taylor expansion model grows more
sophisticated than the others remaining. Once a vehicle
moves forward, then is parked, and subsequently
reverses toward the starting place, these three models
cvaluate accurately their velocities throughout transient
and steady states under their minute stepsizes.
Nevertheless, there is a retardation in velocity
computations compared to chassis velocity during
transicnt  state under their moderate  stepsizes.
Whenever a time lag between adjacent iterations of
estimation is reduced substantially, the individual
models will reach the possibility for the replacement of
speedometer or wheel speed sensor by one of them. The
trapezoidal rule model tends to be more accurate.
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Abstract

This paper aims at the farmation of backward Euler medel
to estimate vehicle velocty In motion. The backward Euler
methed Is used to convert or discretize a first-ceder nonlinear
model of vehicle's translational motion on the dry hard flat
road In continucws time Into the quadratic algebraic difference
equation with its solution as the backward Euler model. The
closed- loop control system Including velocity feedback will be
used to evaluate the performance of velocity estimations
obtained from the backward Euter model. Comparison between
the closed-lcop response and the estimated velocity asserts
that when the backward Euler model holds sufficiently small
time stepsize ‘o sampling periad, the velocity estimaticn foe
onward manewver and reversal becomes acourate and precks
during transient state and in steady state and may be possibly
employed as feedback signal rather than the sensed velocity.

Keywords: Velccity Estimation, Backward Euler Model, Velecity

Control System
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wazkandnsniilunsiadeudl (3] uazdoundudnsuisi
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mvaudnsndalifiatiosnin ssvvusnvnufianas wasnisin
sruzyrseliiinlseTond madssnusfasiuruinsloumng
Tadns it mliauysed Fo3vswiailioyadnsndilums
witpufvsssooud uarlidyghedaungudasdlivdranaiion
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¥, = —av, — bv? —d + hu,, (2)

dosmmvuzieiizuiludands (v, > 0) uazwdisuiinay
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