L

n1seenuUUAIRIUANNlaRdusuIAsdIud S UsLgaNTasnaadde

FRACTIONAL PID CONTROLLER DESIGN FOR TWO-WHEELS MASS BALANCE

nARWE NUYUNR
KITTIPON KANKHUNTHOD

FmgfiwusiiludrunivainsfinemundngasUBygrisnssuaansimnindia
HUTMINTIIMTInAN

ansIANTINAERS
aartumalulagnszreundndinummeaeansslia
W.6. 2562

KMITL-2019-EN-M-060-028



N1399NLUUAAIUANN LERADUAULAYH UGN TUANNaNaTNFDIHD

FRACTIONAL PID CONTROLLER DESIGN FOR TWO-WHEELS MASS BALANCE

Andwa Auyune
KITTIPON KANKHUNTHOD

¥ <

Mgntinusiiiludiunilsvasnisinernnamangnsusygn

a

AFNTTUANEATUNITUIN
#1913 3AINTIUNTINAY
AIANTTUANENT
antumalulagnszasundninnammisainnseds
N.A. 2562

KMITL-2019-EN-M-060-028



FRACTIONAL PID CONTROLLER DESIGN FOR TWO-WHEELS MASS BALANCE

KITTIPON KANKHUNTHOD

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN INSTRUMENTATION ENGINEERRING
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUE OF TECHNOLOGY LARDKRABANG
2019
KMITL-2019-EN-M-060-028



COPYRIGHT 2019
FACULTY OF ENGINEERING
KING MONGUT’S INSTITUTE OF TECHONOLOGY LADKRABANG



WadiaInginus N130NLUUMAIUANT AT UAUIAYE UM UALRaLIE

ERGONGD
UnAnw weindna  Auyune
saUsEdnin 60601003
USayayn AAINTIUAANTUN TR
GULTAPL Y AINTIUNTINAY
W.A. 2562

219159NUIAWNINGTNUS  5A.A5.973UA Uand19 ey

UNANEa

IneninusasuihiiauamadansmuatszuaueIasnaesdefefmuauiilofsudy
wwdu PI* D Tngflgpslsmneifiomuiuageenuuusnmuanlulusunst MATLAB uagiiis
muauitldeanuuululszgndldiuunannesuninigiu IEC 61131-3 lugnamnssulagld
Raspberry Pi luvasamuanlnefiszuuufifnisiiugiufie Raspbian uagld CODESYS luns
W lUsunsuAIuAY MAtuANiloABURULAYAIUYNDONLULLASNAFBUMIBLUUTIADINS
AdinmansvassrUUANAAIRAle S BUisuUsE AN nmiusauauiilefnuudain uaziing
iausismsnaaevluszuvadsannmadanisuvasinauaulfeglusuiinsesidnearitols
annsaldanusinsesiitudeutasisusuvesileitudielougeld lunisitasssansuausaile
WisuifieulsdvEnm wadesnmuesiamueuiisaes naildRefauauivledsusuimydinud
naneuaLesivuzAiAnhiWesidudvaiutosndids 10.77% dunisldusimueluszuy
aunaInasnaRdeITIImuaLilefsusumvd i dvinadnsnliminsudennananududou

VBIFIAIUANLEY



Thesis FRACTIONAL PID CONTROLLER DESIGN FOR TWO-WHEELS MASS

BALANCE
Student Mr. Kittipon Kankhunthod
Student ID. 60601003
Degree Master of Engineering
Program Instrumentation Engineering
Year 2019
Thesis Advisor Assoc.Prof.Dr. Arjin Numsomran

ABSTRACT

This thesis presents two-wheels mass balance control technique using fractional-
order PID controller PI*D* , With the aim of designing the controller using MATLAB and
then applied with industrial standard platform IEC 61131-3 using Raspberry Pi board with
Raspbian operating system that developed by CODESYS software. Fractional-order PID
controller was designed and tested with mathematical models of the two-wheels mass
balance to performance comparison with conventional PID controller. Introduce the
implementation of fractional-order PID controller on a real system in form of digital filter
to be able to use the complex and high-order filter’s transfer function on the
microcontroller board. Simulation results show that the PI*D* controller has better
transient responses than the PID controller with percent overshoot 10.77% less. However,
the real robot result shows that the fractional-order PID controller isn’t good enough

because of the complexity of the filter form.
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dr® R(ax)>0,
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ilo a uay t ADTDULIAYDINITANTUNIT a ADdUAUMYEAILIDINTANTUNINLARARE &
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2.1.1 Hg1Uva9 Riemann-Liouville [8]

LI = ;[i)m jﬂdr (2.2)
T(m—a)\dt) 2 (t—7)"""

MU M- 1< a<m, meN e ['() Aoflesndulnsuinvetessiass (Euler's gamma

function)
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f?f’smuqmﬁiaa (proportional-integral-derivative controller, pid controller) Usznouly
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fosnsmuni LileanmansianasliiosfigasensusudyaateidnnvesnauaiLie
Jeutngnszuiuns Tavaunisiendnwsvasssuupivauiiled u() Tulawunaasilidudng

10U Ge(s) wanslugunisi 2.5 uag 2.6 AUa1nU

» P K, e(t)
+
i) _.-_@ i » / K, fote('c)d‘: {ZDL”» Plant/Process ) >
‘ D K, df;:)

JUM 2.1 ununmvesiinIuauiiled



de(t)

u(t) =K e(t) + K, jo e(t)dr +K,

Gc(s)zKp+£+de (2.6)
s

\ile Ky, Ki, Kafodnsnvengvaaiiniuauiilef , e(r) Aoriainunainnfouueddiuys

= LY A Ao o o v 6 A P I
NITUIUNINYUNUATVIAIUAL IﬂEJ‘V]@u(ﬂ‘Uﬂ?iVI’]’E]‘léWUﬁLLﬁ%UiW‘NSNﬂWL‘U‘u 1

2.3 fnuauiilaRdufuiAbEIY

fpuAuiileRsguAuwya fractional-order PID controller (FOPID controller) %39
PI'D" controller ﬁﬁugmmmﬂLmaﬂﬁaé’ué’umwau loefl 1 waz u Jusudsdusunisiy
Uvusuazeyitusilallismaudumuddy  dnfuiauaniledsusumdiuisdmaiines
fiavun 5 62 Ao Ky, Ky, Ko, A oz 1 vlsisamuauviaiifamuannsolunseuauszuunadn
lopgausiugn aunisiernavasiinIunuitlondusuAvdlulamuaT w() wazilenduing

1oU Ge(s) wanslugunisin 2.7 uay 2.8 auaIsu

»| P K, e(1)
_I_
(1) e(t) ; g :LZ u(r) w(1)

+® J s K.D "e(t) Plant/Process
- +
‘ | D" K,D'e(d) 4\1

JUN 2.2 ununmvesiimIuAilleRsuRuLaEIY

u(f)=K e(t)+ K, D "e(t)+ K, D"e(t) 2.7)
G.(s)=K, +£;+de” (2.8)
S

v ¢ a1 ]

fduiunsyhUTiusuazeyius Srwindu 1 demuaudinansdusimuauiilofuuunums



2.4 §IN599A1ANTU

Ayve o a

fnsesmauy (Kalman filtter) Wudnsesdmeuindunzdndud [9] wasgnldees

Y

wnsvane [10] griauslud aa. 1960 Tan Rudolph E. Kalman w3edntenilfonisussu

v a

AvesENNIIAaEeTadY (linear quadratic estimation, LQE) 1Uwiguuugy (Feududin) e

Y

Uszanaudulsanugvassruunain gnuszendlylunsaiuszanamiulsanusigndoa o

A

o w

A Ay v o & a o i PV o Ao vy
JUNIU Wﬁ@msﬂaﬂ’]ﬂﬂiuﬂqﬁﬁﬂmqLLUﬁﬁﬂquguu ‘) ‘VﬁaeLGUﬂUU@vLUﬂ‘UﬁWSUaQ@'JLLUiafﬂug‘Vl'JﬂbL@ﬂ']ﬂ

Y

e lideyamuusanueiulianuusussnnnhmslisnneueefifissesnaien 3
Fnsesmanmuiusinsedulawuna  adreadsiusinseaiuudiieiy (low-pass fitter) u
wansnsAuiisansesirudusinseddulamuaud luiverinudiduithfnsesauuungaeg
Tunsdndaaasunueenanadildaneues tnensuseuiisumanuwUsusiuaesd
AMURANAIALULIABARN (SBUNISYNIUYBINTEUIUNITABUNLN, LLa@ﬂumammiﬁ 2.9) AuAlu

a1t (seunisiauvesnsyuIunslaqly, wandlugaaunisi 2.10) [9]
Kalman filer update equation:

0 f =SB A, (29)
B = AP A +Q

Kalman filter measurement equation:

K, =P H' (HP,H" +R)"
o WG i (2.10)
B=(U-KH)F

o A, B Aomsfiwesvesaniug Q, R fie anukUsusiusiuieivesdyaiasuniu (eror
covariance) UBINTTUIUNSUATMTIANLAISY, P, AoAUsyanaaunUsUsius e 1vose
AuRanaIadian k, K AeA1snueneveiingesaianiy H AeAia1anisaivesnisin @1mnsa
AnwfiduiAiuinsosmaulilusienisdisds [10] dwiushegnaaiseiferiuvueud

nsgslivanaunamaninislddinsedanan [11, 12]
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Measurement Update (“Correct”)

Time Update (“Predict”) 1. AMUIAT Kalman Gain

. o K. =P H"(HP H™ + R)™
1. AIRNTTUADIULA NN " * *

X, = A%, +Bu, 2. TaftaldaneuaesmaiUseanm

o | . = | w .ﬁ :xA_+K :_H.{:_
2. AUIUAT variance VDIAINUARTRLAGDUA I k kK ""—( u A—)

Pk’ = AP. A + @] 3. ATUIRUAT variance UBIANNNABIALATDY

k-1°
P.=(I-K,H)P,

a W ¢ o as ~
EUAUANTUTZNIUNTM E19TU X, waw P,.t_1

JUT 2.3 UanINTEUINNSANIIUNTYOIAINTBIANANNY

‘N‘ o a U lﬂl o U ‘NI
SU 2.3 LananIzuIunsAEuNIsudInIesmauIuilonseinnussuuanslugunsi 2.11

Y

ey 2.12

x, = Ax, ,+Bu, +w, | (2.11)

Zp= Hxp+Vy; (2.12)

o x, A9 AUNITANIUSUBINTEUIUNITANIATLA 9
z, A9 AUNITOIWNAVBINTEUIUNTIIALA 9
I [ I Y 1 ¢ a . A |
w,_, Ao dyaasuniulunssuiunsiludiudsguiuundi@eu (Gaussian) Mianeu
N

v, fi9 dyqyrassuniuainmsde Wududsguuuuind@ey (Gaussian)
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-7

2.5 anga4 IIR

fnses (filters) Aoaunsal asdidinnsetindvselusunsuneuitumes gnldiunquieya
NiidyusunuIn isldfdayanduiiaulasenun nszuiunmsvesdiinsasansawiady 3
wuundn 9 fe nsnses (filtering) WWumsieanzdeyanaulaludisiamitosnun lngld
¥ Ao 1 g.’l o Y a . < o v a (%
Toyaulalugisiatu § mvilnseu (smoothing) Wunsiideyanaulasenunandayayio
sunIuseInnsnsensiteyafiaululidndudesey ludimwan t Fanislauvesdeyaiaula
ueauInIINMsndeyaluiiwizonawIngiial  t Wi vilinanladiaanuiug
1NNIIN15NTEY MIYIUE (prediction) WWun1siuneAszanaamtterestoyatu 9 tny

vy av v ¥ v @

nslddeyantaneuntiuastayalulagiu

fnseanUseanudesguuuufie fansasuukouzden (analog filter) fufnsasuuy
fAdnea (digital filter) FNTOILUULDUEEONEINITOLUINNLAMAN YA UVDINARDUAUBINKAIILA
(frequency response) lAanfAo AINTOIANNDLUUNIUAT (low-pass filter, LPF) AnTa3nnud
qur;huqu (high-pass filter, HPF) finT83AMMALUUNIUILAY (band-pass filter, BSF) Wagsiinias
ANUDLUUHIUNNANNA (@ll-pass filter)

FnselUURINea (digital filter) uusmuKanauauaIduNaduassyuuladuaswiinfe 67
NIDILUUNANDUAUBIDUNAAIIUIUTING W30FINTOIUU FIR (finite impulse response) Waz@?
nIRslUUKanevaussduNadiuulidia Wsefnsoawuy IR (infinite impulse response) lag
finseswuy FIR azvhlvszuuiiefesnmuarinanevaussmaadu@ady (inear phase)
\Hesnminsestliiflanduaislou (transfer function) Nllawizdls (zero) lidllwa (pole) umdl
Y o A v Yo o A e ° v ) fu 1
Toidemaradlddunu (order) lunisnsesiasdisasyinaulad dadinseawuy IR flanduaielouas
UsNaumMenNIlnanazdls 399095n1590NwUUNALNLAUAINTDIDILIENTOINTLULUDY UBR
9995INTDLUU IR oW UAUMINTaILUU FIR AD NaNIsauLnnu §n5a9wuy IR 9zl9a911u
SUAUTBENIT IANISENSAUINLRENIN [13] F9udTeilange1snsadwuy IR NS0
nsAuANLUUTileRsuduirvduonUanlumnsouuukine domnuiauaiansesuwuy

=y [ ¥ 1 o I~ 1 = ) v o [
IR TPUAULBYNINFINTBILUY FIR WWueg19undevinhiinisensauialaguase
lulasmeulysalaestosnin Feazeduigludiuse 9 U lngileniseainilazenanizdnsoduuy

IR 1111
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2.5.1 @UN15YIAINTDILUY IIR

a

fNawuY IR Jaunisvesdygraserdnailuilenduresdyaradunslutdagiu

o q

Sunmluefn uazdyynerdnalusin Jauandduslannisidenasiie (difference equation)

&
U

e

N M
y(m) =Y a,y(n-k)=3 bx(n-k) (2.13)
k=1 k=0
do  x(n) Ao dwuves foyeuraudunm
y(n) Ao drduvaddayyaneing

N,M fo d1uusiiegn (samples) MIVUAYOIFYIMLIANALAE BUNATINTIUAT
audu aun1si 2.13 Wunsmdgaaerdnalagiulasnmsanaaindyg e dnanou
Y 2 ' : A a Y = e v o 1
NNFT8N11 recursive LNDAINAZAINIZLLILAINTDILUUITLADFTNA 8 anFuanalou (transfer
function) lagn1suuas z (Z-transform) veawaneuausduiadvewinges dvegluglimuaiuly

AU z ' hAR9RIENNISA 2.14

M
Zbkz_k

H(z)=—42 (2.14)

N
—k
I+ ) a:z
k=1

naunsit 2.14 vinsivusReulusuiudumud ansadeulmilidaunsi (2.15)

H(l - ﬂkz_l

H(z)=G£ — (2.15)

H(l oz )

FNVBINYUINFNAY B, 1380133 (zero) VBIFINTOILALIINVBIIEIU o, 15enTlng uag G

ﬁ’e)’e)@li’]“ﬂEJ’]EJ%ENG]’JH?EN"NQ’]U’JUIW&LLau“’UITUENG]’Jﬂi’ENUQUEJﬂ‘[I’]U’J‘UEJUG]U (order) YDIAINTOI

FeUuegiu

[y

ﬂ?’iiﬁﬂ']'ﬂsﬁﬁumﬁllﬂ’J’WJJG]E]\‘iﬂ']'iSUaQNE]E]ﬂLLUU
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2.5.2 TA598519009A2n599UUU IR

lA59a519709/INTeUY IR Jegirgiuvareguuuy 1y suuuulaenss 1 uag 2
(direct forms | waig II), Transpose Form, Parallel Form, Cascade Form Iﬂawﬁﬂﬁﬂﬁmiuﬂﬂi
Fonsunvuredlassadsduarfiansanainanugeeinlunisdiuin wu d1uiunisgu
(multiplication) wazn1591291Ia1 Llesinisandiuruvesnsgailuiinseslddanalsifnges
¥ty daunsnianatayldniasainusi (memory) vaslulasroulnsaass nisan
nsMhenavesiinsearansaasmhenusngesdaddlneteiitinaienslaseadng

999930584 IR wuulpense (direct form) wagkuy cascade form winuu

2.5.2.1 N394 IR laseasneguuuulaense
Aansed IR lassasneguuuulaenssuisaaniu 2 wuude lassadraguuuy
lngnse 1 wag 2 (direct form 1 hag 2) Faupnd19fiunduiunisaniunisniataaans Weu
aun1sh 2.14 Imiuwananaunisi 2.16
M
Zb[n] . 4
- . n=0
H(z) = Gain—=0— (2.16)
1+Za[n]z*"
n=1

e z ABFILUSITNEoU, M ARdUusuvaIfLAY, N A SUAUTDIEIY, ¢ AD LEAYDIAT

FuusednSdoundy (reverse coefficients), b A tGnuasA duUse@nddene (forward

coefficients). [14]
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5.2.1.1 Ansaq IR lassadreguuuulaense 1 (IR direct form 1)
iansed IR lassaseguuuulaense 1 lulassadeniaselunsaniignuesdn

N394 IR U# 2.4 uanslassasawuulaense 1 luguwuuwnunmnisivavesdayayal (signal flow

graph)

€n] bio]

b[1] .T

. & "

=1 2—1
(M) —a[M]

5UN 2.4 wnunmnisiviavesdainueddiinged IR laswaiaguiuulaenss 1




sUiuUlnenss 2 (IR direct form 1) Ingasdunalaindnunuddiiiunismuadinaansaniosa

2.5.2.1.2 finsa9 IR Taseadreguuuulaenss 2 (IR direct form I1)
SUN 2.5 LanurunIwn1sinavesdy 19998 Te9 IR Taseasng

Y

Waiguiulassaineguuuulagnss 1

[y

[y

UM

(reverse coefficients), b A9 LGAvRIAFUUS

U

il BIO]
o
-1
-a1] b[1]
=1
=a[2] bl2]
'\.I.l -
=1
=a[M] B[]

JUN 2.5 ununmnsivavesdyaaveddinges IR taswaiegliuulagnse 2

cascaded second-order section form)

WaNTuUa8laUUBIRINTDY

ADILAPIAIANNITN 2.17

Y1y [0]+b [1]2'+b [2]2

H(z) = Gain] [ =~ alllz'+a 2]z

n=0

v
v

15

2.5.2.1 790584 IIR TAS98319UUAALANYDUINTUAINTBIDUAUEDY (IIR

d' & LY a v = o [ & 3 1o a q‘y
L z ﬂE)GYJLL“LJiL“lN“UE)u, N A9 VMUIUVDIBNYY, a AD LERVDIANALUTEANTYDUN
dvddane (forward coefficients). [15]

IR TASIES 1M UUAALANYDUTNTURINT DI

(2.17)

LY

U
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2.5.2.1.1 f7n394 IIR 1AS98519AELAAYDAUNTUAINTDIDUAUADILUY 1
JUT 2.6 uansnunmmsivavesdayarauvesiinges IR lasainenna

LAAVDIGNTUAINTDIDUAUFDILUY 1

x[n] . bylo] h&i ) b0 e . Bpyy lD]"E _ Gain :I‘E]
71 71 71 Fanl 71 71
by[1] “3gl1] ¥ by[1] =ay[1] |-'N—1|1].-, =dlpy_q[1]
=1 =1 =1 =1 =1 z=1
by(2] =ag2] by]2] =a4[2] bry_412] =ay_q[2]
S ) X 1 1 ; =1 i hi—1 S

JUN 2.6 urunmnsivavesdyayinuvediinges IR lassaiumannvesgnduiinsessuiuass

wuu 1

2.5.2.1.2 A9n594 IR 1AS985719A1 8RNV YNYUAINTDIDUAUADILUY 2
JUN 2.7 wanauaunInn1slvavesdyy1nvesiinsed IR 1aseasng
ANFLARUDITNTUAINTDIDUAUADILUU 2 FININUIUNNTANIUNITNALRNFIERSIINAY bATINTS

UMY I aSEUBUAULUUT 1

A - yin]
O_Mi e bp[0] "i . s by l0l . Gain .
2_1
1 b1
(i -al al1] ! a1l 1
7=1
—ag[? b2
& Iau[ | E nl2] }

JUN 2.7 ununmnsivavesdyaavedinges IR laswaiumanavessndusiinsesduduass

WUy 2
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TAS9EF191AZIUUINABINIAUAAIAA TUDITEUUAUABUIATH

1'%
79499

¥ 14

3.1 Iﬂi\iﬁi'l\?‘lla\ﬁgUUﬁﬁJQﬂﬂqaiﬂﬁa\iaa
TuunilesungeazidenTaeTE ULALARLIATOHDIAD FeUsgnouluimelassainuas
23AUIENOUNNEI5ALIS (hardware) WAZTINNTBIMUUIIRDINNIAIAAIANIUBITNAUAANIAADS

souandluguusgiianiug (state-space)

i

UM 3.1 S0aURaNInARE0

MPU-9150
Gyro and accelerometer
EMG30 Gear Motor l e
MD-25 — — Pi
; A spbe i
Drive Board e pberry
EMG30 Gear Motor

sUN 3.2 lassadalnedaydvessnaunauiaaesde
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U 3.1 LaRNINTINYRISAUAAL AR 0TelATIAT19MIAU TENRUTUINWYSARALNHEN

U

(threaded rod) viuseviowaafin fduezesan 4 uwwlugudmivdnagunsaling o o

9aAUTENaUNNNESALISYBUEUALAndlugUT 3.2 Fadsenaulumeaunsaling 9 Awialudl

3.1.1 U®3A Raspberry Pi 3
Raspberry Pi 3 model B dudumeuitumasvwiaén Aundaumiuazisnignidu

fiUszanaNanandITessunIsnsedeaslanalnalusmaInN1siasauuy 12C (Inter Integrate

v

Circuit Bus) ulunisiensonantussuvaunaulasaaaideluaisel

micro USB

Power DSl Display Port

Micro SD
— (back side)

HDMI

CSI Camera Port

Audio & Video

h Bluetooth 4.1
/ Wi-Fi
Network GPIO Pins
USB 2 Ports CPU, GPU, Memory

U 3.3 dhutsznauvesuain Raspberry Pi 3 model B

(Fn: https://robokits.co.in/raspberry-pi)

Saolud [16].

e Quad Core 1.2GHz Broadcom BCM2837 64bit CPU

e 1GB RAM

e BCMd43438 wireless LAN and Bluetooth Low Energy (BLE) on board
e 100 Base Ethernet

e 40-pin extended GPIO



19

e 4 USB 2 ports

e 4 Pole stereo output and composite video port

o Full size HDMI

e (Sl camera port for connecting a Raspberry Pi camera

e DSl display port for connecting a Raspberry Pi touchscreen display
e Micro SD port for loading your operating system and storing data

e Upgraded switched Micro USB power source up to 2.5A

3.1.2 | 9UTAINAIALDYEY MPU-9150
muamBesressnaunamaazgninlasiwumes MPU9150 Fuduiduiwesfisiue
lalsalau-lwuwes  (gyroscope  sensor), LWULLBSINOATISY  (accelerometer)  uagiludie
(compass) Mifefusugesiael 9 esmdassdiannsavszandldnulivats q wuwng

Y

Y9199 u Wlunsinanuaiadgseg1auiuglneaideaiiaainlalsalalis oS wasuiyas

v v v

! e o [y a4 = & a = v i a &
PORTITY Lavlwueildssessunisaeasiuy 12C Falunisansedearsudnilelunuised

aunsadnwiinRufgIiuAENTRTLnIzYes MPU-9150 1091 [17]

U 3.4 wuweslalsalavuaviouwesndnaniss MPU-9150
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3.1.3 312LAdINTEUENTI EMG30

Tunstuirdewjusudeslfuamosnszuanss 12 Taad EMG30 2 s wiewsnidnsvia
(encoder) 8ns1ma 30:1 Faduneineiivingaufunisssgndlifunuiuvusuduundnuay
yupnanaosnannsas i lounduiidniu Wy sezuagiimmaiiduanildandieiuls
Mnddsanuiinsruavemawesideldruutuedanuan MD25  Fuduvesaiams
dwdunomedifdnszuanss EMG30 dalmnuannsalunsaussmeimedld 2 fuuudasede
fu sesunsioansisuuudiGea (Serial) waw 12C ANANURALAZNINYDINBLADINTTUANTS MD25
uandluminedl 3.1 uazgufl 3.5 eudidu (18] J. Goncalves wazaniy [19] lévinisadns
LuUTIABIYRIBIADINTTLANTY MD25 LazvimsvageuriievATine fuemelnosiana
eifeldonoadindnulilumiAfetuilofivu anufunumsyavememes R, fas

A Y L4 1 PN s 6 = ! =2 ! Q{'
Lmmaaulv\lﬁmawamamai ke , AAINNDINVYDIUDLADT km‘?lﬂ%%ﬂﬁ']'ﬂﬂﬂ@]@IUUVW] 4

P wa s a o %
MN1519N 3.1 V’]mallUG]GU@QlIEJLm@iﬂigLLamiquLiﬂfﬂu 12 I’Jam

WITELNDS ANYBINITIELA DS
Rated voltage 12 [\

Rated torque 1.5 ke/cm
Rated speed 170 rpm

Rated current 53 mA

No load speed 216 rpm

No load current 150 mA

Stall current 25 A

Rated output 4.22 W
Encoder counts per output shaft turn 360
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Ul 3.5 uolnoinIzuanss EMG30

3.1.4 U3ATUNBLABS MD25
UasAtuNawes  MD25 Duvesatunawmesiioonuuuandmsunistusemnes
AsEuanse MD25  laglawizdssesiumsideudenuudiSoauas 12C anunsadinisliuewnes
nseLansnulAnINfeINs  WUASAIITUARINLIS LA ANULSIYRILaImBS uARYMLUUNS Y
Aunsaneniuils @nunsasuAIswtssawasININsHaluLBmaswiaYdy @1u15081u

|
U aAa

ANTELANETULALLIINUVBIUDLIBSE NIUAIESIAMBDSIUANSIN 3.2 [20]

+12v —l__r Ov Ground

Motor

Ve Motor
Hall Sensor Vcc
%%Alﬁx Hall Sensor Ground
A Hall Sensor B
' Hall Sensor A
Motor
Motor
Hall Sensor Vecc
Hall Sensor Ground
Hall Sensor B
Seriall2C Select Hall Sensor A

5UN 3.6 nesneusiovatuasaduLanes MD25



v aa 1

A5197 3.2 LAAIANEIIFALNDS

22

299UDATUNBLHBS MD25

Register Name Read/Write Description
Motorl speed (mode 0,1) or speed (mode
0 Speedl R/W
2,3)
Motor2 speed (mode 0,1) or turn (mode
1 Speed2/Turn R/W
2,3)
Encoder 1 position, 1st byte (highest),
2 Encla Read only
capture count when read
3 Enclb Read only Encoder 1 position, 2nd byte
4 Enclc Read only Encoder 1 position, 3rd byte
5 Encld Read only Encoder 1 position, 4th (lowest byte)
Encoder 2 position, 1st byte (highest),
6 Enc2a Read only
capture count when read
7 Enc2b Read only Encoder 2 position, 2nd byte
8 Enc2c Read only Encoder 2 position, 3rd byte
9 Enc2d Read only | Encoder 2 position, 4th byte (lowest byte)
10 Battery volts Read only The supply battery voltage
11 Motor 1 current | Read only The current through motor 1
12 Motor 2 current | Read only The current through motor 2
Software
13 Read only Software Revision Number
Revision
14 Acceleration rate R/W Optional Acceleration register
15 Mode R/W Mode of operation (see below)
Used for reset of encoder counts and
16 Command Write only
module address changes
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3.1.5 Tupaudasseiuuseiuaaidn
luauUausssivaadnuuuasanie (Bi-directional logic level converter) ugunsel
Addmsuutasussiuandnlundusewing 3.3 Taadiu 5 Tad (@ansouvasusesuldngomns
, annsaldldtuseiuussiusening 2.8 way 1.8 Tiadldituiy) Fanisdeusewuy 12C sewing
UasA Raspberry Pi lazuasatuneinas MD25 ai’wLﬂuﬁasﬁaﬂﬁu@aﬁmdnLﬁaqmﬂ dyod
a93n 12C YaIUBSA Raspberry Pi %agﬂiﬁl 0-3.3 T2a4 (aadn 0 AU 1 MuaIdU) drudeygiaenin
vasvesntunames MD25 axagsening 0-5 Taad msfertlsigunsaiisassanunsafnsioruls

Jedpsialugadnanlunisuuldsunssulinseiuaudeinisvesgunsaltu 4 la

JUN 3.7 Tugauuasseiuusanuaadnaeaniesening 3.3 - 5 1iad
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3.1.6 WUALADST
wiasdneflddmiusoaunauiaaestonewumnassavivtloson Ywm 3400 mAh
(milli ampere-hour) 3.7 13ad (4.2 1aad Wew135AN) 31U 6 fiow wandfszu 3.8 thunseny

WHUANASIUN 3.9 tielnlauseiuiisanelunisduneines

WAL, CONCE O, O WO
T T

Ili

2

it

® £h
5

|

:

El

/ Ra

SUT 3.8 UNALUALABTIVUIAAINY 12.6 1289

T +12.6V

+ +
Ny — I \G [
| I
- -
4.2V Saad b 1 BV "
| [
+ +
A== AV
| |
|

6

JUN 3.9 uruAINNNTFRRUAMESIIBINTYNTIUTE YA
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3.1.7 lugaudasuseau 6-24 1aadidu 5 Toad
dmsuvesa Raspberry Pi idosn1sussiunszuanss 5 1iad 3sduluardoddlugaan
WIIFUINWUALWETS 6-24 Tiadlvidewios 5 ad FenlugatiSunseuadunduliaan 3

WaNLUY uanafaguil 3.10

UM 3.10 Tugaudasussaunssuanss 6-24 Taad 1 5 Taad

dl d‘ I ! 6 1 1 a
E‘U‘Vl 3.11 LLﬁﬂ\‘iLLN‘Nﬂ'TWﬂ'ﬁL‘U'&]JJG]@iSM’JNQ“Uﬂ’WﬂQ ‘] BYNALLIYRA
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Raspberry Pi 3 model B

MPU-9150

12 to 5 Voltage Converter

Logic Level
Converter
GND ———— i
+3 3 — I
SDA ——————
3CL ——— MD?25 Drive Board
AV e B
+12V —— o
o TR

EMG30 Motor

JUM 3.11 LHunnnsweusiogunsaliing 9 vaesnaunaNIaaedde
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3.2 WUUIADINNNANAAIEAIVIENNAUIATOHDIED
WUUTIADIVNIAdamansveIsaNnanadetds WuaunIs e yiusLanInuduius

sEUINeLUsIusTUU JeuvseoniBudiunng o 3 sl

3.2.1 WUUT180INNANAAIENSUDINBLABSNTZUANT
NesANYAveIBIeINTELANTILAnsisgUT 3.12 Weldngussiulwiiveanesveisl
(Kirchhoff’s voltage Law) agl@aunisuansnnuduiusserinussiulnindisneliiuuewes
(Va) wag Aussuldiadiundu (back emf. voltage, Ve) ‘1'7iLﬁ@mﬂma’mmama%muﬁmﬁ’u

1 [ A
FUNHLLULKRANAIFNN1TN 3.1

JUN 3.12 UARIINTTVBINBLADINTLUANTY

di
V. =Ri+L—+V, (3.1)

dt
gl R uway L Aepiadusumuazenanumilenihauyangludemesnssuanss
Auay Ferussiulniiunduianuduiudiludaduiuanusudauvewewss (o) A9

WAASIUANNITN 3.2

V.=ko (3.2)

\le ke AoAAsvaLsaiuliiidundulutewes (back emf constant) aunisi 3.3 uand
AuduussEnImesnnuaweslunsiinliiilvan (7,) waenseuagrsiidnguaainueines (
o) EIUNBINGNT (2,,,,,) VOWBWBIVNARINANNTTN (4)

Lotal total
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Tm = itotalkm (33)
T, ~T; (3.4)

total — “m

T

$MNFFWANNIST 3.3 1A 3.4 LRaUNITANUAUNUSTENINNDSNVDILBSHDS AT NI LA

grswansluaunsi 3.5

Tiotal = itotalkm - z-f (35)
V -V
Tiotal = %km - 7'.f (3 6)

AUNNST 3.6 LAMIAINUEUNUSITZNININDTNVBINDLHDIHALLIINUNETUNAT WNUFUNITA
3.2 Tuaun1sfl 3.6 WislilaruduiusIznI NS LR (&) ANISITWL (o) LasuIIiY

[y

A 4 s % A
Ngliiuueines Lanmsaunisi 3.7

T
oV kakeo T a7)
AW A —

SN geitua1elouYeITTUUNBWRINTELENTY G(s) MUanIANauNUSTEnI19BuNe (7,

7,) LagloNAveITYUl (8, &) Wansluaun I TanUsLaYaINITLoRNm AeaIN1ST 3.8 uag 3.9

ANUAINU
0 1 0 0
o v,
: = —k k +| k 1 (3.8)
7 0 m”e w m . il Tf
IR L RO\ L
0 V
B +[o o] ¢ (3.9)
dle

Va  fp wssulnirnanglvinuuewmasnseuanse (has, V)
Ve  @a awsssulniindunduvesuawasnsenanss (1am, V)

R @s anusunuauyavestawmesnszianst (levid Q)



Itotal
Tm
A

Ttotal

ke
kem
L

(0]
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fio Anumienauyalunewesnszuanss (843, H)
Ao nssuafisneliuemosnszuanss (Wouus, A)

D NITLAAVSLUNBLABINTEUANTI (WOUWUS, A)

Ao esnuosawmesnsafilll load (N.m)

fio nesnTiAnanauLEsnnIu (N.m)

Ao NeSNENSUBINBLMBINTERANTI (N.m)

'
I =

9 APsRvaksssulninAunaulutameasnsEwanss (V/(rad/s))

o)

Py

Ao ANAIINBSNUDINBMBSNITEHENTT (N.m/A)

Ao TuuAANURBEUIAE (kg.m?)

[y

I < a s
B 9NN ATIYNVBILNULBIADS (red/s)

3.2.2 LL‘UUa‘haawmﬂn'fmmam%mwzuuauqamamaaaé’a

WUUTIABITDIALARNIATNADINBVITOLTENINTONINI WUUTRBANUATUNNKUULADEA

(two-wheels inverted pendulum)  &sfiuguannuwuudtaesinuelsvegluivseuy

AUANTILAD sEUUINURaUNNRUUWIOW [21] (inverted pendulum on cart)

4

JUN 3.13 uuudiaeunugdunnduuusaidy
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3UN 3.14 LuunaeunugauNNRUULGeR

wuUTasnugduNnAuuLdegaunsakUtiansanlaluaesdiuie

3.2.2.1 LUUINAD9IdUADA

e

SUN 3.15 UNUNNBATEUDIRDTNAUARLIA

NFUN - 3.15 insandenisaestlaglinglefiaesvesiiiu (aun1si 3.10) wazunu
AuduiuSTEinmesn, r $al, r uazusslulwidRnAuiall (aunsi 3.11) duaduduiug

i s o A ) I a ei
seinavesn, ¢ Jiuanu@es 7 AuanusaTagy, o @un1si 3.12)
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> F =mi (3.10)
r=Fr (2.11)
r=Ia (3.12)

$INNSTINAUNTA 3.10-3.12 wazdun1si 3.7 Wslidnamasnannusadenniy azleaunis

A PN [ coy v Y] A o w
ﬂqﬁLﬂa@uwsU@Qa@V]u@umE:]ﬁ“ZﬂEJLLagsU'J']ﬂﬂallﬂ'ﬁW 3.13 ag 3.14 gnuannu

ky o ok, . Iy

M, xXx=-"2V — x——x—-H (3.13)
" Rr “ Ri? r* t
k k I
Mch'z_mVa_ux__ch'_HR (3.14)

Rr Rr’ P

AuN157 3.15 AREAUNITNISAADUNVDIADNIEDIUNY BILAINNITIINANNISN 3.13 WAy

Aunsi 3.14

v A (H ) (3.15)
r r

2[MW +I—Wj5é: 2k, V — 2k k,
Rr

3.2.2.2 WUUIIA9AINIVDITH

wuuaeshiwessaaunauiailudmieriusinuvesnugdunndu uanslugun 3.16

UM 3.16 UNUNNBATEUDIMIIITNANAANIA
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AUNIVDIMITIVBITAAUAALIAIAINATTINAUNMINTARBUNVDIATUNUAUNNEY [21],
[22] saufuaNnITMesnliinaInueLmaiNIzansd 2 61 azlaaunisiioSuienginssumnisg

ﬂ’]EJ.ﬂ'TWSU@Qi%UUﬁMQaﬂJ’Jaiﬂﬁ@\‘iéj@LLﬁﬂﬁIuﬁﬁJﬂ’ﬁ‘ﬁ 3.16 Wag 3.17 auaeu

= 2k k 2k
I, +I°M )0, - =< x+=2V + M ,glsin0
(p )0 Rr X R ¢ p&HSMUp (3.16)
=-M ,lxcos0,
2k, 21 . 2kk, . N
7 V.=02M, +r—2W+MP)x+ e X+M,l0, cosb, (3.17)
—~M 16> cos 8,

3.3 USnHan1ULYa9TEUUALAANIATOERIAD
TumsviUsnliaansg (state-space) vesszutifioananududourasszuudafaainnsuyag

aUNN3OBUILNGANTTUNNNEATNYBITTUUINED (@057 3.16 waz 3.17) Iidudadu Tunsdl

] |
B o o a A

iumugsueglumuisaunaluwufagladn sunuununseiiuwuaa O = 7 ey ¢ A
3
,

4

=]

udn o ieunugaudesavullangeauns (wanduguin 3.17) wzldanuduiusisl op = 7+

¢ aun139 3.18-3.20 ArauniseulusudunUsTnaldnnRoulvauna

JUN 3.17 wugaunniuiiayudesuudugadn o luandumisauna
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cosd, =cos(r+ @) ~—1 (3.18)
sin@, =sin(z + @) ~ —¢ (3.19)
(0,)" =(9,)" =0 (3.20)

[

] = a v - % 1% =
wnuatannsheulusuauluguns 3.16 uag 3.17 ﬁ]slmammwawswam@amaiaaaaaamu

M, o 2k k, - 2k, .
(I,+I’M,)  Rr(I,+I’M,) R(,+I’M,) *
Mgl

(I, +°M,)

&
(3.21)

M, - 2k k.

= R X,

(ZFIQW+MP+2MWJ er[le +MP+2MWJ

!
r

(3.22)

=+ 2k, 4

R(ZIW +MP+2MW)

]
T

NNAUNIST 3.21 wag 3.22 asnsadeulusuuuudsgiiaausuanduaunisi 3.23 uag 3.24

X(1) = A(D)x(?) + B(t)u(?) (3.23)
¥(t) = C(0)x(f) + D(H)u(r) (3.24)

x(f) Ao LNNDIVRIRIMUIENUY (state vector)

¥(f) PR LNWBTUBsAYIMLEIANA (output vector)

u() A9 LINWBTVBIFYIUBUNA 1138 LINWBTVYBIFYNIMAIUAN (input vector, control
vector)

A(f) A9 LUVNGURIAILUTAUE WTD WNSNTWaTn (state matrix, dynamics matrix)

B(t) Ao Bunauvsng (input matrix)

C(¢) Ao LIANALYING (output matrix)

D(f) Ao wnsngUounu (feedthrough or feedforward matrix)
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lauuudaemneadneansvesszuvaunaliasaaesae luguUsgianuedaun1sn 3.25 uay

3.26
0 1 0 0]
x 2kmke(MPlr _IP _MPglz) MPg.l2 0 *
X _ Rria o x
¢ |0 0 0 1| e
7 0 2k, k,(rpp—M,l) Mpglp 0 14
L Rria a |
~ 0 |
2k, (—M plr+ 1, + M ,I%)
Rro
+ u
A [u]
2k, (—rB+M,l)
B Rro |
B\
[1.0 0 O] x
Yo o1 0fe
@

< 2] 1
We B=2M, +—L+M, 32T uay a=1,+M,l’ (MW—ZVJ(Z.ZB)
r r

g f9 oMU UBINNWSIULa (M/sd)

€

r Aflae (Wes, m)

o))}

3]

N

P
or

£ v

Mw  @e dwmiinsiuvesde (Rlansy, ke)

Mp @ dwinTinvesdiasiueus (Rlansy, ke)

[ fe ssugannunudeludgaaudaamueud (wWns, m)
Ir e luwudnnuidesvedds (kem?

Ir Ao luwudnuesvewwinise (kg.m?)
km

=

8 ANAINBSNUBINBLHBS (N.m/A)

o))

'
1 a

ke Ao Arpsinsuadauliindunduvasuawmas (V/(rad/s))

b

R fg avudumuadyavestewnes (Q)

(3.25)

(3.26)



UNN 4

N13318893EUUAIUANEMIUTTUUHNNAUIATNHDIND

unileuieiansdansssuuauaudmiussuananasadeide  Mewadanisaauny
memAuANT AL UUSUAULAYEIU ilenaapuanssaurMsmUANlusuUsEANSANANS
Anmuendunadmanedesendier Tsaa1u (se time), Amaiu (overshoot), Iang
auna (settling time), AURANAAEAULAIAT (steady-state error) uazlefusnn (stability)
TngdunpveaszuumuauAeusafuliiinssuanssfielituiemesnssuanseddussuuaiaas
Timnuduiugseninmuiudauvewewed  u  fuussiulwihiiswlituuowes  (3od

= a

ANNFNRUS UL UUIGE  [23])  uAzlednnARANdEIvRImITAVIBURUEULIGY @

9

¥
v a

WiguieuiuszuunauatslegimauauLuuilefuuuaaauaslusunsy  MATLAB  uag
SIMULINK

4.1 WIsHNasUaITEUY

MNFUMTANILE (@UN15A 3.25) LAZAUNITLDIAND (w57l 3.26) VOITEUVANAAUIAT
aosdo Wounurmniwesvesszuuuanslumsisit 1 azldluudaesindaniurvessyuy
aunaINAINARIdoNARIEINTT 4.1 war 4.2 leefluvesmniifinesvesmeinenszuansld

naWluuny 3

R 0 1 0 0| x 0
X 0 —-12.6269 44111 O x 1.2404
= + [u] (4.1)
@ 0 0 0 Lo 0
10} 0 -—-22.5711 35.8673 Ol ¢@| |2.2172
X
1 0 0 Ofx
y= (4.2)
0 01 Ofle

¢
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A15199 4.1 ANNNSIILABSVBITEUU

W53 A195UNY ANYBINTTIANDS

g Snsnsailosanussliiueag 9.81 m/s?

r Srilde 0.05 m
Mw vninsmvesde 0.13 kg
Mp UINUNTINVDIANITD 1.24 kg

! szeranLnuaslUgnaaudnlwewiiT 0.213 m

Iw TuuAndesvesde 0.0002899 kg.m?
Ip Tuusanudosvessdase 0.05626 Kg.m?
km AAsiinesnesemas 0.2774 N.m/A
ke Aasiusapdeuliihnduvesomes 0.509 V/(rad/s)
R ANUAUYNUANYAVRILDINDS 7.101 @

4.2 3TUUAIUANNIAFINITUTZUUENAANIATNEDIED
NnauN1sUsHHan uEeITE UL (@UNT 4.1 kg 4.2) imseenuuusimuuiilef 1nenis

'
[ |

$rasssruliloandmiuiawaiaseuiapvessniliefisuiudunLafe (¢, W WNAYeITEUY)
fuAndmnevessEuy (setpoint = 0) Wieliszuvangainasaassderingaunalneiderimma
FuanssaursesiinuauifesnslsiAesidudnisraufu (percent overshoot) ffeendn 30 %
uaznaingaunatiosndn 800 fadiunil UM 4.1 uansuwuamUAen (block diagram) Vo45EUy

AuANleRd M UTEULALnaNIaTnaodaalulusunsy SIMULINK [24].

N[

controller output [:]

. position (x)
.—b’—b o PID(s) —b/ »128/12 = Ax+Bu
S L
- u y=Cx+ Du > [
setpoint MD25 Drive

balance Colr::rEsJIIer Board angle

Output Gain Self-balancing robot of robot ()

3UN 4.1 szuumuauitefluuNTeulnd niussuaunaIaTaaeie
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NFUN 4.1 vimsasensdaesvesszuulimleulusuiuvediuuiasasawiniu -30
BIFANANLEURIAMTE -0.52 iheu Mvuadyaamuaslviegluiig -12 f 12 Taaduiely
AUNUSAULSIAULURLADTIVDIAIT mﬂﬁfué’zyapmmuqmmﬂuﬁaﬂﬁamuamswﬂ%’mmm

[y v ¢ 1 o d'l 1% | ¢ @ a < d‘d‘l 1

(scale) muANUFURUSTENINLSPUNTBIduamesiuaSuTealuudennTedn MD25
Board Output Gain LitelidenndediuseRuIANAveIUasATUNBWBS INTUYINNITOBNHUULN
AUANlERAMIETENS trial and error lneduegiuUssdnENINNIINTHIVRIRITNATY Tay
wUadu 2 Tunoumsil

H a ° v a W ~ R | P ' )
Yumaunl 1 vn1sadesEuumIUANLULTARIgUN 4.1 Asrdeulususuwasisvesdaya
AuAuAslanaTIInfeuving vn1sUSusalua (auto-tuning) Tnen1susumHanaUALBINI
1381 (time response) wagAINgANIILTIVAE (transient behavion) Tuudensaniuauiiled dagu
~ [ | v al - 1 a ) dl @ a

1 4.2 M3UsTUAAiNan D UAUDININANTIANTIATIAZAINERNTTUTI VL LTS AULU D2

ANA LIPSO lUTEUUATIVIALSINUIINUBLHBSITB9UI91NNTS back latch dsnalrsalianuisas

5]

A PID Tunes [Invested Pendulurs Syitern 5PID Ceptreller] - Step Mlet: Heference tracking - o =

ot PO Do i . s
o ERT LS o » =
A ot ‘W* g ke AW, o L I 1 i ox | et Shew vasun.
‘J)*( Ty .'A’LV%’\') 1\ & o TN OO N Lo s loeiton mamin ma

N —— (e senm

Soep Plot: Reference acking

v

3 Step Plot: Reference tracking

(Ml Rk Passmpzers: BID Contoller
PID Controller |

This block o and ima FID control algorithme and includes advanced|
windup, external reset, and signal tracking. You can tune the FID gains automatically using the Tuf
simulink Contrel Desgn).

|
Controller: | PID. * Form: [Paraliel 1
|

Time domain:

Source rernal
Propeetional (P] 194.533047223076
Integral {1): 1432.S8573133928

Dertvative (D) 5.55144323852515

Filer coefficent (N): | 15237.7003472214 g |

Select Turing Method: | Transfer Function Based (#10 Tuner Aps)

Conbrolies Farameters: F = 1965, | 5 1435, 05 557, N s 1.524ee04
Inial conditicns
|«

| @ [Cok ]| cancet | 7 e’ | stmmivan |

3UN 4.2 m3vuAvesuienfmnuanilloAuLuUALLIR
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Jupeul 2 hadanimsvevesiimuauiiled (K K, K,) laszviuuluueda
lulmspeulvsalaes Raspberry Pi tieAUANsEUUATHIULUSLATU CODESYS V3.5 (F9agnaniis

Tuundaly) vihanlugunauninagldrmdnsvenevesdimuauitlefnvinlisansdalaniignnisa

1 4.2 LanIANINIIUE18YBIRIAIUANTT AN AA1NIBN5Y

M19199 4.2 UanAmSEnesveiiaIuANiilon

W15nDS ANDNTIVYY
Kp 194.534

K, 1432.586
K, 5.551

4.3 3TUUAIUANNIOADUAULAREILAINTUIZUUENAANIATARIED
lumsesnuuuimpuauiilefdudiuiawd PI*D"  dmsuszuuaunaunasogaselagly
yaLIosilaai FOMCON toolbox [25] dmiulusunsa MATLAB way SIMULINK Zaiidorivun
Fenfufusaunuileduuudaiy  Tnelfiedosiio FPID Optimization tool Tumsmenii
wnzauvesmuRuileAsusuimsdIL PI*D* uuusaluid [26) laenslaailefnzay
nnvded 4.2 Tunsed 4.2 Wugwlunmsmawnsiiwesduduimdin (1, 1) melut A
=[0.01, 10] waz = [0.01, 2] uALLWNAYBIIAIUANDYTENIN [-12, 12] Iaeld ISE (integral
square error) performance matrix Lﬁa‘lﬁﬁhmmmﬁwé’aaawmmmﬁmwmmﬁﬁhﬁﬂﬂ'qm AOETR
AeSoslonansisufl 3 aunsdi 4.3 uansrmuuilleAuuvsusuimdud MU UUALYa

1A50A9998

K.
o+ K80 (4.3)

1.35
S

Gropn ($) = Kp +

J a 3 Y = Y ! [ A d' P [
ﬂTW'ﬁ']llLG]@?‘U@QG]’J?]’JU?]ZJWIE]@@U@ULﬂiﬂﬂ’JULLﬂ@\‘iﬂWﬂi’]ﬂV} 4.3 E‘UVI 4.4 ADLNUNINUSDNUD

JEUUMIUANANAANIATOARIRDMERIAIUANTlaATuAUIAYE LI UIWNTY SIMULINK



a J a s Y A av @ !
19190 4.3 ﬂ'TW’ﬁ’]tLILG]’EJ??JE)W]’M’TJUF’}@JWI@@@U@ULﬁ‘Hﬁ’Ju

WI510L005

ANDNS1VLY

K

p

194.534

A

1432.586

5.551

1.357

T > | =X

0.803

4 FPID Optimization Tool

File Wiew Teols

[ Plant model = T
LTl system: | fotf_phi2
Approximate as | Qustaloup fitter

Within w range:

E Enable zero cancelation for non-proper

Fractional PID controller parameters

—l A L

Fix gains

Constraints -

Kp

Ki
lam

|I(d'

Simulation parameters ————
Max. simulation time [=]:
Time step (minfmax) [5]: | 0.
Use Simulink for system simulation

Madel: |default w

[0.0001;10000] | Oforder: | 2 |

LTI systems

Disable warnings

Edit New

 Dptimization and performance settings W

Optimization algorithm [uptimize(}: Melder-Mead ~

Performance metric ilSE ~

| Gain and phase marging — = - n

|:| Enable gain and phase margin specifications
-3ain margin [dB]

7 [“Phase margin [deg] BB
= gy | (]
W [ [(ecct | L] 560,  |fC] Exact
T | A N | |

|

 Noise and disturbance rejection — B

|:| Enable sensitivity function specifications

MGwH @Bl == | -20 | forw>=wifradisl: | 10

|SGWH[dBl <= | 20 | for w <= ws [radis] L_G.D_'l

Critical frequency and gain variation robustness —

|:| Enable critical frequency specification

71 aar i r y
] w_c [rad/s] L i1 w_high y -1
| r Control law constraints ——— —
Enable control signal limits [ Metric wat 0.5
| Minimum :_ -1z | Maximum 12

Optimization setpoint |  0.078 Force strict constraints

100

Generate report || Max number of iter's

Optimize |:| Simulate only Take values

Y

UM 4.3 nihdeinsasaivemsuduiavduesiniugy P D
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0

setpoint
balance

)

controller output

P! [P

FOPID
controller

MD25 Drive
Board
Output Gain

128/12
u

x = Ax+ Bu
y=Cx+ Du

Self-balancing robot

40

]
position (x)

()

angle
of robot (¥)

JUN 4.4 szuumunuiilofduduiaudin P17 D" wuunseulad msussuuaunaiiasndoias

4.4 ﬂ']iﬁ']ﬁ8\’15\1’6‘19]El‘Uﬁu'e']\‘l‘l]aﬁi%UUﬂﬁJﬂaﬁl')aﬁﬂﬂa\’ié’ﬂ
Tuideilifunsdasmaneuaus svasssuvaNnasIasdesdetimuaussfaIUALiled

PID uagimuauiilefuuudusuiawdiy PI*D* 1ielUSe Uil uaussousuasinniuauiaed
Tuewandasiguinisnaiuvenedng and dauna JUN 4.5 wansssuuauaNkuUTaLie

W3 UIEUNARBUANBIYBITEUUANAALNIATADIR D TIAIUALFIEAIATUANIAABY

pipH » 128/12 ¥ 5 Axc=Dw position (X )
y=Cx+Du
MD25 Drive Board
Glyfput Caia2 Self-balancing robot2
ke O
angle ()
Setpoint controller Output
Xx=Ax+ Bu
P 128/12
controller y= Cx+ Du |
output

+@—> PID(s) —»

MD25 Drive Board
Qutput Gain1

Self-balancing robotg

JUN 4.5 UNUNNLEAINSUS BB UNARDUANBIUDITE UUATUANTISARIA M UTEUUANAA

1A50ADIRD
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HARDUALDIYRITEUUNRULUSUAUYDINITTIERWINAY -30 89A1 (-0.52 15then) Wivelyisa
AIUANIIERIYINSAUANlTAednAassruulnaa g mEnedaingu 0 aeen lagldiaan

Tun1sanans 2 w9

Angular Displacement compare
02 T T T T T T T T

| Fractional-order PID controller

01

4l

| | | : ', — Fracticnal-order PID controller
' ' PID controller

0.1

— = b o = | —— | | =

Angular position from vertical upward (rad)

02 — , £ 2 -
| | | |
| | |
03 ", !. -_J-__-!.__. AUWLES aoT 1L K. .!. I = |_ | E—
| ' ' i
' . I ' | | |
-4 'l— T ——“i b " I % —:— 3 ——a— =
' | | |
| | | ! [
05 - —I— AL FAVE" Po saann MR 4 TAILESE=SE =N =L L. ] —
I . I | |
| I I . I i ' |
{0 B = R Bttt TR Nt T T R o i o  ——
0 02 0.4 0.6 08 il 1.2 14 1.6 18 2
Offset=0 Time

JUT 4.6 HARDUALDINDITEULANAANIATIARIRTIAIUANMEIAIUANlafuaziInIuANief

DUAULFAYAIU

Ul 4.6 uansnaneUALesIBITEUUALANIaTaaRsdeAIuALlnesmuruilof (Eudith
fw) uagfmuauileRdusuimdin (duduag unudifoysmassofinsgrhfuduuisdig
Fusdon  wnuueudenatlumssaedimhudiund  dunswivisaesuansdensiaaue
Hvanedslussuuifiandu 0 esen (anauna) Sivesidudniaraiu 29.22% way 18.45% fina
(peak time) WU 0.13 3wriiuaz 0.10 Fundl vanasii (settling time) Wiy 335 flad3undl 544

Taduiudiu Feagulilusnsed 4.4



Control signal compare
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Fractional-order PID controller

—PID controller

Fractional-order PID controller ‘

Control signal

a = Y o A ) A a
M990 4.4 aLUﬂNama‘Uﬁu@\imaﬂigU‘ULN@@?U@N@’JEJG]'J?’TJ‘UQ@JWI@WLLa%m'Jﬂ'JUﬂﬂJWI@WLLUU

JUAULAYEIU
Parameters PID controller FOPID controller
Rise Time 74.74 ms 46.91 ms
Delay Time 49 ms 49 ms
Peak Time 0.13 sec 0.10 sec
Settling Time 335 ms 544 ms
Percent Overshot % 29.22 % 18.45 %

sgwuldiinuauiilefdusiuiamudidsdnnimesiuiualinamun 5 f (K, K, K,, 4,

p) awnseanAlesiduinauiulat 10.77% Wefiansan rise time agnuInmAIuANilen

v v
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5.1 msldnuaiavaunlefuuuduauiaedluvaialulasaaulnsaass
lunsussendldnussuumuaaluvesalulasreulnsameivioududlunauiiunesios M
muguileglugtaumamsadiamanidugeing q wu aunsiiivenatouius uasuiius vie
wiwdaunsluguniswdasavany asiesgnudaslegluglvasnisaiiunimnspdinaans
g L9y N1sUn au A% M3 BafmuaundauduteusdatusimuaL e SuduLAdIw

Wendnusiauilinauenisussandlimmunulusvesiinsenidnea

5.1.1 fINT0LUUAINRRYRIAIRIUANNlaRduAUIAREI PI D"

shdailunsutasihmuanfilodsusuimduivhnseeniuuluunmd 4 91ndh
muaniieglusUuuuilsiduiieloutvudeoamsnalvoglusumnseshaneauuunanouauss
duiadduulidialaswaseguuuumaianvasntuiinsasduduass  (digital IR filter
cascaded second-order section form) %ﬂLfJu'gULLUUIﬂNa%NﬁﬁIammﬁmmmﬁmwm(ﬂums
Funndesidieuszgndlduusinuiuasiiadosnwlunsinaiilensioudsuiulasain
wuulnemss [1] vildansnsatdmuauiegluguuuuinsestuldluvesalilasreulnsaiaesle
fedumeunsuvasiidwielud

uiit 1: flefurelouveshamuenluiilofdusumdn PI*D* fildvins

DONLUULAIUUNT 4 997 3 handluaun1si 5.1

1432.586

1.357
S

Gropp(s) =194.534+ +5.5515" 5.1)
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gnvibvieglugudlsina  wagdnmveneuuulisallieamiaian (zero-pole gain) selATeile

impid (fractional PID Implementation helper) Tulusunsy MATLAB lnglgisn1sussuauuy

Oustaloup filter Susiuwiniu 5, NT1AUD @ = [10%, 10%] LsihgusieIui, lnedisnsinisgu

fgenn 9 20 FadIud, legldisnisanneuiuy Bilinear (Tustin) @1n159 5.2 UaAwIAIUAY

A av W ' . oA a Y W
ilefdusuiavdnlugy zero-pole gain wuuliseiliemaanflindanisulas

Gropip (2) = 404.

(z+0.7753)(z +0.5498)(z + 0.3848)(z — 0.7215)(z — 0.6748)
(z—0.8911)(z—0.9412)(z — 0.9675)(z — 0.9862)(z — 0.9906)
(z—0.9961)(z—0.9973)(z —1)’ (z - 0.3223)(z — 0.2159)

o1.(2+0.09754)(=" 18922 +0.8995)
(z+0.7753)(z +0.7967)(z +0.4313)(z +0.3847)(z —0.8901)
(z—0.9012)(z — 0.9674)(z — 0.9708)(z — 0.9906)(z — 0.9916)
(z=0.9973)(z—0.9976)(z —1)* (z —0.6913)(z — 0.6609)
(z—0.2188)(z - 0.165)

(5.2)

WU INlug (Bode plot) Yadnanauauatienudesaulaseningdimuauiilen

SuAuiavdLLuUsBLes (Wuiuiihdu) uasliroliamianan (Fuusyduns) Ui 5.1

Bode Diagram
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il 2: WeldmemuauitleAduiumvdiuiioglugyu zero-pole gain daluidunis
wlasliimmunueglusuesisdvesiinges IR lassasummamalagldrnd d2sos() uulusunsu

MATLAB aneien13197 5.1 iverinluussandldluvesalulasaeulvsamesiuimdediall

M15199 5.1 9155940 UTEANTV099INT84 IR LASIAS19AALARYDUTNTUARINTDIDUAUFDILUU 2

YossAuALiTlofRsuRuLAYEIY

by, [i] a, [i]
{+1.0000000000, -0.5382869252, +0.06%6036317}, {-0.3838089463, +0.0361032814}
{+1.0000000000, +0.48235950236, +0,0375343855}, {+0.8158767305, +0.1e59123453}
{+1.0000000000, -1.3%63249197, +0.486838562601}, {-1.3522159935%8, +0.4565948265}
{+1.0000000000, +1.3251387084, +0.426283331461}, {+1.5715995046, +0.61T76817024}
{+1.0000000000, -1.8910269531, +0.8%10257106}, {-1.7812749680, +0.802135%930}
{+1.0000000000, -1.5086651258, +0.9105785322}, {-1.9382428%905, +0.9391934942}
{+1.0000000000, -1.8767746602, +0.9769045587}, {-1.9822143625, +0.89822932004}
{+1.0000000000, -1.8534576805, +0.5534680345}, {-1.9545183767, +0.9949248124}
{+1.0000000000, -1.5981352222, +0.9981400604}, {-1.5985514152, +0.998551%382}
{+1.0000000000, -1.9954701005, +0.9994701685}, {-1.9885873306, +0.89995373731}
{+1.0000000000, -1.9958490302, +0.9598430857}, {-1.9%58824616, +0.5998824650}
{+1.0000000000, -1.8%22400754, +0.8995055538} {-2.0000000000, +1.0000000000}

System DC gain: 404.81162848

mesagiulanunsaudadidimunuiiledlveglusvesdiinges IR lassaieanainnveien
Fusansewuduaauy 2 laluieiiuduuseansuesinmuauiandlunisnen 2 5Ui 2 uans
LHUNNUATBINANBUANBNTAINAITBUTATE NI IAIUANT LR SURULAYAIULUUsBLTBY

(FuvAUR) azlinoilnmiangl GEuUsEawn)

A15199 5.2 9156580 US2ANT095IN5849 IR TASIAS19AALARYUTNTUAINTDIDUAUADILUU 2

VBIIAIUALNLOR
bli] {+1.0000000000, -1.4157133276, +0.4907218138}
alil {-0.0198019737, -0.9801980263}

system DC gain 756.3957250131
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Bode Diagram
100 T T ;
Continuous FID
80 — — — Discrete PID

Magnitude (dB)

Phase (deg)

Frequency (rad/s)

FUT 5.2 ununmluaiUSe Ui unaneuaueanianaiuuuiseulUavesniuauiled

wuUmaLlawazlinawinamiaian

5.2 N13AIUANANAGNIATAADIND IUITZUUII
Tustadetinamfamaiimuauisuuilefuasfmuauiilofsusuimsduignuuadls

aglusuiinges IR lassadnanaanveasnduiinsesdunuaswuy 2 (IR filter cascaded
second-order section form II) andssandlduuvesalulasreulnsaaas Raspberry Pi lngld
LUsunsu CODESYS V3.5 Tunsiaunlagide ugansiianisniunuedemuuInggu ICE 61131-
3 FudunmsprunasineEesmsuazaninenssumadeureriuasauau PLC
(programmable logic control) [2] FuU3suiaiiowiivedalulasaeulnsaass Raspberry Pi 1du
PLC  fifmunTnedannsguanaildtuedaunsuaelugramnssy  lagluineninudiduil
donldn1wn function block diagram wag structured text Wunwwdnlunmsileugendiag

AIUAY UM 3 wandlassasagendwismunusaaesdelaedauyy
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|
|
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Software Control in Two-wheels Mass Balance

1
I i! |
: CODESYS : : in Real system :
|
| :. :
: _ orror _ Controller : : :
| Setpoint Discrete IIR input ! | MD25 motor !
| + rl . —> Plant sl
| - filter | drive board |
| Iy h !
| I [
[ Filtered | ! :
: angle I |
I I |
|
| | |
| i MPU-9150 |
| — Kalman filter H :
| | Gyro scope |
| Raw angle || |
| i :
e __ vy &y  _ __ = ___ _§E__S;-T -~ _=pRpP_ _W_ _ _ _._______ BN _ ________ a

5UN 5.3 urunnlaseaielngduvluadsyuuniuANaInalaTaeae

Hamnsunvesgudl 5.3 Wudiuensauisvedinsg yubewessagninlnewuigas MPU-9150

v

Faunfleazgndadngiinsesanaunuiegludinvesenduisinunisindedoasuuy 12
(vAenidulstilsthevesgy) ieshmsdadyanasuniusuomnannssuiumsinvesaulres
yuvessaHIufNseIMasuIr i suisuiuAdmneauna Aanuiawaindiladaziin
diinses IR Fudusmuauvosssuunddsdadudynyaendwnniuauieluslanea 12C
THfuvesndunainefiiielisadrguasinwianinauna 5UA 5.4 uanauunIwUdenves
geNslISAIUANSTUVANNALIATA@REBUY CODESLYS Fsnelunsiazudengnifausoniu
structured text lun1sdainadiyuidesessnazldnisdoarsieiniediglians wirilngld
gUnsafldaneiduaunivlny uividn vioneufiumeslursnisideude 1rdsteyanin web

server ULUB3A Raspberry Pi §UT 5.5 wanian1seueiuideavessaruntiaeaun il
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current_motord
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NNTYBRIITalugun 5.6 lduFuiludeyudsaninlianwuweilaense du
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[ < 1 d' 1% Y Al aal 1 a
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Self-balancing Robot Control Using
Fractional-Order PID Controller

K. Kankhunthodl, V. Kongratana, A. Numsomran and V. Tipsuwanporn, Member, IAENG

Abstract—This paper presents a two-wheeled robot control
that can balance upright on its own by controlling the angular
speed of the motor to keep the robot upright using measured
data from the gyroscope sensor. The aim of this study is
to demonstrate the design of fractional-order PID controller
(FOPID) that has more controllability and the ability to adjust
outperform traditional PID controller. The design of optimal
FOPID controller based on integer-order PID parameters are
explained and validated its performance compared with the
traditional PID controller using Matlab simulation. As well as
the real system experiment is implemented on Raspberry Pi
using IIR filters cascaded second-order section form II. The
study revealed the appropriate concept of implementation of
FOPID on the real system.

Index Terms—two-wheels self-balancing robot, raspberry pi,
control system, fractional-order PID controller, digital IIR filter

I. INTRODUCTION

ELF-balancing robot is standing on two-wheels and

keeps itself balance without falling as well-known small
personal transporter called “Segway”. Self-balancing robot
based on an inverted pendulum theory is a popular research
topic in several years. An inverted pendulum is a chal-
lenge control problem because the system is non-linear and
completely unstable [1]. To control the robot upright, the
external force form motor is needed to compensate for the
angular displacement of the robot. The most important part to
stabilize the robot’s system is a controller. The most widely
used and simple controller is a I D controller (proportional-
integral-derivative controller) which appropriates for improv-
ing both transient and steady-state responses. However, the
PID controller is less effective with high order and high
external noise system [2]. This paper introduces fractional
order PID controller (FOPID) P D" controller based on
fractional calculus. The non-integer operators A and j are the
order of integral and derivative parts respectively, therefore
FOPID have more adjustable parameters than traditional PID
so that it has higher performance to control high order and
delay time system, especially the performance of the non-
linear control system overcome traditional PID controller [3].
FOPID will be deeply described in section II. There are more
author several approaches about a self-balancing robot follow
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Fig. 1. Self-balancing robot.

literature reviews [4-8] In section II, we will discuss theories
related to this paper include of fractional calculus, fractional
order P*ID* controller, digital IIR filter, and Kalman filter
that necessary to eliminate the measurement error from the
tilt sensor. Section III discusses in mechanical structure,
mathematical model, and statespace of the robot. Section
IV demonstrates PID and FOPID controller design and their
simulation results. Section V demonstrates to realization
implemented both controllers on the real system and result
of PID controller on the real system.

II. THEORIES RELATED TO THE SELF-BALANCING
RoBOT

A. Fractional Calculus

As far as we know that the conventional calculus has
integer orders for both derivative and integral operations
while the fractional-order calculus has non-integer order
operations ,Dj" in (1).

45 R(a) >0,
WD = 1 R(a) =0, (1
()= Rla) <.

where a,? denote the limits of the operation and « denotes
the fractional order. The fractional differ-integral has multi-
definitions [9] as follows:

1) Riemann-Liouville definition [10]:

D110 = o (4) / L

For m — 1 < a < m,m € N where I'(-) is Euler’s gamma
Function.
2) Griinwald-Letnikov definition:

[f (-1 (9) flt—jh) B3
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In equation (3) part inside [] are integer. The Laplace trans-
form of o'’ order derivative of a signal x(t) with a € R,
(assuming zero initial conditions) is given by (4).

LADYx(t)} = s*X(s). 4)

B. Fractional-order P I D" controller

Fractional PID controller or FOPID is well known as
PMD* controller based on the fractional calculus, A
and p are non-integer order of integral and derivative
part respectively, therefor FOPID has total five parameters
(Kp, K;, K4, A and 1) cause ability to control the dynamic
system precisely. In (5), u(¢) is FOPID control input in time
domain and G (s) denotes the fractional-order PID controller
transfer function.

u(t) = Kpe(t) + K;D 2 e(t) + KyD"e(t) )

K;
Gels) = Ky 3 + Kas" 6)

When taking A = p = 1 result is the traditional PID
controller.

C. Kalman Filter

Kalman filter introduced by Rudolph E. Kalman in 1960
is the best well know filter theory [11] and widely used [12].
Kalman filter is kind of pure time domain filter which differs
from most filter like a low-pass filter that is a frequency
domain designed [13]. Kalman filter can eliminate noise and
recover the real data by comparing error covariance between
previous (7) and current states (8) [11]. Kalman filter time
update equation:

:%E = Alp_1 + Blp_1
P, = AP, AT +Q
Kalman filter measurement update equation:
Ky = PLHY(HPLHT + R)™!
Tk = 2+ Ki(z, — Hiyg) (8)
P, =(I - KyHP

(N

Where A, B are parameters of state, (), R denote error co-
variance of process and measurement respectively, I” denotes
an estimated error covariance, K is Kalman filter gain, H
is predicted measurement, more information about Kalman
filter in [12] and about self-balancing robot with Kalman
filter are in [14, 15].

D. Digital IIR Filters

Infinite impulse response (IIR) filter contain feedback
paths that can keep infinite impulse response [16]. IIR filter
can be model in transfer function form, H(z) that consists
of poles (b;) and zeros (a;), as the following Equation.

M i
b 3
H(z) = kzzloiz 9)
1+ Z _aiz7t
IIR cascaded second-order section form II transfer function
defined as follows.

—ka

0] + b, [1 Jz7t + b, [2]27
1+an 1+ a,[2]z72

(10)
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Where N is the number of sections, b,, is the set of forward
coefficients, and a,, is the set of reverse coefficients. To
implement the PID controller on the microcontroller, the
transfer function of controller is replaced by the IIR cascaded
second-order section form II filter because it has less delay
term than IIR filters described in (10) which will be discussed
in the implementation section.

III. MODELING FOR SELF-BALANCING ROBOT AND
STATE-SPACE REPRESENTATION

A. Mechanical Struction

The Structure of the self-balancing robot is shown in
Fig.1. The chassis of the robot made by 4 threaded rods,
layered with 3 mm acrylic plates for the equipment installed.
Raspberry Pi 3 model B is used as the main controller
because it’s tiny high-performance computer with 1.4 GHz,
64-bit quad-core processor [8], low power consumption with
an ability to wirelessly access from another device over
the same network that allows monitoring parameters while
the robot is operating. The angular position and angular
acceleration obtained from MPU-9150 Gyroscope and also
accelerometer etc. It can communicate via 12C protocol.
EMG30 gear motor with built-in encoder [17] and MD-25
drive board [18] designed for EMG30 was used as main
drive system that also communicates via 12C. as shown by
Fig.2. Gongalves et. al. [19] have modeled EMG30 gear
motor both mechanical and electrical and simulation resulted
in estimated parameters of this motor that have been using
in the simulation section of this paper.

MPU-9150
Gyro and accelerometer

l 12C

EMG30 Gear Motor

1

MD-25 —_— .
Drive Board H Raspberry Pi

1

EMG30 Gear Motor

Fig. 2. Structure of Self-Balancing Robot.
B. Mathematical model of self-balancing robot

The mathematical model of robot is separated into 3 parts
as follows.

1) DC motor’s model: The circuit of a DC motor show
in Fig.3

PR

Fig. 3.

Iy

Circuit of a DC motor.
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Equation.11 represent Kirchhoff’s voltage law of DC mo-
tor where V,, is voltage applied to DC motor, R and L are
equivalent resistance and inductance respectively, ¢ is motor
current, V is back emf voltage.

di

" =Ri+L—+V, 11
Vo= Ri+ dt+V (1)

Back emf voltage e V is a linear function of shaft angular

velocity , w as show in (12).
Y Fig. 4. Free body diagram of robot’s wheels.

Ve = kew (12)
3) Chassis’s model: According to part of inverted pen-
Torque produced from a DC motor and total torque are dulum model in the free body diagram of chassis shown in

represented in (13) and (14) respectively. Fig.5
Tm = ttotalkm (13)
Ttotal = Tm — Tf (14)

Where 7, is no load torque produced from motor, 7
is friction torque, Tyo1q; 1S total current of a motor. Then
combine (13) and (14) we get the relation between total
torque and total current show in (15).

Ttotal = itotu.l’%n F (G (15)

Va B ‘/6
Ttotal = (T)km Al (16)

Substitute (12) into (16) the governing equation of DC Fig. 5. Free body diagram of robot’s chassis.
motor obtained (17). Ir is moment of inertia of a wheel.

The Equations of robot’s chassis calculated and integrated
kjm‘/u kmkew Tf
PSR A . o (17)  with the DC motor’s model (for more information see also
& [20], [21]) shown as follows.

Equation (18) and (19) are state and output equations of

state-space model (Ip + 2Mp)op — ke 4 2V, 4 Mpglsin6p

= —MplicosOp 23)

m _ {0 ! ] [9} N { D 3 ] {V} (18)  ZaV, = (2My + 24 + Mp)i + Zgheg + Mplip cosdp
- T

. 0 —knke km _ S 72 3
w Twk 1 ¥ TwR Tw —Mplb3 cosOp
(24)
- 0 Vo Linearize system with vertical upward equilibrium posi-
vy= [1 0} [w} '] [0 O} [TJ (19) tion condition, § = m, if ¢ denotes the deviation of the

pendulum’s position from equilibrium (assume as a small

2) Robot’s  Model: ~As mentioned previously, self- deviation), that is, #p = 7 + ¢ then we get the following
balancing robot’s model is also called two-wheels inverted conditions.

pendulum that has similar behavior to the inverted pendulum cos Bp = cos(m + ) ~ —1 (25)

on cart’s model [20]. The cart’s model was replaced with two

wheels described as follows. sinfp = sin(m + @) = —p (26)
Consider each left and right wheel applied Newton’s (g’P)2 = (¢p)?~0 27

second low and the relation between torque, force, and radius ) o ) )
the equations of left and right wheel obtained represent in Then substitute approximations in (25), (26) and (27) into

(20) and (21). (23) and (24) result to two main governing equations as
follows.
.k kmke . Tw . - Mpl Uemk . 2%k
Myi=—V, — - —i—H 20 = byyeat AR mte 1 — m——V,
we Rr Rr? . r2 v L 20 ¢ (Ip+12Mp) RT(IP:ZMP> R(Ip+1>Mp) (28)

RRer==Esvaid

T — —1&— Hp 2l &= Mpl 2k, ke

My = - ' )
wT Rr Va Rr2 r2 (%%"'MP”'ZMW) ? fur® (ZiTW+AIP+2MW) x (29)
2k,
Combining both (20) and (21) we have: TR i)

Combine (28) and (29) into state-space model shown in
(30) and (31).

IW .. 2k/;'m kake .
2 (MW n 72) b= SV TG (Hy + Hi) (22)
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i 0 1 0 0] [z
. 2k ke (Mplr—Ip—Mpgl®)  Mpgl® .
:? — 0 Rr2a a 0 x
® 0 0 0 1] ¥
P 2k ke (rB—Mpl) MpglB ;
® 0 Rr2a a 0 ®
0
2k (—Mplr+Ip+Mpl?)
+ Rra
0
2k, (—rB+Mpl)
Rro
(30)
x
1 0 0 0f |2
Y= (€2))
00 1 0fg
&
Where 8 = 2My + 2% + Mp and o = IpB +
Mpl? (My 1)
TABLE I
PAREMETERS OF THE SYSTEM
Parameters Description Value

g Gravitational acceleration 9.81 m/s?

T Wheel’s radius 0.05 m.
My Mass of a wheel 0.13 kg.
Mp Mass of pendulum 1.24 kg.

l Length to chassis’s center of mass 0.213 m.
Iw Wheel’s moment of inertia 0.0002899 kg.m?
Ip Chassis’s moment of inertia 0.05626 Kg.m?
ki Motor’s torque constant 0.2774 N.m/A

ke Back EMF constant 0.509 V/(rad/s)

R Equivalent resistance of motor 7.101 ©

IV. CONTROLLER DESIGN AND SIMULATION RESULT

This section discusses the design technique of PID and
FOPID controller and then simulate and compare control
results using Simulink at the end of this section.

A. PID controller design

After state-space and parameters of self-balancing robot
obtained in the previous section. The PID controller’s gains
(K, K;, K4) obtained by minimizing the difference between
reference position (¢ = 0, balance in vertical upward) and
actual output using trial and error method based on mathe-
matical model and balance ability of real robot’s system.

Step 1: Create a closed-loop control system in Simulink
represented in Fig.6, Auto-tune parameters using PID con-
troller toolbox with 30-degree initial condition, adjusting
proper response time and transient behavior. Controller out-
put value required between -12 to 12 V. Too fast response
time and strong transient behavior lead to the insufficient
torque produced by two motors cause the robot can’t keep

itself upward.

controller
output

=
(e} ron | of /] oz

1 position
selpoint PID Saturation? MM5 Drive

balance ang‘le
Controlier ompm Gain  Sell-balancing robot of robot

X = Ax + Bu
y=Cx+Du

Fig. 6. Block diagram of closed-loop control.
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Step 2: Applying PID controller gains to Raspberry Pi
board using block diagram language available in CODESYS
V3.5 (discussing at section V), start step 1 over again until
achieving the best result. Optimal PID gains represented in
Table II.

B. FOPID controller design

The design of FOPID controller performed by fraction-
alorder PID controller optimization tool form FOMCON
toolbox for MATLAB called by command fpid_optim
using the following steps.

Step 1: Convert state-space of the system to transfer
function using ss2t £ () for optimizing by FOPID controller
optimization toolbox.

Step 2: Fix K, K;, K4 with optimized integer-order PID
parameters obtained from section A. A, u = 1 and set search
limit for A\ = [0.01,10], x = [0.01, 2], controller output =
[-12,12].

Step 3: Using integrate square of error (ISE) performance
matrix for faster response. Set setpoint to 0.078 rad (small
deviation angle because fpid_optim toolbox focuses on
transfer function optimization with zero initial condition
there is not possible to set the setpoint to 0). Optimal FOPID
controller’s parameters are also represented in Table. II

TABLE II
PARAMETERS OF THE CONTROLLER

Parameters  PID controller ~ FOPID controller
K, 194.534 194.534
K; 1432.586 1432.586
Ky 5.551 5.551
A 1 1.357
1 0.803

The simulation results of both controllers with 2 sec
simulation time compared in Fig.7, Fig.7 and Table III. show
that the result of closed-loop control with proper FOPID
controller (red line) overshoot improved from 29.22% to
18.45%, rise time decreases from 74.74 ms to 46.91 ms
compared with integer-order PID controller. The fractional-
order P*ID* controller can achieve the system stability,
great transient response and robustness compared with con-
ventional PID controller.

Angular Displacement compare
02

Fractional-order PID controller

7 S

PID controller

-0.1

Fractional-order PID controller
PID controller

-02

-03

B

05

Angular position from vertical upward (rad)

06

0 02 04 06 08 1 12 14 16 18 2

Offset=0 Time

Fig. 7. Angle displacement results compared PID and FOPID controller.
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Fig. 8. Control signal of PID and FOPID controller.

TABLE III
RESULT SPECIFICATION OF PID AND FOPID CONTROLLER

Parameters PID controller ~ FOPID controller

Rise Time 74.74 ms 46.91 ms

Delay Time 49 ms 49 ms

Peak Time 0.13 sec 0.10 sec
Settling Time % 335 ms 544 ms
Percent Overshot 29.22 % 18.45 %

V. FOPID CONTROLLER IMPLEMENTATION ON REAL
SYSTEM

This section briefly demonstrates implementation of the
controller into microcontroller board (Raspberry Pi 3) in
term of IIR cascaded second-order section form II transfer
function using CODESYS V3.5 Fig.9 represent the concept
of a closed-loop control system of the self-balancing robot.

Cm.'r.ro.l'i Self-balancin : rabor
Sepomt ~—, " : nagdlt ==
o }_, Discrete IR | fwput | | MDD2$ motor g

filter drive board
Filtered
MEE Kalman filter

Fig. 9. Block diagram of closed-loop control.

Churpt

S angle

MPU-2150
Gyro scope

Using PID implementation MATLAB toolbox pidim to
convert continuous PID controller and Fractional-order PID
controller to discrete-time transfer function with zero-order
hold discretization method and convert to IIR cascaded
second-order section form II matrix by d2sos () as follows.

PID controller:

by[i] = 1.0000, -1.9777, 0.977%
ap[i] = -1.3679, 0.3679
System DC gain = 5551.4

FOPID controller:
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bnlil= 1,0.4050, -1.3503 an[i]l= -0.8630, 0.1859
1,0.5810, -1.5259 -1.5740, 0.6192
1,0.8942, -1.8%14 -1.8681, 0.8724
1,0.9652, -1.%9649 -1.9615, 0.%619
1,0.9943, -1.9943 -1.9820, 0.8890
1,0.9954, -1.9554 -1.9968, 0.9%69
1,0.9988, -1.9988 -1.999%1, 0.9991
1,0.9997, -1.9997 -1.9997, 0.8%897
1,0.99%8, -1.98959 -1.99%%, 0.989%
1,1.0000, -2.0000 -2.0000, 1.0000
1,1.0000, -2.0000 -2.0000, 1.0000
1,0.9945, -1.9944 -2.0000, 1.0000

System DC gain =1619.5590

Create IIR cascaded second-order section form II function
block using CODESYS V3.5 for controlling real system of
the self-balancing robot the angular displacement of the robot
with PID and FOPID controller shown in Fig.10 and Fig. 11

Filltered angle ||
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Fig. 10. Angular displacement of robot with PID controller.

Raw angle

E .
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é, Filltered angle
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o0
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Fig. 11. Angular displacement of robot with FOPID controller.

Fig.10 represents raw angle measured from MPU-9150 gy-
roscope (blue line) and noiseless angle filtered by Kalman’s
filters (red line). The result has shown that the angular
displacement controlled by the PID controller of the robot is
oscillated with amplitude less than 45 degree and keep the
robot upward.

From Fig.11 the angular displacement of the robot con-
trolled by FOPID controller also oscillates with +20 degree
amplitude that varies more than the result of PID controller.
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Unfortunately, there have two main problems with this im-
plementation. First, the complexity of calculation and many
loops per task circle cause the process slow response. The
robot can’t balance itself. Second, because of i2c communi-
cation, we used in this paper is limited speed.

VI. CONCLUSION

Fractional-order P*TD* controller (FOPID) for the self-
balancing robot has been studied on this paper. The proper
FOPID parameters obtained by FOMCON toolbox for MAT-
LAB based on proper integer-order PID parameters to
achieving system performance and stability using MATLAB
and SIMULINK. The realize implementation on Raspberry
Pi concept for both controllers has been introduced using IIR
cascaded second-order section form II transfer function in
filter form on CODESYS V3.5, In theoretical term. simulated
results show that the FOPID controller can stabilize the
system and improve transient response with less percent
overshoot and rise time than PID controller. Whereas the
implementation of PID controller on real robot system can
keep the robot stable better than FOPID controller because
of this implementation on raspberry or microcontroller using
numerical method of filter lead to over computing and slow
overall process. The FOPID implementation on Raspberry Pi
has been studying in the future.

The future study will focus on the implementation of
fractional-order PID controller on a microcontroller board
(Raspberry Pi), the improvement of program cycle speed for
FOPID controller calculation and communication speed of
robot’s components.
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