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PANITHI PHETNOK : DESIGN AND IMPLEMENT OF DRIVE CONTROL
SYSTEM FOR ELECTRIC GOLF CART. THESIS ADVISOR : SURADET

TANTRAIRATN, Ph.D., 86 PP.

DRIVE BYWIRE/PID/ARDUINO/AUTONOMOUS

Autonomous car is technology to transform the driving of vehicles in the future
because of control systems and sensors, such as autopilot. The location information is
transmitted by satellite to the driver to determine the path of the vehicle can continue its
own without a driver. This reason makes the driven comfort and safety.

Cost to an autonomous vehicle cost is expensive. There are a lot of research
to study and implement of the electric golf cart, because it’s cheaper than a car and
it has a same mechanism. The golf cart banded club car DS was drive with electric
motor 36V and mechanism system, rack and pinion are control steer system,
linkage connected with pedal control drum brake and throttle system. The original
mechanism was replaced with drive by wire system, DC motor is used as actuator
with encoder to control angular position using Arduino UNO. Pixhawk is main
processor to control drive by wire system by PWM signal, QGround control is software
to navigate golf cart by Global Navigation Satellite System onboard. PID controller
gains were implemented for the feedback control system of the drive-by-wire
system. The proposed method can obtain the good quality of control performance as
requirement.

Golf cart be driven autonomous using drive by wire system in range of 800 meter

with speed limit of 3 meter per second. It has a maximum error from setpoint 1.5 meter.



When golf cart has the obstacle in range 1 meter from font wheels and diffuse

sensor can detect, emergency brake will activate immediately.
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» Magnetic Flux

Wire Coil
(the conductor)

Commutator and
Carban Brushes H\:‘

Axis of
Rotation

51U 2.1 Mm3ihuveIweIAINTZIEATI (MU: http://xuperb.blogspot.com)
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ad o 14 v d . .

2.5 'Jﬁfn5“@%!@"““‘“1Qﬂ31uﬂ31\‘]61|@\1waﬁ (Pulse Width Modulation)
o A o s Y ' 5 s

mMsmuAunaIUidsesn lildiglnsaindesmaniuau wu AnuiEIseuveINIADS

1 a (% y [ I'4 1 Y]
ANNAINIVDIMADA LED lasnanuienamsanausiaunasesn lfiuemes uanmsaausasy
g’/ I A Y 9 A o 9 =\ 1 1 9 [ g’u o =KX a 9
vwduuuiniendeldrsngudouiinnugornasudiauin asiulaen 1 tien s
MANANITENI1 “Pulse Width Modulation (PWM)” &4 li' ldaaussduninualendnnisilaila

J Y 3 1 A o Ay Y = Y A o
YOIADTAIBAITIFY 9] IUMAAURABVDITIAUN IapenuusuMIn UM sl deuns sy

Taensq

'
o

PWM ﬂzﬁ%’wgﬂﬂﬁu%m%an (Square wave) ﬁ’aamiﬁmuﬂﬁtyﬂuﬂmqqm (High-Low)
ponN1lagmInuAnIUYeIda QI (Period) HANNIIAIAYUDI PWM Ao n1sliuilasu
Y A ' 9 A H <3 o Y Y A A a9
Aanundevesgnaauluudazaiu Tastignaauaunazilnusaumasneonuiaitios
) A o A d an 2 = Y oy a5 2
HAZH1QNAAUEILTIAUNTENILUANINUY 9I0JUN 2.12 V average (1TUTTN) 92 gAHIDANIY
Lg (Y Y A = F) A t:gl/d 1 . A
VUDYNVAIIUNINUDIGNAAU FIAIIUNINVDINAAUULIINIT “Pulse width” 30 “Duty
v A Y 9 o a g
Cycle” A7UNI19U999NATAUIZABINBINNIAINIINEIIAVIAND 1A8 Duty Cycle 9NnIoily
s 3 o ' Y o '
oI FUAVDIAVLIIATY 1FU BIATUMINY 10 ms 1Az Duty Cycle = 40% WUNUIBAIINI

Pulse width =10 x 0.4 =4 ms Lfﬂusﬁ’u

)

Ow

-

l« pulse width |

e— period —

gﬂﬁ 2.12 AaNHAULAAY PWM (N11: https://learninginventions.org)
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2.6 muiﬂﬂmaigmmmumgu
< v s L. A < s a &L A o Y A
Lﬂuiﬂﬂ!ﬂ@ﬁllﬂﬂllﬂuﬁﬁgu (Digital rotary encoder) A9 I ULEDIFUANUINNIHUIN
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HatTUTE e N1 HIBD1A0INITIAAIINITITOU 15192AIADLVINUAITANATHT ©
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luTasaouTnsamos Taomsizgnd ldouldamaesuuamsoldhauldedanainuaie
261 @wlsznovves Digital rotary encoder %410 Incremental 41U Optical
o [ 1 [ Y% { ] I'4
1) a1 (Shaft) 1dmSuasdnuingivyusy vemes
1 A 4 A . I T oAa <3 A U < = g‘ [
2) WWUAHN (Code ¥50 Pulse disc) i ULAUNTUNTNYT0TOUAN 9 NI
ATsanaaazhuna e lduadunusaasariula
1 . I
3) uwaane (Light source) #lu'li) LED qaininga
o @ A . Yo A
4) @5u1aa (Photodetector 3 ® Photodiode) 193 Uua991n LED winualaa 11

IS v 9
Wusravoya

LED Lamp AaFULE
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wwaBulAnwaad
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gﬂﬁ 2.13 MINNUUDY Rotary encoder (Nan: http://www.tic.co.th)

2.7 I2VUAIVAN (Control system)
A Aq ¥ 4 ~
ITVUAIVANADNISUIUNIT (Process) ‘1/]1"]111!ﬂ"|3ﬂ'JiJﬂﬂJL’E]W]V!G]ﬂJ’ENﬂig‘U'JuﬂTiVI
Y @ ] 1 A [ =~ Hq Y (o <
131A9INTTAIVAN AIDYIIULTU Lﬂii’N']Ji‘U’E)"IﬂWﬁi]%llﬂigﬂluﬂWSVIi%ﬂﬁUﬂ?"lﬂJlﬂuﬂlﬂﬂ
A o A a v A ' A 9Yq ¥
Lﬂii’]\1']J51J’EJ"Iﬂ"IﬁLWi’Jﬂ’J‘LIf’]quﬂﬂﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂgiu%ﬁﬂﬂE;ljl“]f@]i’)ﬂﬂ”li N1IAIUAN

o A ' S BN I A & Yo A g Y
NITVULAADUYTUNTIN UL LBFU TDYUA ﬂamﬂumsmmm%uﬂwm Tﬂﬂ@ﬂ]ﬂﬂllﬂutﬂﬂﬁ'ﬂﬂu
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a < = Ay = 9 = Y dyd 13
NANINUASAITULTY GIN'i$‘U‘Uﬂ’J‘Uﬂuﬂizm‘ﬂ‘ﬂﬂﬂ\mﬂumﬂﬁﬂlﬂEJ’JGU’eNuﬂ’e]ﬂLﬂuiz‘U‘U
[ vAa 1 a 4
ﬂ’J‘UﬂiJUliJE)GIIuiJGI (Manual control) meqyﬁﬁzfuumfummzﬂiam’qumwwmmmﬂw

Y ]
LLZW@@ﬂ!tﬂﬂixﬂﬂﬂ?ﬂﬂh@ﬁiuuﬁ (Automatic control) {NITHUU 1FU ‘i%‘]J‘U"II‘ULﬂﬁE)uE]GIquG]
(Cruise control)
27.1  52UUMIUANINAlA (Open loop control)

a I ~ 1A o
‘J%‘]J‘Uﬂ’J‘UﬂiJLL‘U‘ULﬂﬂ (Open loop control system) Lﬂuizuumuﬂuﬂmm
4 1Y = v Aa S 1 9 Y] L 4 [P=)
mmw@miﬂauﬂaumuﬁﬂumfmﬂuauwmqqm@mmiasmmzﬂiwm memmwmz”lw

NﬁGif’]ﬂTiﬂ’J‘]JﬂﬁJéU‘]J’JuﬂﬁsU@QiziJ‘U

(Input) NIZUIUNS (Output)
(Process)

317 2.14 Block diagram 55 01AUANIUDA)A

272 52UUAIUANINA (Close loop control)
Katsuhiko (2012) 1A13e11Re1uszuun2Uau291a (Closed loop control
system) 13052 UVAIUANUDUTOUNAY (Feedback control systems) 1635 n151f3euiionain
o Y @ " Y a A iq ¥ 1 dydd a
52UUA5091 1A (Output) NDA1919990 1d1H 521U (Input) ANULANANTNABANUHANA A

yx v g 9 s A " w ~ Y o
UDNISUU (System error) 11’?3Jﬂ1!,"llﬂﬂaﬂuﬂ mammuummqﬂ %zgﬂﬂizmawam&mmmm

=

wazihmsdadaaaniieatuaueinsallussuy Gnﬂuiw‘ummmﬁﬂﬁ Usznouldae

1) 93A2AN (Controller) ﬁwﬁ1ﬁ§uﬁ’mm1m (Input) wazdyanmifounduain
Sensor fiotszuanaduyanafizgndelidinssduvesszuy

2) ﬁ?ﬂi%@i}u (Actuator)ﬁﬂﬁ1ﬁﬂizé’u1ﬁizuuﬁ1q1u Gl%’muauﬂa"lﬂ
Taodoeldnasautdonld

4 2 ' 4 1 1 4 @
3) Wa1ua (Plant) N8 FUAIUV0IQUNTAI YAVDIAIUA UBIUATOIINT

a g

{ ' v o 2 £ ' 4 )
17]1/11{11u5311ﬂu ’JG]QT]NV\IE‘Tﬂﬁ‘I/Wl?J\‘Iﬂﬁﬂ’JUﬂJJ LB U Lﬂ%@\jﬁ@‘ﬂ’]\iﬂa LATNTIAITNTDU

a d A A <3| EY
wlgnsainll ¥seeueIN A uau
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3 7 Ay oA o o '
4) IHULYDT (Sensor)Nﬁu1ﬂﬁ§3ﬂ3ﬂﬂ1iﬂ1ﬂ1uﬂlﬂﬂ Plant (Output) Uag ey

GIQJJ ’t]y'aalﬁj 1 Controller

Automatic controller

e

i Error detector i

Reference | l i
input | I Output
Amplifier - Actuator »| Plant »>-

( Set ! |

point/ ! |

| Actuating i

| error signal J:

Sensor |-

JUN 2.15 uNUNINIZUVAIUANNTIA (Katsuhiko, 2012)

U

273 msmuguuuUdadIu-USWus-eyWuE (PID controller)
. . <3|
PID controller (Proportional-Integral-Derivative controller) Wumsaiu ANV

19lan e 1A HANA1A1INTEUY (Error) A1HAUITNAUTUAY (Setpoint) aUAIYAINT

1w

ABUEUBIVDITEUY (Output) M1 1MI¥Ase laeiaauds P, Tuaz D lumsdsumduaa

Dyl

fifouldrusyuy Tasiimunsasenuuuramsaeuaued iy auf ATz UIUMIAADINS
N5AOUAUBIVBIAINIUANIZOY U YD IN15 11IAI103dIAIDAUIUDIAIANIUAANEA A
AN IHUNY (Overshoots) LAAINIVBITLU (Oscillation)

dad7u (Proportional term, P) Ai® ST 100 HIAAINATINAIAANA 1AV

FLUVINGUAILAINIT K,

P=K,e(t) 2.1

v
[

Tag P Ao dyUVIPNUYBINDNTATIU

v

A [ 1 % 9 1 9
K, Ao asvenadadin, aulsilsumla

=) ' a
e(t) v MANURANAIA U a1t
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o J Ao a [
1U59Wus (Integral term, I) ﬁ’t] ﬂ?ﬂHWNai'JlJ“llf)\?ﬂ'J"ﬁJWﬂWﬁWﬂiJ']ﬂﬂ!ﬂ‘U@ﬂﬁWlUWU

1=K, I ce(bdt 2.2)
Taon 1 fio dyanaesnueameusius
o v ¢ o [ 1
K, Ao daswenedinus, aaulsdiva’la
A U a
e(t) Ao mMANURANAIA U a1t

v J . . A v A a
DUNUTD (Derivative term, D) A9 ons1n1slasundasvesnnurdanaia

IANTLUIUNITHI mm%’mmmmﬁﬂwammmsz‘uunﬂ q 1341 Llﬂgﬂmﬁjlﬂ?ﬁ/@iiﬂlﬂiﬂ

PUWUT K,
D=K d t (2.3)
= —C .
d dt ( )
Tag D Ao doyg V100N VBUNDUOYNUT

[

v J o Y] 1
K, o oasversoynus, awalsdiuala

e(t) Ao MANUAANAIA Bl a1t

1UYIDBNVOINTAIVANL DY PID ol dyanmvioonvounondadiu

g

ey
4

v J o
U3nius wageyusy lddyanavieonueIn1snIuAULLY PID MUY u(t)

a

d
u(t) =P+I1+D =K e®)+K; ]} e(t)dt + K, 0 (2.4)
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A1319N 2.1 HANTADVANDIVUINTUSUMBAT IV PID A0TLUU

(Y} 1 &' d v a =
dals | v | Jeneiya nagavga ANUAANDIA osMN
(Rise time) | (Overshoot) | (Settling time) AOIUSAIN

(Steady state error)

-
N nJaguuilas
K, an ATHY <y an an
aniioy
] =
- - GLLRGEANY
K, an ATEY ATEY . an
Wed gy
aX Y A
anas anay < I AU
K, apauanios | amwnguf luline

< v < 9
Ny nNuDY

(%) d
274 M3TYLNANEUUBITEVY (System identification)
o a 4 . < Y a J v
HUVIADINNIAUAA T 5 (Mathematical model) Lﬂuﬂﬁi%ﬂﬂmﬁ”lﬁﬁimﬂll"l
a a 1 1 4 4 a
6ﬁU18ﬂ1§LﬂﬂNﬂﬂ§$‘1/]‘]J‘1]1ﬂﬁ711!ﬂ5$ﬂ@ﬂﬁ'l\1 ] VOIS UU Lﬁi’)clﬁ}ﬁ1w"IiﬂﬂWﬂﬂﬁmWi]@]ﬂiﬁJ
= gy & A v o a & o g Yy
maq5zuuwgi1ﬁu1%uu"lﬂ cmmi‘w%z”lmmmnammaﬂmﬁmﬁmuu mgﬂmwmgnﬂ 9
(% d’d 1 1 9 a l [ 9
@I’JLL“IJ‘iT]iJWﬁﬂi$°l/]‘1J@’E)'§$‘U°]JfJEﬂ\1113‘U1\‘1 GluQWll’Jﬁ’Jﬂiiilﬁ’JUﬂixﬂ@UﬂJfJQﬁ%UU%U“ﬁ@ULLﬁ%
@ ' Y ¥ . . = A A oy ! o 2
‘]JNGI’JLL‘]J']'UliJﬁnﬂiﬂgllﬂ System identification i]\‘]!‘l]u!ﬂ'ﬁ’ENﬂJE]LSU13J1°]5’Jﬁlsluﬂ1‘iﬂ1!mﬂ%1ﬁﬂﬂu
J v 1 I ) a P 1 [ 1
Toag ldensunie Tou (Transfer function) iJununSaesnnasinmaainogluzildasiain
1 [ . d‘ d‘ 2 9y
JEUIN output NY mput Tu s Tamuanmsuilasarans (Laplace transform) mmmu"lmimu

=

o v S o
vy ulsnndnilugudiune

Y(s)
G(S) = m (2.5)

Tagh  G(s) fo WansunieTou

Y(s) A9 WanIAoUaUDY (Output)

" Aq 1 Y

X(s)  feo mnlawn 1y (nput)

I y { a 4
miutasan)ara Wuiugiuidedddlumsadrelumanasiamaasves

~ 9 = A . A = Y
53‘].]1]1/]&51@]@\‘1ﬂ1§ﬁﬂy11u1ﬂluuﬂ313~lﬂ (Frequency domain) sHO39INTEUUNUTAIAIYTUNT
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o o v 2 o a S v o o
mgwu‘ﬁaluﬁ ﬂﬂ@uuuEﬂﬂﬁluﬂTiﬂWﬁ@\uLﬁg'JLﬂi']Zﬂ @NL!‘Hﬁ\iflﬂWiuH@WﬂWi!Lﬂﬁ\iaﬁJﬁWﬁ

{ < : <
(Laplace Transform) i3 Aedded Iaatlumsesiio lumsutasaumsluTawunaniluaunms

TuTamuaNud13e s domain

Armature
v(+ S e
- cireuit
i

o 4 i . .
g‘ﬂ‘ﬁ 2.16 AN NMEMNVOINBIABT NTZUAATI (NN http://ctms.engin.umich.edu)

Tag J A® Moment of inertia of the rotor (kg.mz)

b 1o Motor viscous friction constant (N.m.s)

K, f1® Electromotive force constant (V/rad/sec)

K, Am Motor torque constant (N.m/Amp)

R 10 Electric resistance (Ohm)

L 0 Electric inductance (H)

0 Ao Angle (rad)

0 f® Rotational speed (rad/s)

91NNV 2 Y99 Newton’s HAZIINNYUDI KirchhofP’s A5 ilouaunis 14
191l
J0+b0 =Ki 2.5)
di ) .
La+R1=V—K‘G 2.6)

dohmsudasanlaiuaunsi 6 uaz 7 Toglugiineuveos s domain
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s(Js +b)0(s) = KI(s) 2.7)
(Ls+R)I(s) = V(s) — Ks0O(s) (2.8)

Woedagddunislaensmiamouved I(s) 1INauNI5H 8 1Az 9

Y U a 4
ausoeueanFuatsTouvesszuuAIUANLU VIV ANDIABINTTUAAT
A a < Jd I 1 % A
WenasuunuE lumsvyuvesnomesidu output taznissrensaau Ivlin

Q.
VARINDUMVO L)Y input

0(s) K rad/s
V()  (Js+b)(Ls+R)+K’ \

(2.9

¢ a o U
2.8 gunsamiuaumstiuonluia

2.8.1 Pixhawk

. & ¢ L N Yo o v
Pixhawk !ﬂuﬂ@iﬂﬂ?ﬂﬂﬂEﬂ'LlWﬂ’Tl!g‘WuﬁWUVIUJﬂiﬁuﬂWﬁJHTﬁTN”liﬂlLﬂllsU

Y a A 49! S 9 A Y o 14 49! 1 . @ é’
11(?11ﬂigﬁ‘ﬂ‘ﬁﬂ"l‘W‘JJ"IﬂﬁlluuaguﬁjWﬁ@qﬂW@l‘HTU@ﬁﬂﬁUuu"Iﬂﬂ"l‘(’lgu PthaWkQﬂW@J\IH”IEUH
1A8 Lorenz Meier 910411318188 ETH Zurich (Swiss Federal Institute of Technology in Zurich)

s ES o o ! { o s
Tudl 2000 vosaidenlduuiidnuuz digin 2.16 15113 udee1d Tasduluvesa

<3 4 o [ 1% 1
vzilszneuliddreFuiwes IMU (Inertial Measurement Units (IMU) @1 TUN1TIAAITNLI

IS A ) o v W 4 4 [ 1

Llﬁ$!ﬂJﬂJVl?fﬁﬁ’iﬁ‘]Jﬁ'i'NIi]UaﬂHmZﬂ’]ﬁﬂﬁ@uﬁﬂl@ﬂﬂ’]uW’]ﬁug Qﬂi%@ﬂ?ﬂllWiWﬁTﬂiuﬂTﬁi%

o 1 o T 4
muauimu IﬂElfﬁlﬂiﬂ‘IJi‘]_ILL@Nﬂﬁﬂ’JUﬂiJGU’EN’]J’f)iﬂWTHG]i’EW\ILL’Ji QGround control

Yaw, lIJ StGoIfbcart MU Estimation system
eer by wire (Kalman filter)

Throttle by wire)

Velocity control

Position control

q‘;:‘llﬁ 2.17 hlﬂf]‘”!lﬂilll,l,ﬁﬂ\‘iﬂﬁ'ﬂNWuﬂ’J‘UﬂiJi“’UU*UEN Pixhawk
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o ' < { .
TﬂfJGlHﬂ’l'iﬂTU‘ﬂlJgl’l!ﬂ’iuQllﬁ$ﬂ31ﬂlﬁﬂﬂlﬁﬂﬁﬂﬂ1ﬂ§ﬂ“ﬁ 2.15 Pixhawk 2%
14 IMU 52011 Kalman filter 119 1un1391ue-ud v Usziiiumsanaanimuz auveaniny
udsdsiusiuranaln (Predictor-corrector type estimator optimally minimizing the estimated

° a 4 J v o {
error covariance) 19 M3 1FUVTIADINNANAMAATUBITZUD TINADTyI8 Input NifoUN

i
=

Y @ 4 [
Tluszun wlszumaoiuzuesszun waznfSeuiieuiuainialavingnsainsivia
dl o o 1 aa ‘d‘ v A dl
meth ldMamameaiavesnnuaaianaou tazliuuaimsiszanaaniug imoan

' A Yy A
mmmmmmaauiwuawqﬂ

gﬂﬁ 2.18 Pixhawk 3 Pro Wa® 1a® Drotek® and PX4

Aauianazavulsznounielu
e Microcontroller: STM32F469; Flash size is 2MiB, RAM size is 384KiB
e ICM-20608-G gyro / accelerometer
e MPU-9250 gyro / accelerometer / magnetometer
e LIS3MDL compass
e Sensors connected via two SPI buses (one high rate and one low-noise bus)
e Two I2C buses Two CAN buses
e Voltage / battery readings from two power modules
. FrSky® Inverter
e 8 Main + 6 AUX PWM outputs (Separate IO chip, PX410)
e microSD (logging)

e S.BUS/Spektrum / SUMD / PPM input
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2.8.2 Sirius RTK GNSS Rover (M8P)
Tuga RTK Rover station gnldiiodnnodod1suumnied1oa1iion Galileo,
Beidou, Glonass ttag GPS tie 177 lannaduniaegiauiudr TasldllsTanea MAVLink

9 )
M3AaRIaINIDFeNAD IAgATUTINY Pixhawk pro3 1 Tasasaldanumindigega 0.025

[

@3 1o 14352070 SIRIUS RTK GNSS Base (MSP) fidluaniiimaiiuauivhwihifudyaa

v
1 v v A v X

4 a o o [
ﬂ"l’J!ﬁfJﬂJ!HJiJi]au]lﬁ)ﬂ”IWﬂﬂﬂ"liflﬂ‘ﬂu‘ﬂ (Real-time kinematic : RTK) ® A1NINITTIIAT I
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— Estimated
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— Estimated
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4.5 MINATDUIZVUIVIN (Brake by wire)
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4.5.1  MINATDVITVVUINYMAY (Emergency brake)
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ELECTRIC GASOLINE
VEHICLE VEHICLE

SEE REAR SUSPENSICN—
SECTION 6 FOR MOUNTING
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BRAKE ASSEMBLY
ITEM | PARTNO. | DESCRIPTION g1l | 8Lt
12 3 4
101823301 Cluster, Brake, Passenger-Side (includes items 1 - 9) 1 1
101823302 | Cluster, Brake, Driver-Side (includes items 1 - 9) 1 1
1 101824001 Assembly, Backing Plate, Passenger-Side (includes items 2-4) ......... 1 1
1 101824002 Assembly, Backing Plate, Driver-Side (includes items 2-4) ................. 1 1
2 101816201 Mechanism, Adjusting, Passenger-Side 1 1
2 101816502 Mechanism, Adjusting, Driver-Side 1 1
3 101823901 Washer 1 1
4 101823801 Washer, Plate 1 1
5 1010850 Cover, Dust 1 1
6 101823201 Package, Brake Shoe (four pieces) 1 1
7 1011466 Kit, Shoe Retainer (four pieces) 1 1
8 101816301 Package, Brake Spring (four pieces) 1 1
9 101815501 Assembly, Lever, Passenger-Side 1 1
9 101815502 Assembly, Lever, Driver-Side ...... 1 1
10 1013924 | Nut, Hex Lock, Grade 8, 5/16-24 ... 8 8
1 1014153 Bolt, Brake Cluster Mounting, Grade 8, 5/16-24x 7/8 .. 8 8
12 102022101 Kit, Brake Cable (includes items 13 -15) 2 2
13 1010829 Pin, Clevis, 5/16 2 2
14 1035 Pin, Cotter 2 2
18 1011779 E-Clip, 1/2 2 2
16 101900801 Hanger, Brake Cable (gasoline vehicle only) 2
17 1013207 Hanger, Brake Cable (electric vehicle only) ... 2
18 101791101 Drum, Brake 2 i
19 102292801 Pin, Bow Tie LOCKING. ....occoiiiiiiiiii ittt 22

2004-2005 DS Golf Cars lllustrated Parts List Page 4-3
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BRAKE PEDAL AND CABLE ASSEMBLY

ITEM | PARTNO. | DESCRIPTION g1l | 8Lt
12 3 4
1 101990801 Equalizer 1 1
2 1241 Washer, Flat, 5116 ... 5 5
3 1013531 Spring, Brake Return 1 1
4 1010921 Screw, Hex-Head Cap, 5/16-18 x 2-1/2 ... 4 4
5 TATE | Bt Blylom Lotk BlIBE Bl oo & &
6 102022101 Kit, Brake Cable (includes item 7, and items 13 and 14 on page 4-3) ....... 2 2
F 1011779 E-Clip, 1/2 2 2
8 101878201 Kit, Brake Pedal (includes items 9 and 10) 1 1
9 7716 Screw, Slotted Hex Washer-Head, #10-16 x 1/2 3 3
10 1013869 Pad, Brake Pedal 1 1
" 1010878 Bumper, Rubber ... 1 1
12 1028 | Nut, Hex, 1/4-20 ... 1 1
18 101953101 Rod, Equalizer 1 1
14 102323201 Pin, Clevis, 5/16 (later style hardware) ..... 1 1
19 102323101 Pin, Bow Tie Locking (later style hardware) ................ 1 1
16 101953001 Bolt, Hex-Head Shoulder, 3/8 x 1 (earlier style hardware) 1 1
17 7473 | Nut, Nylon Lock, 5/16-18 (earlier style hardware) 1 1
101187702 Kit, Park Brake Latch (includes items 18 - 22 and
item 26 on page 4-7) 1 1
18 N/A Rod and Pawl 1 1
19 1017029 Pin, Cotter, 7/64x 1/2 ... 1 1
20 1010877 Nut, Push, 5/16 1 1
21 1010805 Sleeve, Park Brake Rod ... 1 1
22 1010932 Joint, Ball, 1/4-28 1 1
23 1010933 | Spring, Park Brake Torsion ...... 1 1
24 1010927 Spacer, Park Brake ..... 1 1
25 1011402 | Package, Brake Mounting Block (contains upper and lower
for driver and passenger SIdES) ........ccooiiiiiiiiiiiii 1 1
26 1011418 Kit, Park Brake Pedal (includes items 27 - 30) 1 1
27 1032 Bushing, Nylon 2 2
28 8626 Screw, Slotted Hex Washer-Head, #10-16 x 5/8 2 2
29 1013876 Nut, Push, 3/8 1 1
30 1013870 Pad, Park Brake 1 1
31 1242 | Nut, Hex, 5/16-18 1 1

2004-2005 DS Golf Cars lllustrated Parts List
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ACCELERATOR PEDAL ASSEMBLY

ITEM | PARTNO. | DESCRIPTION g1l | 8Lt
12 3 4

1 1017696 Sub-Assembly, Accelerator Pedal (includes items 2 and 3) ... 1 1
2 1013871 Pad, Accelerator Pedal 1 1
3 7716 Screw, Slotted Hex Washer-Head, #10-16 x 1/2 4 4
4 1624 Screw, Hex-Head Cap, 3/8-16 x 1-1/2 1 1
5 334 | Washer, Flat, 3/8 2 2
6 102026001 Kit, Accelerator Pivot Rod (includes item 7) ... 1 1
F 1011700 SBCET ..t 1 1
8 101818801 Stud, Ball (for all vehicles except those equipped with MCOR) ................. 1 1
9 101862001 Screw, Hex-Head Cap, 1/4-20 x 1-3/8 (MCOR vehicles) 1
10 1017424 | Bearing, Pivot Support 1 1
11 101966901 Nut, Flange, 1/4-28 1 1
12 101817401 Retainer, Spring 1 1
13 101796201 Spring, Return 1 1
14 1017378 Cup, Spring .......... 1 1
19 1017380 | Bumper, Return Spring 1 1
16 1241 Washer, Flat, 516 ... 1 1
17 7473 | Nut, Nylon Lock, 5/16-18 ... 1 1
18 101871901 Assembly, Accelerator Rod (V-Glide 36-Volt vehicle only)

(includes items 19 and 20) ........ocooviiiiieii i 1

18 101912401 Assembly, Accelerator Rod (gasoline vehicle only)
(includes items 19 and 20)

19 1011084 Nut, UNF Hex Jam, 1/4-28 ... 2
20 1011734 Joint, Spring-Loaded Ball ..... 2
21 8754 | Nut, Nylon Lock, 3/8-16 2
22 8233 | Nut, Nylon Lock, 1/4-20 4
23 1014007 Washer, Flat, Type B, 1/4

24 1011694 | Support, Accelerator Pivot Rod
25 101861901 Screw, Hex-Head Cap, 1/4-20 x 1-1/8
101187702 Kit, Park Brake Latch (includes item 26, and items 18 - 22 on page 4-5) .. 1
26 N/A Ratchel: [FariBliake B A ... ST B o W 1

N
= 2 AN DA DMNNDDNN
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STEERING COLUMN

ITEM | PARTNO. | DESCRIPTION Iy | e
12 3 4
1 1013861 Joint, Compound Steering (includes items 2 and 3) 1 1
2 1017226 Screw, Hex-Head Cap, M8 x 1.25 x 30 mm 3 3
3 7174 Washer, Lock, 5116 3 3
4 101984801 Kit, Steering Column Mounting Bracket 1 1
5 1016663 | Screw, Phillips, Type A, #12-11 x 5/8 2 2
6 1016269 Screw, Hex Washer-Head Thread-Forming, 5/16-18 x 2 ... 2 2
F 334 | Washer, Flat, 3/8 4 4
8 1016183 Screw, Hex-Head Cap, 3/8-16 x 7 2 2
g 8754 | Nut, Nylon Lock, 3/8-16 2 2
10 1014288 Screw, Hex Washer-Head Thread-Forming, 5/16-18 x 3/4 1 1
11 1011697 | Washer, Flat, 516 1 1
12 102278001 Boot, ‘Steering Column ... B88...........oovvivininnnn 1 1
13 1016181 Assembly, Steering Column (includes items 14 - 22) 1 1
14 1012605 Ring, Retaining .... 1 1
15 1012604 Washer, Steel, 5/8 1 1
16 1014217 Spring, Compression 1 1
17 1014125 Wedge 2 2
18 1014213 Assembly, Bearing 2 2
19 1014126 Seat, Bearing 2 2
20 1015545 Shaft, Steering Column 1 1
21 1016622 Column, Aluminum Steering ... 1 1
22 1014214 Ring, Retaining 1 1
23 1016263 Cover, Steering Column 1 1
24 1016156 | Wheel, Steering 1 1
25 1017273 | Nut, Nylon Lock, 5/8-18 1 1
26 1016219 Assembly, Scorecard Plate (includes items 27 - 30) 1 1
27 1012565 Screw, Round-Head, #12-14 x 1 2 2
28 1012566 Spring, Tapered Compression 2 2
29 1016214 Grip, Pencil 1 1
30 1016154 Clip, SCOMECAIT ......iiiiiii i 1 1
1014216 Kit, Steering Column Rebuild (not Shown) .............ccoeiiiiiiiiiii AR | AR

2004-2005 DS Golf Cars lllustrated Parts List
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STEERING GEAR ASSEMBLY

ITEM | PARTNO. | DESCRIPTION Iy | e
12 3 4

101878302 Assembly, Steering Gear Box (includes items 1 - 20) ...... 1 1
1 1013035 Seal, Dust, Passenger-Side 1 1
2 8990 Tie, Wire 2 2
3 101880201 Assembly, Inner Ball Joint ... 1 1
4 101880301 Washer, Tab 1 1
5 N/A Box, Steering Gear 1 1
6 N/A Bearing, Lower Pinion ... 1 1
T N/A Pinion, Steering 1 1
8 101879401 Bearing, Upper Pinion ... 1 1
9 101879901 Ring, C-Type Stop 1 1
10 1013051 Ring, Snap 1 1
1 1013052 Seal, Dust, Steering Pinion 1 1
12 101879701 Guide, Steering Rack ..... 1 1
13 101879801 Spring, Yoke ... 1 1
14 1013044 Nut, Lock, Rack Screw 1 1
15 N/A Screw, Rack Guide ... 1 1
16 N/A Rack, Steering 1 1
17 101879501 Washer, Stop 1 1
18 101879601 Ring, C-Type Stop ... 1 1
19 101880001 Seal, Dust, Driver-Side 1 1
20 101880101 Ring, Retaining 1 1
21 1035 | Pin, Cotter, 3/32 x 1 1 1
22 7540 Ball Joint, Left-Hand Thread (includes items 23, 24 and 25) 1 1
23 1015597 Fitting, Thread-Forming Grease, 1/4-28 1 1
24 7602 Nut, Hex Slotted, 3/8-24 1 1
28 1011930 Boot, Dust 1 1
26 7555 | Nut, Hex, Left-Hand Thread, 1/2-20 ... 1 1
27 1012467 Link, Rack and Pinion Drag 1 1
28 1013042 | Nut, Hex, M12x1.75 1 1
29 1624 Screw, Hex-Head Cap, 3/8-16 x 1-1/2 3 3
30 334 | Washer, Flat, 3/8 8 3
31 8754 QYL [y loMERc KT SIomgEn . Sl @ 3 3
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FRONT SUSPENSION, UPPER

ITEM | PARTNO. | DESCRIPTION Iy | e n

1.2 3 4 B
1 1016353 Assembly, Delta A-Plate (includes items 2, 3 and 4) 2 2

2 1016346 Bushing, Urethane 6 6 E
3 1016350 Sleeve, Delta Outer 1 1
4 1016349 Sleeve, Delta Inner 2 2
5 8754 | Nut, Nylon Lock, 3/8-16 10 10
6 1010200 Screw, Hex-Head Cap, 3/8-16 x 4-1/4 4 4
7 1308 Nut, Hex, 1/2-20 1 1
8 8861 Screw, Hex-Head Cap, 3/8-16 x 1-3/4 2 2
9 1624 | Nut, Dimpled Lock, 3/8-16 2 2
10 2402 Screw, Hex-Head Cap, 3/8-16 x 2-1/4 4 4
11 1010219 1 1
12 7555 Nut, Hex, Left-Hand Thread, 1/2-20 .............ccoocooieiiinn 1 1
13 7540 Ball Joint, Left-Hand Thread (includes items 15, 16 and 17) .. 1 1
14 7539 Ball Joint (includes items 15, 16 and 17) .. 1 1
15 1015597 Fitting, Thread-Forming Grease, 1/4-28 1 1
16 1011930 Boot, Dust 1 1
17 7602 Nut, Slotted Hex, 3/8-24 ... 1 1
18 1017266 | Strap, A-Plate 2 2
19 1014235 Shock Absorber, Front ... 2 2
20 1010124 Plate, Spring Mounting 1 1
21 1016385 Assembly, Delta Shock and Gear Support 1 1
22 1035 Pin, Cotter, 3732 X T oot 3 3
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WIRING - V-GLIDE 36-VOLT VEHICLE

ITEM PART NO. DESCRIPTION QTY
12 3 4
1 1016070 Wire Assembly, #6 Brown 1
2 1016069 | Wire Assembly, #6 Purple 1
3 1012651 Wire Assembly, #6 Black .... 1
4 1016068 | Wire Assembly, #6 Gray 1
5 1014036 Wire Assembly, #6 Black, 6th Speed 1
[¢] 1014035 Wire Assembly, #6 Blue, 5th Speed 1
¥ 1014034 | Wire Assembly, #6 Green, 4th Speed ... 1
8 1014033 Wire Assembly, #6 Yellow, 3rd Speed ... 1
9 1014032 | Wire Assembly, #6 Orange, 2nd Speed 1
10 1014029 | Wire Assembly, #6 White 1
11 1014030 Wire Assembly, #6 White, 1st Speed ... 1
12 1014828 | Wire Assembly, #6 Green 1
13 N/A | Wire Assembly, #18 Black 1
14 1013092 | Wire Assembly, #10 Red ... 1
15 N/A | Wire Assembly, #18 Orange . 1
16 N/A | Wire Assembly, #18 White . 1
17 N/A | Wire Assembly, #18 Green 1
18 102018001 Wire Assembly, #10 Red 1
19 1011010 | Wire Assembly, #10 White ... 1
20 N/A | Wire Assembly, #18 Red 1
21 1014039 | Wire Assembly, #6 White 1
22 N/A | Wire Assembly, #18 Blue 1
23 1011069 Wire Assembly, #6 Red 1
24 N/A | Wire Assembly, #18 Yellow 1
25 N/A | Wire Assembly, #18 Black 1
26 1010958 Wire:Assembly; #6 BIEERE B ..o s wsvssisvsss s o 5
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Abstract—This paper aims to modify electric golf cart, in the
mechanical parts of the steering mechanical system for
adaptation to drive-by-wire. A DC motor with digital encoder
based on feedback control was utilized to activate the steering
of golf cart by microcontroller (Arduino UNO). However, to
accomplish the accuracy of the particular control system, the
process of system identification, which is the estimation of the
parameters of the mathematic model, is essential. The
measurement of inputs and outputs during activating pulse
width modulation input in sweep frequency form is employed
to determine the unknown parameters of SISO mathematical
model using a system identification using least-square method
from frequency responses via  software  package
Comprehensive Identification from Frequency Response
(CIFER). Consequently, the obtained model is utilized for an
optimization-based tuning of these PID controller gains offline
in order to achieve the requirement of control design with
Simulink. Finally, these PID controller gains was implemented
for the feedback control system of the drive-by-wire system
that mentioned. Performance of the proposed method can
obtain the good quality of control performance as requirement.

Keywords-component;  drive-by-wire;
system identi] ion; freq resp
ardutino

streering-by-wire;
PID control design;

I INTRODUCTION

Drive-by-wire technology in the automotive industry is
the use of actuator and sensor for performing vehicle
functions traditionally achieved by mechanical linkages to
reducing load from the friction of mechanism and increase
driving performance of a vehicle. This technology replaces
the traditional mechanical control systems with electronic
control module using electromechanical actuators and
human-machine interfaces such as pedal and steering feel
emulators [1]. The electric golf cart has a component like a
car but it’s not complicated and low-cost to research and
develop control system, a servo motor and microcontroller
will be added into steering system for drive-by-wire system
improve to autonomous vehicle [2].

For the control system design, the mathematical model is
important to analyze the performance, predict the behavior of
vehicle and design controllers. System identification is a
methodology to determine a vehicle equation of motion
using input and output measured data signals from the real
vehicle [3]. There is one research that apply the system
identification to DC motor in frequency domain. This

978-1-7281-3326-3/19/$31.00 ©2019 IEEE

method needs to collect the measured voltage input and
angle with an encoder and convert signal in time domain to
frequency domain before [4].

Comprehensive Identification from Frequency Response
(CIFER) is a uniquely software package developed by
Tischler et al. This software can utilize to identify
mathematical model in transfer function and state-space form.
There are many tools for comprehensive analysis of aircraft
dynamic in frequency response. This software has been
identifying a helicopter UAV model [5]. Although CIFER
software is mainly used for helicopters, many researches
have also implemented this software with fixed-wing UAV
[6-7]. There are some literatures that applied CIFER to
determine transfer function and then use the obtained
function to design controller gains for fixed-wing Tailless
UAYV [8] and quadcopter UAV [9].

Therefore, this paper presents an implementation of
steering-by-wire control design. This practical method
consists of two processes such as system identification and
steering-by-wire control design. Firstly, the system
identification in frequency domain using CIFER utilizes to
fine transfer function of golf cart in steering dynamics by
collecting frequency sweep input in PWM form and output
of wheel angle (encoder). After that, the obtained transfer
function was employing to design a PID controller system. In
section 1I the golf cart and hardware for steering-by-wire
system are explained. How to find transfer function via
CIFER and verify a model response with real dynamic
system is descripted in section III. Steering-by-wire control
system is designed wusing a local optimization in
MATLAB/Simulink to find PID controller gains in section
IV. Results of system identification are presented in section
V and control optimization results compare between
optimized PID controller and gains with default in section VI.
Finally, the summary is concluded in Section VIL.

II.  HARDWARE OVERVIEW

A. Golf Cart Club Car DS 2005

Electric golf cart DS 2005 has a fully mechanical control
system without electronic control box, especially steering
control system. Tt is equipped with a wiper switch for throttle
control, drum brake in rear wheels, rack and pinion for
steering control, 36Vdc electric motor and batteries.




Figure 1. Club car DS 36Vdc.

B.  Motor 24Vde and MD30C Cytron Drive Module

24Vdc 30W motor is used for driving cart with PWM
signal. MD30C drive module that is H-bridge circuit, utilize
to control supply voltage. for motor. The drive module is
connected with Arduino in order to command a mount of
voltage. The motor is linked with pulley on steering wheel
rod.

C. Incremental Rotary Encoder 400P/R

Incremental photoelectric rotary encoder generates A, B
two-phase orthogonal pulse signal though the rotation of the
grating disk and optocoupler. 400 pulses/round for each
phase, and 1600 pulses/round for dual-phase 4 times output.
This rotary encoder supports maximum of 5000 rpm speed.
Additionally, it can be used for angle and angular velocity

Figure 2. Motor with encoder on steering system.

D.  Arduino UNO

Arduino UNO is a microcontroller that has the clock
speed 16MHz. This microcontroller is used to read encoder
with an interrupt function on pin 2,3. Furthermore, the
Arduino was set to read a data with sample time of 0.005
second to collect data by timer library. Moreover, the module
is also employed to calculate a feedback control for read
position and command PWM to the drive module shown in
figure 3.

Qﬁﬂl

o
Jowni [ Drive | w ur_‘ Siokar J ) .

Arduino UNO 9

p— Encoder L
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Figure 3. Close loop control position motor with PID.

III.  SYSTEM IDENTIFICATION

To determine a model of drive-by-wire system, PWM
input is used to regulate the voltage for motor in form of
sweep frequency signal. The sweep frequency input defines
at minimum frequency 0.4 Hz and maximum 5 Hz
Furthermore, a steering angle output is measured by encoder
in time-domain

k=(f-%)/T )
X =sin[ 2z (fit+0.5kE)]  (2)

where f, is the final frequency.
fy is the starting frequency.
T is the time it takes to sweep from fyto f;,
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Figure 4. Sweep input is at amplitude of 2.5 volts in frequency 0.4-5 Hz.
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Figure 5. Steering wheel angle response measured by encoder.

The time-history sweep input and steering wheel angle
output data will be processed by CIFER to analyze the SISO
model in frequency response with chirp-z transform. The
chrip-z transform has an advantage to eliminate potential
aliasing of high-frequency noise. After filtered noise, the
data will be sent to COMPOSITE module for optimizing
multiple spectral windows to achieve the final frequency
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response with good resolution and low random error. The
mentioned result from COMPOSITE was used to find a
transfer function model by NAVFIT. The model base on
low-order equivalent system. Then coherence value that is
more than 0.6, has been accepted [10]. Cost function value is
lower than 100 to be a good identified model [8-9].

IV. OPTIMIZATION BASED TUNNING

From the section III, the obtained transfer function is
utilized to design a controller in order to meet a requirement
as shown in figure 7. Therefore, Optimization
MATLAB/Simulink toolbox is applied to tuning PID
controller gains with block diagram as illustrated in Fig. 6.
Gain tuning is required to consider a cause jerking that can
be make a damage to actuator. Therefore, an initial condition
of gain must be set carefully in the same as minimum and
maximum value as shown in Table L.

1 45378
¥ PID(s) > > T
\ £ 4620765 +104.79

Stop input PIDContoller  Transport
by AN Delay tosystem

Steering mode (CIFER)

Check Step Response
Characteristcs for optimization

Figure 6. Steering actuator control loop.

(& Sink Block Parameters: Check Step Response Characteristics X
Check Step Response Characteristics

Assert that the input signal satisfies bounds specified by step response characteristics.

Bounds  Assertion

[ Include step response bound in assertion

Step time (seconds): |0

Initial value: o Final value:  [1 ]
Rise time (seconds): 0.5 | % Rise: |80 [ ]
Settling time (seconds): |2 | % settiing:  [1

9% Overshoot: 2 9% Undershoot: [1

Enable zero-crossing detection

Show Plot | [] Show plot on block open Response Optimization...

Q oK Cancel Help Apply

Figure 7. Controller requirement.

TABLE I. GAIN CONTROLLER BOUNDS

Gain Initial Min Max
condition
Kp 0.5 0.5 30
Ki 0 0 1
Kd 0 0 1

375

V.  SYSTEM IDENTIFICATION RESULTS

As illustrate in figure 8, steering wheel angle response in
frequency range 0-4 Hz that has a coherence value more than
0.6, are accepted and achieve close to 1 at frequency 1-3 Hz.
Transfer function G(s) in equation 3 has an excellent result
with a cost function value of 16.378 as demonstrate in figure
8. The transfer function is in form of second order and has a
time delay of 0.0202 second.

453.78 ¢~00202

60) = 7 620765 10479 ?3)

—— Steering pos data
- Identified model

HERENCE

Figure 8. Steering frequency response identifed model.

A.  Model Verification

After system identification process, a model response
was compared with a real cart response with activated
steering wheel actuator with joystick input. This process
required to check the accuracy of mathematical model. The
result shown that a steering control response from the
identified model is close to the real golf cart response.

g

-3 &

Stoering position (deg)

0 5 0 Time (s) 15 2 %

Figure 9. Time-domain model varification.

VI. OPTIMIZATION RESULTS

From the section IV, the transfer function was utilized to
design  the  controller  gain  using  optimization
MATLAB/Simulink toolbox. The control performance
requirement was defined as shown in figure 7. The result
shown that the response has a rise time of 0.146 s without
overshoot and it can tack the command to steady state faster
than requirement. This controller gains were Kp of 24.92,
Ki 0f 0.0098 and Kd of 0.2701.
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Amplitude

Characteristics for optimization

5
Time (seconds)

Figure 10. Steering tuning constrain.

From figure 11, response close loop control steering

wheel angle output was measured without gain was not good
observe from error, while put gain PID into system via
Arduino in Fig. 12 response comparing between input and
output are track on set point without overshoot and stable in
system though have small error

Steering position (deg)

INPUT

1 2 4
Time (s)

Figure 11. Steering actuator response without gain.

0 15 20
Time (s)

Figure 12. Steering actuator response for the optimized controller gain.

VII. CONCLUSION AND FUTURE WORK
This paper presented the off-line controller tuning

technique based on using a transfer function that obtained
from system identification by CIFER software. The
controller gains are achieved by the local optimization on
MATLAB control system designer toolbox. The steering

ouTPUT!
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control results illustrated excellent result that can track the
set-point/command and reject the disturbance along with
numerous benefits such as deceasing time consuming during
the controller gain tuning and reducing the chance from
driver error due to repetition.

In future work, this technique is going to develop to the
fully drive-by-wire system by adding brake system and
acceleration system or throttle system. Then this work will
continue to advance into an autonomous vehicle system
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