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ABSTRACT

This thesis presents an integral based system identification methodology as a
platform to mathematically describe the vibration incurred by an independent four
wheeled drive agricultural robot. The main challenge of this research is the complex
nonlinearities of the vibration system, such that the widely used system identification
methods comprising of only simple mass spring damper structure fails to yield an
effective model. The presented solution to this issue is to segment the responses into
piecewise sections in time, where each section is described by its own mass-spring-
damper subsystem. The parameters of each subsystem are identified by an integral
based methodology, which reformulates a nonlinear and non-convex optimization
problems into linear ones that can be estimated with the linear least square method.
Results show that the developed methodology reduces the complexities in the system
identification of the vibration system. Specifically, the developed model gives a 96.17%
match to the experimental data, while the black box identification method gives only
a 52.68% match to the corresponding data. The experimental results thus demonstrate
that the developed integral based system identification platform vyields a
corresponding mathematical model that is effective in describing the dynamics of the

four wheeled independent drive robot.
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wjuwsune B(q) dalassaieienanaiunsaldesuieanuduiusediaingseninedunm

y(1) wagiendnm u(r) AUENNST 2.2

y(t)+a1y(t—l)+...+anay(t—na):blu(t—1)+...+bnbu(t—nb)+e(t) (2.2)

AAUA LA



A(q)=l+a1q’1 +aq” +...+anaq7"" (2.3)

LS
B(q)=bgq ' +bg”+...+b,q™" (2.4)

1ny ¢ Wuddufdunisaduian (Time Shift Operator) annAUdNWUSluann1sh 2.2

anunsadeulviegluglaunisi 2.1 laleeq

A(q) (2.5)
bq ' +bg” +...+ b,q"

= -1 L2 -n,
l+aq +ayq +t...t+a,q

el

1 (2.6)
= 1
WUANNST 2.5 way 2.6 Tuaunisi 2.1 axléan
B(q) 1 (2.7)
yit)= u(t)+ elt

sUT
Y

flanasenInlATIEaS I UULEBSLE NG

2.5 WAAININTUA Lo UVBILUVTIADIAUANNITT 2.7 FILATIAT19VDILUUTIA DY

]

|
u i

B
A

¢ @ 4

UM 2.5 1A598319UUUI1A01001548N



WUUT1a990815uUN (Autoregressive Moving Average with Exogenous Variable :
ARMAX) 1 Julassadresinmuideniainuuudianieaisiondlneiiosnlsenourasaiade
AABUN (Moving Average) Wisidnsnluuuudiass Faduaadeniouiivesrirainndoy

lassaiedaunsalvuaunisuansanuduius senineduaiuduns y(z) wazie1dnm
u(r) deaunisn 2.8

y(t)+a1y(t—l)+...+anu (y—nu)zblu(t—l)+...+b”b (y—n,)+e(r)

(2.8)
+cle(t—1)+...+cn(‘e(t—nc)

AAUA LA

C(q)=1+cq " +c,q° e, g (2.9)

e n, fig susuveml C(g) 3nAuduiusmuaunisi 2.8 awnsadeulvieglugy

aunsit 2.1 1laed G(g) Wulupuannsfl 2.5 wae H(q) \ulumuaunsdi 2.10

()= 54

A(q)

(2.10)
l+eq +e,qg 7+ +c,q "

l+aq ' +a,q” +...+a,q"™

WNUANANST 2.5 waz 2.10 Tuaun1si 2.1 aglain

(2.11)
A()" V" (g

JUM 2.6 uansilanduaeloureauuudnaeswuaunisi 2.11 alaTeasnareinuuinges
AINAILTENTINATIEIUUULDBTUUN
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D

|
¢
A
u A ¥
/

B
A

UM 2.6 lassainauuudnaadeaniin

wuudiasaflanduatelou (Transfer Function Models) tuniseSuraanuduius
5ENI9BUNA u(r) Laziendnn y(z) 1033z UUlangn130AEsAIIEIUNY UL SURUYEY
WUUTIA999TURY AUNY AU IneT A5 INVEINTUINAd W gduR U AU ume

INaY9I5E UV MAILYDIRILNUITLS DL VUBENUAISINUBINAUIUG AYANUEAUNTT 2.12

Y q

Y(S):%((SS))U(S)‘FE(S) (2.12)

1AS9AS19UDILUUINRDINNANNITN 2,12 1Dulpssadeasiedmsuni1sasSulessuuniialng
AL DINI9L3a7 TUASAINNTUNLAUD T UL LB 89N 901 IASIAS 19D ILUTUINAD IR

1ASIAS19UALNNSN 2.13

num(q’l) (2.13)
Pttt t
0=t )
Lﬁa
num(cf1 ) =b,+bgq ' +b,g +... (2.14)
bbeYS
den(q_l) =l+aq ' +a,q’ +... (2.15)

d‘ -1 < U o a 1 A —1 = va = 1Y
lagdt ¢ WWudsndunsmiieia aeil ¢ u(r)=u(r—1) Fellauaudfmilouiunis

wUasd (Z-transform)
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a1 anTATIAS 190 UUTIa09uEE s fasmided ududdurslufedsnns
M fimesfilinsuavesuuas 3935msiuamsiwesfildnsiuaiazisy
31nNsInguaunisiieglusuuuvaunisnisannaesdadu (Linear Regression) wdaantiy
Anamamiivesensussnaseisidaesiosiian

NTOA0OUITAEY AD AUFNNUSITINAILUIIUVTONAN1TNBUEULDY (Response)

AudUsviune (Predictor Variable) Ineidunnuduiusuuuidaduy Aansanaunisi 2.16

y(t):(p(t)r/l (2.16)

(o(t)z[—y(t—l) v(t-2) o o-y(t-n)) u(z-1) wu(z-2) ... u(t—nb)]T (2.17)

e

o A AL AP 2 A Vo N (2.18)

aun1sh 2.16 15enIn1sanneskuUNA (Multiple Linear Regression) A1Ye4

y(2) Twaunisi 2.16 WWuanldanniseuanmenslddeyaluefaidusgfunisiiimes

Y
A azivupafldannmsmwniiduaning p(z)

9 P

Sidaaesiioadidn (Least Square Method) 1du3sdmsunismeaiidululaunn

)

Y

Ngnvasinys Tneiandulildunnaavesiudsagyilinwesdimiunainpiouiidsans
A

L4

1UBY

himd)}
=b

an
MYUAlYAIANURANAINTENINTYALNAIINNTIALAZLEIANAINNTAIANTTEL

Dulumnuaunish 2.17
e=Y-Y=Y-®X (2.17)
o7 YeR" XeR" ®cR™ uay n>m

sl i duduyu (Cost Function) iufladduvesaauianainduysalen

[

deeaes Jadeuagluguindsass (Quadratic Form) 1631
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J:lsTs
2

i o . (2.18)
=E(Y-®X) (Y-d)X)

- %(YTY X'®TY-YTAX + XTATAX)

n1smAfan Ui U gn 98N usvailanfuAUNY MIUNaNN1TY09

uLARAGATBINIIWUIAY (Calculus of Variations) tnefiReulusilumiaaunisn 2.19-2.20

& 1[0- (q>Tx)T -Y'® +(q>Tq>X)T + XTcqu)} (2.19)
X 2

dadoulvdndude

G\ (2.20)
o0X
NANNIST 2.19 uag 2.20 azledn
A T -1 T
x=(q> <1>) 'Y (2.21)

aunsii 2.21 3endnfed1 Normal Equation Fdlulusunsy MATLAB anunsafwandlilaeld

'
[

s backslash (°\’ ) v3eMds lsqlin

aaa

] o Yy a a
2.3 N1969319LLUUANaBINYA :uuuaaiumaae

lunsssyaudnvuessuunainuuulilasaiisesendenisauunlaseaseliny

wuuinaes Bslassaisianuddananliannsaeiutsanumnensneninvesszuuld ns

oSuneszuunainsengmeilandifiinfinessnnumndesedeanuidila Uszaunisel

uazAuTINgesimaslunisaiauudians Jaunszuulumsfuidesendenanly

msfnwvihaandla shlinsidouasianuieliinmandnduldldegsardn msatis
2

wWUUIaRIe s T duealuwad wdudsnisasiswuuinaadlneandelasaasisag19dnews by

LA TUlATIEsI9RINa NamIsnasuIBUIINNTAIINEA NI UlABE19AT U U
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Fnstilemunlay Bergman 1wl a.a. 1970 wissdurenadnvainglaauazdugdulusimie

12
= ado

[11-12] Fa35Uannsaanarlunswmuiwuudasanainwagliuuudasamainiiianiy
gnaeaiissne Jagduisnisasnaninisldlunisimun wuuiiaemainuesasin [13] wag

WUUINADINAIPVDLEARBULWMDS [14]

2.4 NN IUNISINANULUUGIVDILUUINADY

AUNATINTIdDIUDIAINARIALARBUNAIEDRAY (Normalized Root Mean Square

Error : NRMSE) a@nsnsafuiadl@niaannsy 2.23

Ag e
(yk_yk)
(IS ALLENNS k) B (2.23)
n
h . )
(yk_yk)
k=1
TA87 - NRMSE ANUNATINNEDIVBIAIIUAAINLARUA1AIFDIRRE
n ndoua
Y Joyadsmlaninnisin
Vi PoyanlanNuuUIInes
¥ ARAEYDITRNATSTLARINNITIA

1a8A1 NRMSE N1AN170U5A158 111980 0UADY 1 TagAaustufnuiefeanInuwbiuen

VBIMUUTIARING baziuudaesazilauiugigadls NRMSE v 1



uni 3

N1I3TYAMENBALITUUNATNALITNUFIUUTHUS

[

Tuunidagndndedunounmsiauisnisssyaudnvazssuunatndae s fugu
USHus Tnensimualassadisveawuuinasdiitianwgnenulasw@s1eesssuvaig ausa
warsamiae TnsuUseanidu 2 nsalfe ns@daiunisiiwes bns1uALaLnsaliaed
wsfiweslingiuan waznandasnmslunismuamisfivesilinsuarvesuusiany

Tne3sidsansiioniian
3.1 STUUN2aaUSIHATANLG

n1sduastiiouedlasaasaiueuddanuliludadugs nsafiwuuiasilag
o aa ¢ o | a o 12 mpiid g5 - v ° a I3
a1fungneidndezihlugaunindsoyius lihidugudu iwelviuuudaemnadinaans

dmSun1seBUNENIAUALIBUIETY 92IN1505 VLM BIAYSENBUTIUGIY N8 aUSY way

'
=

AIMReAeg UM 3.1 SEuunea ause waziaviae 1lung

v 1 a

2 & =
Iniluegfnasidussuuiiugiu 39
a1unsaldesuieusingnisalvesnisduldegtanunzan damsdwesdmiunisesuie
seuu 3 Anenufe Cdudseanianumiig K A1pavesauss wag M 13avesssuy

TN U AB WSINIPUBNANTEZYINRDTEUU

7

5UN 3.1 s2UU38 @UTe wagivuag
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N15U5ENaUNINI8 I UYBI0IAUTENIUTINAINALAINIT005UI8UIINGNIT AlvaINSaUAS LY

Tolaun1siaanA1nsIdwes M, C way K Amanzaudmsunsazssuu dadladsudu

LUUTNaRImNAdinAansiaagliaunsdeyRusigaduduiuan

o ¢ QJ
3.2 #UNTIDUNUIDUAUEADY
NITUNAUNTOURUSIUG VAR dnsuldaiurenisduasiiiouanmsiisundas
vosunNaNn1si 3.1 lnef d(¢) Wuszezueaanidunauar 0(¢) Juyuednnues
lassasdumiviedundsuesiugus

MO (1)+Co (1) + KO(t) = d(7) (3.1)

P5aUNITA 3.1 ona M agladn

0 (1) + /(1) + kO(t) = md (1) (3.2)
Lili'e]
(& K 1
c=—, k=—, m=—
M M M

Tun1sadrawuuinass fedlinsfiwesilinsiuen c, k war m Tuaunisi 3.2 Wuiladdu

Aasuudafuiunal awléh
0" (t)+c(2)0(t)+k(t)0(¢)=m(t)d (1) (3.3)

Tnarmuald c(t), k(¢) waz m(r) Wuilsiduasnluwdazyieian (piecewise constant

functions) muaumsﬁ 3.4-3.6

Cz,ﬂStSTZ (34)
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k,T,<t<T
k,, T <t<T
k(t)=4 7" 2 (3.5)
kn’ T;l—l <t< T;z d
m, 1, <t<T
m,, T <t<T
m(t)=4 "> 2 (3.6)
mn’ ]:1—1 S t S ];mi
il
At=F T si=12-n (3.7)
LAY
I,=0 (3.8)
WUALANST 3.0-3.6 luaunsi 3.3 avlean
0" (1) +c0'(t)+k0O(t)=md(1) (3.9)

4
ad d

3.3 M15UsENIUNIIINNDIABTTNUFIUUTHUS

TunisAuamAIsdines ¢, k way m, dusudanatgesi i=1,2,...n U

Ly o

AUNNSN 3.9 AT UG IVYTAUS vilalaen1suTwusINinveunaunisi 3.9 aesnsily

drna T, 9 ¢ azla

1

O(t)dt +k, j j O(t)dtdt

-1 T}*l ];'71

j d (t)dtdt (3.10)

i-1

—

H(t)—QH +(9i,—1 _ciei—l)(t_Ti—l)-’_c‘

1
t
|
T

i-1

=

AAUA LA
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a =(0,-cb.,) (3.11)

1

9.,=0(0),6,=6/(0) (3.12)

Y a v PN ) 1 a £ 1 1 1
Jeulusuauluaunisi 3.12 LUUF"I'WJ@Q‘Q@L?NG]U £ L3817 Ti—l VDILAASYINIANY DY LNU

aunsi 3.11 luaunsh 3.10 azlgdn

0(t)-0_ +a (1=T_)+c

.’*l._.N

9(t)dt+kj. je dudi=m, | [ a(yduar 313

-1 Ty Tin

v ¥ o v aa & a s 1 17 = 1 [ % ' &
PNUULUUINABINIYITNUY TUUIN uﬁ%mmmuwmmamu‘wawaﬂmnuaumLUui‘Um’m

AUN"57 3.14

Hmodel,i(t) = Hi—l _a: (t_T;_l)_Ci I g(t)dt_kl J. J. Q(t)dtdt

oy
TH
T’*)

(3.14)

j d(t dtdt
Vil

1

t
+m, |
7

a Y a A a ' | ' PN =

aun1sh 3.14 leSuensedounvessluisazyisandes Tumafimtueiaasl
garusunwiatulumsiag 6(7) Feannsafntuainvatedadeegrududyyio
< sag v °o o v ° a sag v a a v 1Y) |
FUNUIINIUREINLTIR vIlRuuuTIasmeedineansildasuionganssulinaansly
whiudua1ase Bnnsagyihlianenulideiliesiuseningeduanvestisagesdagiuiv

AFUAUVRITINIAALY aufnanalilugun 3.2

6(t)

Gmudell-_]_ (Ti)

t

JUN 3.2 anulisoillosiinvunueaunisi 3.14
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aa PN 1% oA Y] I Ao a a 0§ ¥ a o v a
'Jﬁﬂ']ﬁ/]f’ﬂzLLﬂ{jQJJ‘Vi']ﬂ'J'uJIN9']E]Lu@ﬂﬂﬂﬂaq'ﬁﬂNU?%ﬁVlﬁﬂ']WLLaSINWWIWLﬂWﬂ']WNGUUGU@uﬂ@ﬂ']i

[ &) 1 = 1 = o o '
seuRauanwasute Jagnaniduddusely

vinnsauudlt 6, (1) wag d, (1) Wuariildannisia uwnu 0(¢)=6,(¢) uaz

d(1)=d, (¢) luaunsi 3.14 azlé
t t ot
0,,(t)=0.—a (t-T)=¢, [ 6,(t)dt~k [ [ 0,(¢)drdt
T, Ty Ty (315)

+m

i

AN

t
[ d,(¢)drdt
T

i1 1

}

o [y | S = = o 1 P k ] 1 a
dmsutean e -, Fuduuuuiassusn taei 1 Wunanluthiandesd

i NANRUNSTNELENe k way N Li‘;luﬁi’]mu%’agaﬁlﬁmﬂmisi'fﬂﬁaaehﬂuLwiammsiaasuaa
a ¥ [l a v
nan ansadisulvieglusvaumsumsndlad

Ap=b, (3.16)

Taen

o) 0 ) A0

Lo = (o, ~[ [ 0,(r)dtdr [ [ d(r)drdr

f N h g
e 4 ) J21 )
1)
A |l —}[ 0, (1)dt —J Jﬁm(z‘)dtdt }[ Jdm(t)dtdt (3.17)

0] o o) [ )

A" o, ()ar —[ [6,()aur [ [ d,(c)dude

Ty L T L T

gl (3.18)
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a o w

° 19 PN 44' ' a calv 1 ' v Y  a
NINTAANNITN 3.16 LW@W']V‘T]EU@QW']T]@JL@@i%lu%iq‘Uﬁq I@I‘Eﬂﬂjﬂ'ﬁﬂﬁzm']m@')fnﬁﬂ']aqaﬂﬂ
Y A = I a s ° o ° oA =
uaﬂﬂq@LW@Im@ﬂqwqiqumai ¢, kl e M, d1nIUBUUIIADIYINNIUS

AMTULUUT1809U99990U 9 ANSNAUTDIMUUTIaeY 6, amnsaauwialaain

Y

auns? 3.14 van t=T,_,i=2,3,..,n Fadumsunurdugaveswuudaeslugieiagdu

v

wimunduasusuesdaly vinliAnanudeiliossningedugavostisiadagiu

'
[y a

vyasuAuresdsatdaly sudunmsuidgmearuluseiliasnanainududouas viadl

e

Hesnnnsuaves O iliwdemsiiiwesilinsuAniies 4 63 unuen 0(1)=6,, (1)

way d(1)=d,, (1) ansadeuaunislvieglusUauniswminglad

,m

Ap=b, (3.19)
Toeil
B A0} O {0} A0 J0) ]
(-1, =[e,(a - [o,()dde | [ d,(c)dus
A 27 7,y R &
) ) 2 ey
(@)
|, 24 e Oy A [ [6,()ard d,(t)dudt | o0
i T T, T, Bl
40 4O J J) o)
21— [0, (e)de — | [ 0,(r)dut d,,(1)dudt
i g i T T T ]
g g ]
84 9[{(2)} -6 (3.21)
3{("’ W _ 6.,

NAUNITN 3.19 FNUITOAIUIUMINITILADTA T ULUVTIa03v0 e 9 Taenisldnng

1Y

UszanauniedsmasaesdoegatuinednuiuwuuInasrivils vasintduunuen ¢, &

way m; AGNNITUAFUNITN 3.19 LNENAGBUNANITNBUANBIVBUUTIADY O, 4, (1) Tu

model,i

aunsi 3.14
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3.4 nsainvualilgaanisifinasiinsiuan

A [J a s al 1 1 [J 14 a ISP [ o 14
Woand NS hlunsiuaAnuual m,; Tuaunisi 3.9 dawvindu 1 vl

wdensfwesildvsiuaniios 2 fafe ¢ was & Feuaunsi 3.2 ualld
0" (t)+c(t)0 (¢)+k(1)0(¢)=d (1) (3.22)
lnefmuali c(r) wag k(1) Juilsrdumsiluusastiaiainiuaunisi 3.23

o /T Ak ST
Cyy TSt T; (3.24)

c(t)z

RVNAE T

nd “n-l

K, T
k()= k, fSTz (3.25)

wnuAn c(1) uag k(r) Tuaun1s9 3.23 warviNISUSHUSWUUINNAVDULIREALNIST 3.22 @09

psslutaaan I, de ¢ agla

1

0,

model,i(t)zei—l _a: (t—Y;il)—Ci J. g(t)dt_kzj. J. Q(t)dtdt
T T4 T

(3.26)

lne? o, waztoulvSududuluamuannisi 3.11-3.12
MUY 14 - Faduwuudtaesisusnaunsadeulvieyluguaunis

LINSNGLAI

Ap=b, (3.27)



Tnen

i {0
AL
I
e
@ _
A|l _T[Hm(t)dt
00
T A3
: h
i O )
N
) o
b, =

o

,5(2)} tj@)}

)dtdt

— [ [ 6,(t)drt

0 0

0 0

—[ [ 0,(r)drdr

L T

21

(3.28)

(3.29)

o o ! v ~ ! o 14 = a 5 al 1
F1MTUYNIAT eV~ V) 1T19991ANTIUAIRY O, liudenisiiwesaly

NIIUABNEL 3§17

Taen

(3.30)

(3.31)
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(3.32)

A0 o)
0 -6~ [ [ d,(t)dut

L T

ASUNATNISIAResANNsaV LA WR e UASENL 3 WisTwesilingiuen Teenis

Uszanaumedsinasaeiosanuaanvindluaunis 3.27 uag 3.30

3.5 aASIVLLAY

naunIsn 3.1 Fnduaunseniussudvasiioriinisudasavargazlailaidudng

TounuaLns? 3.33

(3.33)

[
[ o

Ya C% d' 1 . ::! 6 o 1 1 a0
Tidunadudyeyradudulendanis (Unit Step) edilanduaelowdu - a1nnguian
N

gnvne (Final Value Theorem) 3z laA18ns1venea® (DC gain)

lim s-G(s)-

s—0

© | =
Il
[E—
50
°%}

K
M (3.34)
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N33 UUUTIRRIMNATAMARSALNTTEUANIN YLD IRENIINTEAUTTUULA 3
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N157A70yaNIBUNALALLIANALIINISAILIN TUUNTaENa 1IAITUABUNNTNAGBY SYUUT

[ a

Tdlun1snnass asdUsznaUveIsEUUW@UDs A I lun1sTnd g nszazdunauaznis

e

a ¥

WasuuUasweague1dng uazduganieazidunanfisnismisudeyadmiunissey

ARANYLY
4.1 UABUNITNAADY

N15398L3uAuAENITas NITUUI Ui aIiudayan1snnaef Usenous g

a I3

YUIUBUNALATLDIINAVRITE UL TUnBUsaNIABNITWIBNtayalaunisiteyalaain

€

N1INARBINYALYE AU ANDIAINF Y 104TUNIU ey annadnulelunissey
AMANYIZYDITEUUAILITNLANA NN TunBUanT N8R NITUTTEILRALAENITANLIUAIUNG
SINNEDIVBIAINUAAIALATDUNIGIHBUARY TENINNANTNBUAUBIVBIUUUTIRBITUNANTS

novauenlianmMsin Jdldasudunaulilusun 4.1

u(t) > Y ¥(E)
FEUUNLATN
W A
F s "
= 8
iudaya
A v
.
Whsaudaya

o

IEYAMANYUEUDITHUY

Uszidiuua

p. A

JUN 4.1 Tupeunsvnaaauszuuatn
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4.2 sUUNYIUNISNAgaU

[V
[

lun15338ASatvueud N ldivuInAUNIe 65 WURLIAT SAU81T 75 WURLIAT
waeiiumtinTiuuunwmesyszana 80 Alansu lunmsveaeuususignuusesniduaudiufe
gt daufvusud warduvasIun 4.2 Fausdagduaunsavdurinyuiuwnissaulalay
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a o

ldueaanslunisendvesdentuardends veaanjgnianaliuudiuntiasdiunaevasm

a

Vueus WevduveaanjlufiAniaferiumeanuswinu diudvusududuingy @ fu
LWITEAU walilovduveaangiiesinuiellidndiumuntvsesundasyilidevesiueud

PansenseauIumtoNuvinlndnsauasLfiouiny

JUN 4.2 viuguaduindeuddedasenltlunisidy

nalpilddmsunisenaeluguil 4.3 Usenauniuuoinesnssuansasy ZKYR361

AMULSY 110 soUsaudl Ausasuiia 12 1ad iudumduvdsundsnulidranniunines

(%
v v v 1

naadatudvugudiiuussianenalunsnyuueaans veaan3Auend 25 WUAWIAT
srezdin (Pitch) 2 wufiwns 1dlunsdaidnusidaveswamesuianisuyudunis
waeuTudy Jasiauuuidou (Prismatic Joint) ludiuiideunasywinsdiudivosuaud

AUAILAUNT IRAIURILEUATUAIUATUNES
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2 (-3
ulpnnas

uoadng

JUN 4.3 nalnilddmsugndevewiuguiduindeuddedasy

Tuannzunfvusudazegludnwauedaguil 4.4 nmsendednsladramieinlilaenis

a 1) v & v <, o vy P N | o o

nasuveaanslunsudenseniu Wusver d vihldediuniiviediundevedsi
' ¢ o X o Y v v a Ay ot A A A ) P

VuguAendmwig 0 fukinszduaagui 4.5 luwuagndesndi@umilenuinsduasziiou

AnTu Janvsunananuliaunaresngudnalanuiiiionedulaiuieddivde Fan1s

5uaumaua] ﬂ@lﬁmﬂﬂ’)’mLﬁEJ‘Vi’]EJﬂUWJMuEJuGW’mﬂ’J']lIﬁ'] (Fatigue) aﬂmmﬂ%aﬂmmm

(%
Y

G]ﬂW\‘]ﬂ‘U(5]’]‘tiuEJ‘L!G]lIUSSﬁVIﬁﬂTWﬂ’]iVI’N’]UﬁﬂﬁQ

dausiue U UBLADS

JosipuuuLioy UDaaNng

JUT 4.4 viuguiduindeudaedasyluannivuni
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JUN 4.5 viusudduindeuddesasyiilelinsenae

4.3 N1SRFYNNTIINAGDU

(%
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function [ymod, ¢, k, m]l=minimal msd(U,Y,Ts,T)

tm=0:Ts: (length(U)-1) *Ts;
N=ceil (tm(end) /T) ;

for i=1:N
t{i1}=T*(i-1):0.02:T*(i)-0.02;
y{i}t=interpl (tm,¥Y,t{i});
u{i}=interpl (tm,U,t{i});

%lst integral
inty{i}=cumtrapz (t{i},y{i});
intu{i}=cumtrapz (t{i},u{i});

$2nd integral
int2y{i}=cumtrapz(t{i},inty{i});
int2u{i}=cumtrapz (t{i}, intu{i});

end

lb=[-InfR W fY-3nf; - TeMTNELY
ub=[Inf;Inf;Inf;Inf;Inf];

A{1}=[t{1}'.70 t{1}' -inty{l}' -int2y{1}' int2u{l}'];

b{l}=y{1l}';

pl{1}=1sqlin(A{1},b{1},[], [}, (], [],1b,ub);

ymodel{1}=pl{1} (1)+pl{1l} (2)*&{1}'-pl{1]}(3)*inty{1l} '-pl{l} (4)*int2y{l}'...
+p1{1}(5)*int2u{l}"';

pl=cellZ2mat (pl);

cl=pl(3,:);
kl=pl(4,:);
ml=pl (5, :);

lb=[-Inf;-Inf;-Inf;-Inf]; %This makes c i and k i positive
ub=[Inf;Inf;Inf;Inf];

for i=2:N

A{iy=[t{i}"'-t{i} (1) -inty{i}' —-int2y{i}' int2u{i}'l;
b{i}=y{i}'-ymodel{i-1} (end);
p{i}=lsglin(A{i},b{i},[1,[1,[1,[]1,1b,ub);

ymodel{i}=ymodel{i-1} (end)+p{i} (1)* ((t{i}'-t{i}(1)))-p{i} (2)*inty{i}'...
—p{i}(3)*int2y{i}'+p{i} (4) *int2u{i}';



end

pi=cell2mat (p);
ci=pi(2,:):
ki=pi(3,:);
mi=pi (4,:);

ymod=[];
for i=1:N

ymod= [ ymod; ymodel{i}];
end

c=[cl ci]l;
k=[kl ki];
m=[ml mi];
end

HanTunslaasns1imaslainsiuan

function [ymod, c, k]=minimal msd 2(U,Y,Ts,T)

tm=0:Ts: (length (U)=1)*Ts;
N=ceil (tm(end) /T) ;

for i=1:N
t{1}=T*(i-1):0.02:T*(i)=0.02;
y{i}=interpl (tm,Y,t{i});
u{i}=interpl (tm,U,t{i});

$1st integral
inty{i}=cumtrapz (t{i},y{i});
intu{i}=cumtrapz (t{i},u{i}):

$2nd integral
int2y{i}=cumtrapz (t{i},inty{i});
int2u{i}=cumtrapz (t{i},intu{i});

end

$First section

$This make c i~ and k_i positive
lb=[-Inf;-Inf;0;01];
ub=[Inf;Inf;Inf;Inf];

A{1}=[t{1}'.70 t{1}"' -inty{1}' -int2y{1}'];
b{l}=y{1}'-int2u{l}';
pl{l}=1sqglin(A{1},b{1},[1,[1,[1,[]1,1b,ub);

ymodel{1}=pl{1} (1)+pl{Ll} (2)*t{l}'-pl{1}(3)*inty{l}'...
—pl{1} (4)*int2y{1}'+int2u{l}';

pl=cell2mat (pl)
cl=pl(3,:);
kl=pl(4,:);

%1 th section
lb=[-Inf;0;0];
ub=[Inf;Inf;Inf];

for i=2:N
A{i}=[t{i}'-t{i} (1) -inty{i}' -int2y{i}']l;
b{i}=y{i}'-int2u{i}'-ymodel{i-1} (end) ;
p{i}=lsglin(A{i},b{i},[],[1,[]1,[]1,1b,ub);

48

ymodel{i}=ymodel{i-1} (end)+p{i} (1) *((t{i}'~t{i}(1)))-p{i}(2)*inty{i}'...
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-p{i} (3)*int2y{i}'+int2u{i}"';
end

pi=cell2mat (p) ;
ci=pi(2,:);
ki=pi(3,:);

$return value
ymod=[];
for i=1:N
ymod=[ymod; ymodel{i}];
end

c=[cl cil;
k=[k1l ki];

end

dy 1 dl Y o U ¥ d‘ = 1 5 1 Y o v 6 v ¥
wnanstluenasianulidmsunisidnuienisfinewing eugslnhlulgsslevimunisin
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Abstract—This paper presents the application of integral based
method for characterization of the vibration in the four-wheel
agricultural mobile robot, which is designed for use in
applications such trimming, spraying and harvesting.
Vibration occurs when one of the wheels does not teuch the
ground which reduces an effective of end effector. In order to
design an effective controller, an accurate mathematical model
is needed. Results show that the proposed method can simplify
the system identification procedure, while yielding excellent
maftch in comparison to the standard black box method. The
proposed algorithm gave an NRMSE match of 96.8%, while
the standard method yielded a 76.1% match. This match is also
found to be lower when the validation data was from other
experiments.

Keywords-agricultural mobile robots; vibration; integral
based method; characterization

L. INTRODUCTION

The realm of agricultural field operations is typically a
complex, diverse, labor intensive and crop directed. The
advent of automation has seen an increasing use of mobile
robots, as researchers around the globe seek to reduce the
labor intensity, as well as their associated costs. Other targets
of improvement also include the environmental impacts
resulting from application of potentially harmful chemicals
in efforts of enhancing yields. Several types of agricultural
mobile robots have been developed in the literature,

including fruit picking robots [1-2] and spraying robots [3-4].

Out of these prototypes, the mobile platform has by far
garnered the most attention from researchers, with
developments of the multi-functional abilities for weed
control, data collection and spraying [5].

The four wheeled independent drive (4WID) is most
popular amongst the mobile platforms, with the main
advantage being maneuvering flexibility over a wide range
of terrains. Traversing uneven and difficult terrains, for
example, climbing steep hills requires lifting and lowering
the robot to the desired position. This action typically
generates vibrations, which must be mathematically modeled
and controlled.

Oscillatory behavior modeling usually assumes a linear
damping model, where the response is then decomposed into
various modal frequencies. The common method following

978-1-7281-3325-6/19/$31.00 ©2019 IEEE

this linc of approach is the Prony’s analysis [6-7], which is
similar to the concept of Fourier Transformation, except that
the exponential term is also added to the harmonics. Other
approaches include the Kalman based estimations [8],
frequency response [9]. Other methods also include the
matrix pencil method of Hua and Sarkar [10], which is an
improved version of the Prony’s analysis: the distributed
frequency domain optimization [I11]: the second order
generalized integrator (SOGI) [12-13]. The approach taken
generally in the literature is to presuppose a definite complex
model structure first, then fit this complex model to the data.
If this initial model assumption does not work, then more
complex models and observer structures are used, including
finite elements.

The approach taken to analyze the vibration of the
agricultural mobile robot in this work is to simply start with
simple model structures first, and through the use of
identification ~ methodologies, uncover more complex
dynamics as required. The paper is organized as follows:
Section II gives an overview of the agricultural mobile robot
design; Section III details the developed characterization
methodology; Section IV illustrates the results and
discussion. This paper is concluded in Section V

I.  AGRICULTURAL MOBILE ROBOT ARCHITECTURE

The platform used in this research is designed with
maximum maneuverability in mind to allow for efficient
operation in outdoor environments. The robot has a rugged 4
wheel drive chassis with skid steering. Its body can be
sectioned into three separate rotating parts, allowing for
movements in the roll and yaw axes. The robot is also
designed with a symmetrical orientation so that the front part
and the rear part are the same. This provides an enormous
flexibility in terms of maneuvering, and has the capability of
climbing over obstacles and stands in rough and steep
terrains, which allows it to cover places otherwise deemed
difficult for other robot platforms. The robot is also
equipped with an on-board computer system as well as an
RF receiver system for building and compiling MATLAB
codes, for conducting the control on-the-fly.

Figure 1 shows the schematic of the designed car-like
robot. The robot is powered by two batteries which are
thereby used to power the eight sets of motor-encoder
systems designed to provide complete maneuverability of the



robot. In other words, two sets of servo motors-encoder pairs
are installed on each wheel; one to provide the forward
lateral movement, and one to provide the steering to achieve
orientation. Two further sets of actuators are also attached to
the rails to provide the torques to lift the front and the rear
parts to maintain balance in steep terrains. Climbing such
steep terrains requires lifting the front and rear parts of the
robot, generating associated vibrations every time the robot
is lifted.

-

Figure 1. The designed mobile robot prototype.

To investigate the vibrations associated with the lifting of
the front and the rear parts of the agricultural mobile robot
prototype, there is thus a need to develop a methodology
suitable for characterizing the associated vibration quickly
and effectively.

III.  METHODOLOGY

A.  Integral-Based Methodology for Characterization of
One Degree of Freedom Vibrations
Consider a normalized non-homogencous second order
differential equation describing the vibration of the angle of
movements defined:

O"+cO'+ kO =d (1), (1)
where ¢ represents the damping, and k denotes the stiffness
of the spring. The function (1) on the right hand side of
Equation (1) represents the displacement of the lead screw
movement to the system, The function ((r) denotes the angle
of movements from the front or the rear part of the robot. To
allow flexibility of the model, the damping and stiffness
appearing in Equation (1) are considered time varying, and in
this respect, Equation (1) can be rewritten thus:

0"+ c(0'+ k()0 = d(1). 2
In this case, ¢(r) and k(r) are assumed to be piecewise
constant functions defined:
6y Tyxtel

G, Ty <t<T;
c(t) = - ; )

& Tyt €T 4

nt
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ki, T;<t<T
K, Ii<t<l,
k=1 "7 @)
ke Tyl
The intervals are also defined:
Ar=T, T, i=0,..,n-1 (5)
T, =0, Ar=user defined time interval . (6)

Integrating Equation (2) twice with respect to time yields:
0-6,-aa-T)+c[ owdi+k[ [ 66 dr

e (€)]
= I I d(t)drdr
el
where the initial conditions are:
0, =0(0), do, =0'(0) (8)

The integral based model for the angle of movements of
the front and the rear parts of the robot is thus defined:

Orsii() =6, +a,(r—7j)—c,j;I(}(r)dlak,j;‘I; 0 dedr o
+L ‘ Ir. diydrd.

where:

@ =dy,—c,,y, (10)

Equation (9) gives the piecewise definition of the angle
of movement for the front and the rear parts. In allowing for
the possibility that the measured #(7) is subjected to some
additive noise which may arise from the encoders, the
mathematical definition for the angle of movement may not
exactly match the true data at the joins. The direct
consequence of this phenomenon is that the modeled
response 6 (r) described by Equation (10) could well end
up being discontinuous. Figure 2 shows the scenario of this
case:

Figure 2. The discontinuity of @ .

A simple method of resolving this possible discontinuity
issue is to identify the modeled responses by piece. In this
light the model of 7 is written as follows for the first section:



Ousio® =0 + ot =Ty) ~c, [ 00 dr &, [ [ 062) drar

+L’ J';’d(r)drdr (11)

a, = Equation (10) with i =0

Setting #(t) =6, ,,.(1) . d(t)=d,, (1) for the time

data
(1641

instants 7€ £,"" -1, yields the matrix equation which is
written:
Ap=b, (12)
where
'Q'H'L r.,'"" o
] ’ﬂ“”. g I odum dt _J.T IT edtrm (I) dtd’
i &
: o' L el
A = I ’ul( Y J ae.lul‘ad'r o T T Odr:m(t)dtd'r
0 = Tn (i o (l3)
{(m) o's 1ol gt
1 " =\ @8, d — 8, (ndrde
0 1'[ dota Jl.n‘ I'ﬂw .iam( )
(an "o' {1} J_"mll
ALY @ NP/ ¥
¥ -
Jen L, e
) _ [0 e
A\ G, ij [E d,, (O)didi =

[ dyaas

m
—Hn{ . ”
The matrix equation of Equations (12) — (14) can be
solved by linear least squares subjected to the following
constraints:
>0, Q. (15)
This operation will now yield the damping ¢ and
stiffness k, , along with the model to the first section of the
data. The initial conditions for the second section, and in
general the 7 th section, can thus be computed:
6 _, =Equation (9) witht=T,_,, i=2,...n (16)
Having known the initial condition of the i th section
effectively leaves only three unknowns in the model of
Equation (9). Setting0(r)=0 , (1), d(t)=d,, ,(¢) for the

time instants et =" will vyields the set of

N equations in three unknowns for the i th section:
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Ap=b, a7
1 ~[! owar -jT [ :"‘0(:) dr dt
o< Tooa f fooaal
1 ewdr [, [ oward
0,a")-0 —led (1) dt dt
i = ""("m)‘”f’I;i:fii:"'(')"’d' (19)

LH,.(:,.“") -6 —I’r ‘J-;:_“d,(r) dr dt

The algorithm for identifying the damping ¢, and the
stiffness k,, i = 2....,n solves Equations (17) -(19) by linear

least squares subjected to the constraints:
>0, k>0 (20)
The identified values damping values ¢, and the
stiffnesses &, from Equations (19) and (20) can then be

substituted into Equation (9) to yield the modeled response
for the angle of movement®, . (f).

IV. RESULTS AND DISCUSSION

A, Experimental Data Acquisiion

To obtain the experimental data required to perform the
vibration characterization, an IMU was fitted to measure the
angle of movement of the front and the rear parts. To provide
an input into the system, a voltage command from the battery
was sent to the servo motor driving the lead screw movement,
which provides the torques required to generate moments to
lift the robot. In order to measure this torque, a class B
potentiometer displacement sensor was fitted to the rails at
the front and the rear parts. Displacement values being read
from the sensor gives the d(r) function in Equation (2). All

data is saved as a .mat file and imported into MATLAB to
perform computations.

B. Vibration Characterization

Figure 3(a) shows the input rail displacement signal,
while Figure 3(b) depicts the vibration measurements from
the IMU. Note that the integration drifts associated with the
IMU has already been pre-processed with the use of linear
least square in which a simple linear model was assumed. In
addition, this figure only shows the response from the front
part of the robot as proof-of-concept and also due to the lack
of space.
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Figure 3.  (a) The input rail displacement response and (b) The angle of

movement for the front part of the robot.

Applying the proposed time varying algorithm with
T =0.05s to the vibrational data yields the match as shown
in Figure 4. It is evident that there is very little mean
absolute error in the match. In fact, the mean absolute error
of the match is 0.0002 degrees.
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Figure 4. The responses comparison for the time varying algorithm,

Although the time varying algorithm yielded a pristine
match between the modeled response against the measured
data, the nature of the time varying parameters varies guite
greatly due to the arbitrarily small time window of 0.05 s. In
this respect, with the recording of six seconds of data shown
in Figures 3 and 4, there are 120 piecewise ¢, and k, values.
Designing a controller to handle such a large number of
piecewise ¢, and k; values is possible, albeit tedious and
somewhat quite complex. To avoid this complexity in the
design of the controller, plots of ¢;and k, values against the

time window number is firstly conceived as shown in Figure
5.
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Figure 5. (a) Plot of k.‘ against the time section and (b) plot of ¢, against
the time section.
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It is seen from the plots shown in Figure 5(a) that the
values of identified k, follows the data quite closely before
settling down at a single k value. The identified ¢, values are
close to zero initially, before increasing around the point of
the step change and hovering about a positive ¢ value. A
simple and obvious method of obtaining a single stiffness
and damping value is to take the mean of the ¢ and k, from
section 40 to section 120 when the recording ends. In
symbols:

¢ =mean of ¢; from sections 60 -120 21)
k = mean of k, from sections 60 -120 (22)

The computed values of cand k from Equations (21) and
(22) are 0.809 and 54.176. These values are now used to re-
simulate the response @, (t) with initial conditions taken
from the measured response &, . The result of this re-
simulation is shown in Figure 6.
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Figure 6. The re-simulated 0y e| (1) with initial conditions taken from

the measured response Udala(” g

It is evident from Figure 6 that this re-simulated
response matches very well against the angle of movement
data. Specifically, the match is 97.1%, resulting in a root
mean square error of 2.9%. This result shows that although
the time varying model was not in place, the identified
cand k values still yields an accurate mathematical model
for the vibration of the body of the robot. Note that the time
varying model has provided the flexibility that ultimately
enables us to conclude with conviction, that the vibration
system can be described with a linear model with sufficient
accuracy. Had the system been fully non-linear, the plots of
Figure 5 would have depicted a trend that can be further
exploited to arrive at a specific non-linear model.

C. Comparison with the Black Box Method

One widely used method in system identification is the
black-box methods. The popularity of such method has
resulted in software packages such as the embedded system
identification toolbox in MATLAB. In this respect the black
box modeling in the embedded system identification toolbox;
in particular the transfer function method is used to compare
the developed method. Here the user simply has to provide a



guess of the transfer function order, without having to know
the equation of motion. Figure 7 shows the identified model,
along with the match to the data. It is evident from the
figure that the black box method only yielded a 76.0%
match between the data and the modeled response &, .

This result shows that the proposed method significantly
outperforms the black box method.

Simulated Response Comparison
T T 1

aett iyt |
oyst:7607% | |
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Figure 7. The responses comparison for the black box method.

V.  CONCLUSION

This work has presented the integral based vibration
characterization methodology for agricultural mobile robot.
The robot was specifically designed in such a way that
provides maximum flexibility in terms of maneuvering, and
could steer in otherwise steep terrains where other types of
robots have difficult access. The developed methodology
begins with an assumption that the damping and stiffnesses
satisfy the piecewise time varying model, that is, the
damping and stiffness are assumed to be constant over an
arbitrary chosen time. To resolve the continuity issue
resulting from the possibility of operating wyjth noise-
corrupted data, the initial conditions for the next section is
iteratively computed.

Application of the time varying model on the measured
angle of movement responses revealed that the
identified ¢, and &, closely follows the data, and settles down

at a single value after the step change. The values of ¢, and
k, were then averaged to result in a single ¢ and k . Re-

simulation of these averaged damping and stiffness values
yielded a 2.9% root mean square error. This error is hugely
in contrast to that provided by the black box method, which
yielded a 24% root mean square error.

161

55

There are quite a number of methods for analyzing a one
degree of freedom vibrational problem. Most of these
methods require a huge number of assumptions to be placed
on the mathematical model, some of these assumptions
placed on the model may not even exist in the real world
system. As a consequence the resulting model may well
mask the underlying dynamics from being uncovered. The
approach taken in this paper is to start with simple but
flexible formulation that allows for the use of identification
techniques to uncover the nature of the underlying dynamics.
This technique saves time and cost of experiments in
developing the controller to combat the vibration of the
agricultural robot.

Future works include controller designs to mitigate the
vibrations as well as other nonlinearities such as the dead
zones, along the robot wheels.
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