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ABSTRACT

This project presents an automatic water level control system using proportional and
integral control. The construction of the experimental setup is divided into two parts:
part | is the LabVIEW program used to control the system and part Il is the hardware
system which consists of water pump, water tanks, control valves, sensors and others.
Both parts communicate each other via NI USB-6001 DAQ. The computer receives signal
from pressure sensor and calculates the control action in the LabVIEW program. The
control action will be sent to operate the control valve to yield the desired water level.

Water level control experiments are divided into two cases. First, experiment in
controlling water level in a single tank without any interaction with other tank. Second,
experiment in controlling water level in a single tank with interaction with other tank. P
parameters would be specified before the experiment by using root locus method in
MATLAB. The control criteria are: less than 6 % overshoot and less than 50 seconds
settling time. The obtained Pl parameters will then be used in actual experiments.

For the open loop control system, the rise time and the steady state value of the
water level obtained from the experiments differ from the simulation results by 13 and
30 percent, respectively. This is due to the numerical estimation of system parameters.
For the closed loop control system, the rise time, the maximum overshoot and the settling
time obtained from the experiments differ from the simulation results by 17, 24 and 6.59

percent, respectively.
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Sensor

(@) Anwgunsaifwngausiunmsiadasmsiva

(5) @319YANAADY

(6) Anwinazoanuuunszuiunisauny aeldlusunsy LabVIEW (Jusn
Uszanawa

(7) MAFRUALTIONTWYBINTZUIUNTAIVAN UALAIAIUANTAS19TY

(8) asunaLAzilauTIEUNIsIRrilassny wiauvsiiauenadu



1.5 Usglewninianadnazldsy
15.1 iieliyavaassaunsoviaumuveuinveslasaulaniudideans

1.5.2 welidnAnwlaGouiuandilafamdnnmsvhaueesssuununu



UNN 2

N HATUANNTS

2.1 NIAIUANNIZUIUNITENLUIIA
n1sAvAuNsEUIUNITLULSRludd 1unismiuauatd1eqifinisSuatdauys
N3¥UUNT (Process variable) LWy aungil (Temperature), AAUMY (Pressure), §n51773
a (Flows) wagAdumiissneg (Composition) Lﬁa‘iﬁlﬁmzﬁw‘ﬁ’mwﬁﬁejmmmflulﬂm'm
Wmane lumsmugunszuaunisiifumumtimmgdy sdemidiauraiaaiou
(Error) Tnensiardaudsivantl udnhundieudisutuadiads (set point) waasindulain
wzvhedalsiuamuuanddieldlddfisideang %@ﬁwmmﬁﬂéﬂmﬂ@'ﬂﬁﬁﬁmi
(Operator)
Tumsyhauvesszuuauauiagy 2.1 swildwuseneuiidhdyaiunu 4 aeesil
(1) fnadudyain (Sensor) iugunsainsadutSinamsidnd udauaoy
Usinagitldanmansantaludnguuuumils
(2) ddsrudyaas (Transmitter) WugUnsaiiudasdayaamisiniiilugu
wrnn il dudyanannasgiy
(3) shmuau (Controller) iugUnsaliildmuauszuy

(4) gunsalrruAudagavine (Final control element) Wufdsdayaalufiszuu

Controller »| Final control elernent

v
y

Transmitter

Sensor

JUN 2.1 UARINSAIUANNTZUIUNTS

TEUUMUANAYABNINITUURNTS 3 aesll

at

(1) M3¥ (Measurement) \unsinrdudsfignmunu nsevilaefinadu

LY ) Qs

Toyeyrauuaz s ud gy
(2) m3dndula (Decision) M3dafmurudesinduladnazvhedalaialile

ANRILUIAIUALSIRBINT



(3) mInswi (Action) wasnmsdndulavesimunuassesgnnszyilag
gunsalmIuAudIgaving
' [ = a
TwUUAIUANLUIBaNTY 2 wuu Aesyuunmsmuauuuuila (Open loop) Larszuy
n3muAuLUUYa (Closed loop)
= @ a 3 ] =
suumUANLUULUA (Open loop) Wussuuauaudiewavasssuuetufen Tng
o wnnvesszuvaghidindu viielounduilonnuSeudisufuduns ssuutiarliresiinanu

Jutou warflaazliaeiaiugn Aanansluguin 2.2

Input Cutput

Controller

W
W

Process or Plant e —

JU 2.2 uanssruuAIUALLUY Open loop

53UUMUANLUUTA (Closed loop) Lﬁuizwmuau%qﬁmmwmtawﬁwmqaeiwaiﬂama
siansAuAN Asussuumuanuuulnd Aeszuumuauuuutdeundutiues dyaiamay

rapdeudLludy g INAILANd s ErdaaBuna fudygunmsTeunduiiiaiioy

(3

anfiAURAIALAdouliTosas uasvinlmiardnavesssuuludiidesnis dyqianis

q

o/

s dy o =3 l € o ¥ s
Joundutioaludygndunnloenss viadudyauiogluguvasiteidudils Aananlugy
23

Input i
_+ Controller »  Process or Plant

easuring Element

F

U7 2.3 uansszuuAIvANLUY Closed loop

2.2 U3inn989n13AIUAY

2.2.1 nmsauauuuuludemi (Feed forward control)

lszasAvasnIsmvAuuuUlUdmth Aemsianissuniunszuiunisuavnisyaae

v

Lifuitu Asudidnduusiignauauandesvulyanditdald dumnisszgndldld dash

v



wisiignaaupuazliifsuulyandiiddld devunuszandldlfednagndas Adauusiign

auAuazlidsauulumnandmune

2.2.2 mimuaukuulaundu (Feedback control)

n1sAUANLUUYBUNGY L?Juﬁ‘;'ﬁmiﬁéwaﬁm%’wﬂwamﬁumumsmummns&ﬁm i
sumunsEuuMnfziinadefiuUsiignmuauuanidemiuyndsauuluandriinely
ﬁaﬁwﬂmsLU%‘IauLmaaLmﬁmeﬂé’uL%’?f;j?hl,ﬁmmﬂ wallaunsarawenssumuldiiies
wdniisausiignmunudsnuuluandiidsliudarindy dufe nissunuasnszangly

ganszuIumsisnun neuiinismuauiuuteunduazuavg vty

ad v o4 o o

2.3 VQUQLUBIAUNEINUNITAUANLUUUBUNEY

logvldidminegvesszuuaivgunszuiunsieglugmamnssuty Aenisinu
Usinamsild@ndlaun fgamall (Temperature), A1Aadiu (Pressure), ns1n73lvia (Flow
rate), 33AUAINES (Levels), uazArduqliiialndiAssAantmung (Set point) n3ed
v - N o v o =
naINININEe widluanizmsinulazan mndeu alasuLUa naenia1dinTs
muANARdaIinIInMsidengULuunsAUANTunzay Tusiinagldnismunuuuudiey
v oA =t @ o = ° v o o 9
A8 (Manual control) #e1fninauAIUAN (Operator) Faazmaayimiiiielfunis

arvinuazdiusianismugu samsuauautuldaudans Wunsauauuiinaniiluds

L7 =i

PugUN 2.4
I flow
Hancéplgated 1
valve o
Process
tank
QOut flow

£
a o

g‘dﬁ 2.4 LLamﬂ’l'ﬁﬂ’JUf‘jmzmuuﬂuﬁdLL‘U‘U Manual control

1ngu mimvaudinanhludvgendowinanuassvimiilunseassinaiugeves

seauludsildnuidesnivield lagldareaingainiaiesiiofasesu (Level sauge)

v
v = o

Pnduauszindula wasldliavivinide wse Yands Weldseauindulunuiiaasnis

& q o < v o =
TumeunsmvAnasnsalisuiuuienlaszunsuldfgun 2.5



EAufRDans seAutiTiugy
—|  Fussiaduls »  nEwuAuAsie >

e

ANIVANTEALIN  Le

Uil 2.5 vdenlnezunsuvesmsmuausefui lufauuy Manual control

wiiuldinismuguuuuisndudesddninauiiiiussaunisel WazANTIUIYIY
Huvdn delunisufoReuauanueiuds nifnauiiaiuautuazlianunsaianuld
Ussdvsnndinaoanar Jailiiiuszdviamvesmsaivauanas Lildanfidesnisedig
Wiugn ﬁqﬁuﬁ%@ﬁumuﬁﬁaaﬂﬁmsmwuﬁﬁﬂ’nmmuﬂwLLazstﬁw%quaﬂi’%@uéfaaﬁw

nsmuauLUUEnluTaInld WedinszuiunismsmunussAudiBuwuy Manual 11

vindunismuauuuusalui anansauanslddsguil 2.6

I/P conwverter

Controller

-

Control valbve

Level transmitter

v

JUM 2.6 uamansmaugusautiludwhensAuANLUUSHLUA

NgUT 2.6 seiutludiazgninlaensesingesiu (Level transmitter) wavdenisin
Wifuiaiesniugu (Controller) Fupsasmunvasihlulfidunasilunisinauladeldidn
4 A g e 2 v 5 = a v - < v o Y & w
wialanda weldszAudnlulumuiidesnis Tnasesmiusmasidusivimdhiindnlunis
AUy IMUANTWINgaIRLNQNaTin1saauRl (Control law) intinenléivun
Waamih dmiuszuumunudaludd iismudiuiuegussqlulssnugpamnssufiassu
AuAuLuUlaunay (Feedback control system) Tnuguiuun1sAIUANATEUILNNTANLITO

Feuduuienlaesunsudegui 2.7



SP 2 mYy
Controller > Final Control Element » Process >

fleasuring Instrument <

420 mAor t-5Y

UM 2.7 vdenlaezunsuresssuumuuuuuloundulasyily

nnudenlaozunsuguil 2.7 asdanaiuin sruumuaegamnssuLUUoundy

mllarUseneudegunsal 4 daufe

2.3.1 gunsaldn (Measuring Instrument)

& @ =f Q s ar at a &
gUNIadIn U809 AINSITTUAY I (Sensor), AaNsruafIwes (Transducer),

o o =

gunsniuUas (Transmitter) wisninsindaanaduglunssuiuntaieshdya ol luly
Duswuslunsaauan Tnedygramisenvasgunsalianiu itz dudygyramnnsgiunig

gRamnssa LW dyaaluiinssianse 48920 Saduend Fymraussiuluihnssuanss 0

t 3

a5 Tad Wy

gunsaidnaniludmiinuiinamisidndidena wazdalvihaessiudsnseuiunisdiu

€ 1 ar o v o = L3 & s = 1 =
gunIldsdy g Iaagvimun asudsingnisalwalidudygrafiaiuisodeeanun &
as an v I~ o @ YY) Y} £ 1w al
doysuraiilatuasiianuduiusfududslunssuiunis gunsalianavgunsaldsdyauazd

wendAtyUszneuiy 3 wewde fina (Range) vavAiesiiodn gnivunlngrgean uazen

<

ot as

sanvosmaulsnszuunsiviingin laefiansangunielin uavdedyaadgnuisuiiou
TAudn

) ¢ & Vet

& a oo w o a a a @
Tuvnesaidudanddy dusunsimagssruuiineitansiwesmidusvenly

U

2
1 oay s

woRnssuvasgunsains i uasdsdyaauuudmludidu Wunisdnwusunalunisiiey

7]

meiand daguuuunismunualiinuauinihensiessuudidnmseindiduniasniuay
¢ v O o % o & v a & A 2 fw_ o o v o

nIzvIuNsuuIYed ssdulumsinuisuludesiiiadesdie wSegunsalindivimiily

N13n59TUMsUasuLlasvesnszUIUN1sH1eginuay tnedyanaiialdasiluldluns

dndulaaiesdnuasaiuauivuausely

'
s = s at

fMns1Tudya I (Sensor) luszuusaluifilaqiinsiadudyyrandudideususu

L ]

wsnlunszurunmsvesmsauauiiensisdeulilsifiaiisuluaindeiivun

\n3esiledn (Measuring instrument) Aon1s5uivesiinT1adudyea (Sensor) uas

a

FlanaA (Indicator) n15inaunsanszvinla 2 38 fie



ad

W 1 pauaTEMeREndurssensvesiinsndudyga anunsaliuselev
Wlpsnsasendsundadnslioudoutuasiasudauium
aa o |
i 2 dvussiwdueulivihiussriagiing 2 Afindei
ar o at b -::In:'i a0 w
shasedudygrasesdifuguiiddydwolui
(1) desjimanslsasiintuidle Mnsndudygramdsinusinaasunidy
salad
nsinAfan

L

(2) shmsdudygulimsiasuannzisisegioufiasiinigia

o
2
s

(3) fmsvdudyaruusinaansuaussiennEuiRdudsuInnindsiiugui

@

=

Aeanisidy Maddiinesazinanauauas (Response) nafAtade (Average) Yo d QY 10u
nyziadaau wiemfia (Peak) ﬁ’qﬁ?uﬂmmﬁﬁﬁmsiamiLﬁaﬂﬁfsminé’uﬁmmm szsodlviiule
TziinanevaussenuauTATFeIn sy

(@) AISIVBIHANDUAUDS (Response) Fuansadudyaaiegesiniane

ﬂmﬂfa’auamq::wmmzmumﬁ

2.3.2 §AUAN (controller)
[ 4 A oA 5 o v @ 4 o v o ) v
Wuasesiievsogunsaliililumsaiwdymruniuay wevhmihiimusuuazdinisie
b4 g o a ' v l:‘ 2/
M3y IudmIUALANNIEUIUN IR s uTanTrUINMsTidesnsasmun i
3 = YV oa <3 v & [ ! [
e viwiselviliananavawsaduluaudeanis Badryanamsnanastulununguasyuves
msmuauigemuauldidenuasimualidrm Andmnsuagiudsvenszuunsthues
Uagtunsesmuruaninsaudsulassairsnshauld siinfe wissmuauuuuilow
find Mvhaulaglidyniman wissmuguuuudidamseindvianulagléiensddnvsednd
WBaidu(Linear circuitsllunsaisdyaruniuay wasdesnmuauuuuiinoaiulagld

3IRsIN(Logic circuits) viselulaslusiwaresasadyaruniun

2.3.3 gunsalnauAugaiing (Final control element)
gunsalaruaugavineg Aegunsalfiviimiafiduaniizvesnszuiunis drunns
WaguLUaIAFILUINTEUINMTAUANE wsodygraunuauilasuaindinuay gunsal
AuANmgaeTuiiegratsed ety 1daruRy (Control valve)
¢ @ Y Qgve o g ¢ & o =i
nawmuaulaenlluslddmiudugunsalmuauiugaing aswulunszuiunisd

AIUANENsINIng MNdmmuariihiiad i uuiuSuald (Variable resistance)
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2.3.4 n3sUUN1T (Plant or Process)
=t i aa edw Ve o

NITUIUNTT MeieszuumionsyuIumMsnuiandfidesnisaunuliiianusluly
Mufidesnts iwunssuumMsAIiuNMImUANTEiuTeIrm nssuaunMsieIfumsaIuay
gamqil 1usiu JeanuzussnszuIumsuanIdauUsnTEUILNT (PV : Process variable)

M3smUANLUUSALUTRIINgUN 2.7 fdumeunisieu Aegunsaifaniainiesinuzin
e/ ! a ar o s & v -
AMIUUINTEUIUNT (PV) Lo gaundil mudiu dnsinisiva uazseiuvaanandudy e

a a (VI R RN Y o 1 a

WiguigunuawdmseAanlming (SP) wagfaruauazsiiAauaaadeulunis
mupuanldlunisfnn iewdyyumuauiimnzauivrluauqunszuaunistidigen
Wmanedidiesns asiuinneunvzyhnisavaunsyuunslag i sedesfnuidwiaway
n1svinuvesgUnsalin gunsalaiuau uazgunsalmunudnviie saudeiinisuiuusen
1 i o o v o v ¢ v v v oAl o g w
e neuieiivyldidenldgunsniuaz juuuvesnismunuldodagniaslusuiiasyinlings

AUANITUTEAVIEN Mg an

2.4 3UwuunIIAIUAY

2.4.1 n38INIAIUANIUU Proportional (P)
N3BINIAIUANIUL Proportional B illumsauanwuuiludadau nanfediedng

'
1 a ol

ﬁlﬁaaﬂmwLﬂué’mﬁauﬁ’umauwmw%’ummﬂﬂiamumi NUIBDIAAIAAIALARDUTIANNN

3 i

¥ 1 & L2 U ¥ d‘ =l 2/ I
U mmwwmmmﬂw@uﬁ%ﬁmmﬂﬁumu EASIAIAAIALARDUNAUBDEAY Fl’!L@'lﬁVgWUEN

o/ @ a1 w oA I AV ol
FAIAIUANNISUATUBIANAN ATUAITNFUNUG F]\?LLE‘IF]\?ELUEUW 2.8

output « input (2.1)

oy U Aelewwaiiaonandrniuny

E Aoduwniiaenainganium
elal

UxE (2.2)

lng K, Aensi 138091 8ns1wene ( Proportional)
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SF 4 B G(s) U Output

System

Pv

Ui 2.8 udenlaozunsunanimsinuszuuiluidfnunm

MnAERUSTuFUR 2.8 2yl
o= (2.0)

Ge= K (2.5)

Agﬂ ‘:IIU 1 d’ 1 1 L3
Ima’luwuaummum%Lﬂummmmmﬂmaau (Error) 99n58UIUN1T d7UAN LFIWA

naseanliuy sxludygrialudeuldiuseuuyinemusesly

@

2.4.2 N39INIIATUANLUY Integral (1)
ninN15¥19UBIRIAIUANLUY Integral Control #anslidLeinmUAsunla

Windunseanasluises ginedunndiliilugud Teanerinnazudsdunudugenyius

maaﬁuwmmuaumi

NOENNIG) (2.6)

U(t) o K, f et (2.7)
M1n13 Take Laplace agld

uGs) = 22 (2.8)

Ge(s) = 2 (2.9)

S

9naunTsi 2.9 ufeuesuuy -Control Hu Gain vasimmuRuazviiy K1/ Taed
K, 1ueinsil fmuausuu Integral A iwaiiniuvioanasdosdean
nsvuunsdshividudndisdliviedmmnaimedoudilivintugud Siasdlianunse
vhldrasisenatnnszuIunsiidifuisalined Wumsufmanueaiaedeulsun w

aginluinagldldiBauauuuy control Winsegrufsailosansruvasldiauluns
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\irgaanusaaia (Steady State) Ja6ipald3s P-control 1inAmuRutadElszuuIaIu

=f
YU

2.4.3 N3YINTAUANWUY Derivative (D)

N381N3AIUANLUY D Tendnteniladn n1smuauuuusnsdiu (Rate Action) lag
Ty wNRYesIAUANTUE USRIINsIABuLUatasmAN LR AR EUReLIA 1A
R < e o ¥ oo ¢ & al Vel ) =
wuheanuemanaeuiiilenmadugusld uidiedwaiaunsoasuuladidiigeau
iamuranardeulAsuntasdasannsnszyiiananit §rsn1snsesia (Rate Action) &

aunsi 2.10
Up(t) = Kp =& (2.10)

il Up(t) = ANaIdnnveianIuAN Derivative

~
o
1]

PRSIV IBYBIFIAIUANKUY Derivative

de(t)

= {3 AAIUARTIPLAAAUAIA t

8/
=

n1smuANyiusidunnudmszldimiuiauauiiy W Wimiunmsmuauds

1 2/ s

dadru FeaztTondt MmuauwuudnduvIniukuyayius wie s (PD-control) dei-
muAdsdnduldsaududuiiniassiiondt Maruauwuudadiuvanduwuuduiinavie
fila (P1-Control) wazdldMmumuuuueyiussuiugmuauuuudndIuLazfAIUANLUY

duiindalsazisendy nsmuauwuuiled (PID-Control)

v

mAuALkUVaYus Tzl UTudAumtn (Damping) Tuszuuiiazaiumulsl

s

a a & & Zda o w o A a & 1 v v ow a 1
aannagvy uUﬂﬂaV]']aLﬁﬁﬁUUQJLﬁﬂﬂiﬂ']WﬂJ"]ﬂEJ\‘]'UU LW]IWUV]'JI‘ULL@'JW?F”UF’EMLﬁﬁauWUﬁu‘ﬂu

e

AlAanduaudld Tuvnzifvrtussifiuindygyin

ldvinldAarumataedeuludoiuze

as

lsnaieanandinuauBieyiudiiludgygaiinainmsmeyiusvesdygyio

@

[

Hawam sedu endygraianaindidyyiasuniuuin a:ummmmwwaaﬂmmﬂm

[

o

ﬂ?UﬂNL%d@UWﬂ%ﬁ‘ﬂSﬂigLWBQJ (Fractuate) m ADUTIIIN "'UQ’*UuVI'ﬂ‘VIi”UUﬂ'JUﬂﬂHJ@{iL‘i’?lﬂJﬂJ

@desnwle

2.4.4 A38INIIAIVANLUY Proportional Integral (PI)

Wle-Aoulnsa Aen1ssauseninanismuny fi-neulnsa lo-roulnsa deduaunisves

2
U =

Up, (t) ansnsavinleisail
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Upi(t) = Kpe + K; [ edt (2.11)

v1N13 Take laplace agla

U(s) = KpE(s) + <2 (2.12)
Transfer function vasiAIUALLUUTLE
Ge(s) = Kp + (2.13)

o Upi(t) = Auesnavasiimvauuuiile

N13AUANUUURNLE a1u1sauiaA3uduass Proportional control way an (%

Maximum Overshoot) flagsinlimannis Oscillate Wiosanduiinsanaulnsa

ﬂ’l s [-¥]
2.5 33UULNYINUTLAVUYDILWAD
lun1sRansansivaresnednal efeertaiadinudunIy (Resistance) waz e
ALY (Capacitance) LieNa¥aTUIEAIAMANYULNIIWAAIANTYBITEUULAETUTEA UV DY

rounan lagazfiansananmsivariuvieduqiisieegseniisnvusussyaeddudogud 2.9

ol
Q.

UM 2.9 uansimsaesluiivedumeveduqlaefindudussun

2.5.1 A1AUAIUNILNTINAYEIVRIMAT
WeRasannisiuaveshnuvieduglneiindidedwisaaadimeiuy Aalugui 2.9 e
auiumuazgnimualaindurnsuisulamesanuuanassedureavailunivuy

Uss9eaes dullaanannswasunwlasesdnsinisiva Tude
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__ change in level difference _AH
~ changeinflowrate  AQ

L7 ’9’ i [=1 s 1 aan 1 s d' q‘
wuumuauAgeszivthldlunimasenluwvuduierliiufisewedaulne
Quag g; Li‘]ué’mwﬂ'1ﬂ,wamaéﬁwﬂLﬂvmuméamuauﬁmm'mLﬂé’aué’mwmﬂwalﬁ WAZAd

ludsislneaiuguanugeindnsinisivadn uaglnanndadienasiosld Q uay q, Wudhs
nslanailernsen faguit 2.10

Control valve
Q+g; —*D%—j
qH Load valve
),_——¢l\—l~_<]—+ Q+gq,
Capacitance ~ Resistance
'
| R

5UM 2.10 LLﬂ@ﬁHUUﬂ’JUﬂMLﬂUU’]

NFUN 2.10 sl

Q = dwsmslvefiannzasiineunswasuwas (Steady-state flow rate)
H

mmqwaa'ixé‘u’umwam'ssmwﬂaumsmaammad (Steady-state head)

) H R ) P
q; = dammslwavenidddsiAsundasindnsnisivaluannzasi

do = 8n5N13wavesheenndsmudsunlamnsnsinisivaaniazeed
h = AugeiUaEUINAN1IEA
C; = ANYYesia (Capacitance) 93N 1

R = AANUMUNIUNIAIULNE8N (Resistance) 1842187 R,

Lﬁaﬁﬁ]ﬁmﬁwumwmsﬁwadma:ﬂ,ugﬂ 2.10 Tuszuuilvesvarvzlvaniuindloen
INNIVULTILUINT I laanILuy fe

(1) nstuadunuusudeu (Laminar flow)

dladunislwawuunuiiey mmduiussznindnmnsivadifiaausai (Steady

state, Q) Wa¥ANEIAIN (Head , H ) o mualdushAudnanvemIdinfissiinuduius
AUEUNITT 2.14

Q=K|ﬁ

(2.14)
Taed K; 1lurimsi nisluawuusiuseu
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s ]

ApuAUYadlan1d (R,) Afedndiuntsisuilainugeainanizasd
(AH) AMunsidsundasvessnsimsivainaniieasi (AQ) vesdainaymlasadl

INTIWAIAIIUATUNIUNT A

_ad
InEUNSA 2.14 ¢l
dQ = K,dA (2.16)
dH \ |1
B/OK (2.17)

1 H
R,= === 218
17 \g (2.18)
(2) mslwadunuutudau (Turbulent flow)
Tunsdifinsluasnudsinenaduwuudutou sasnslaiianmsasiiasnldan
Q=KH (2.19)
lned K, Aarasiinsivawuutiuduwazranudumulunsdlaesnsivawuy
Juthumlanad
INANNIN 2.19 zlan
dH = K,—=df (2.20)
/A
di 2|
i (2.21)
a l 2 dH ' o v [ Q
AMNTYINAIANFIUNIUNTIVG R, = 3G U Amsnnstuanuutuliu K, = 75
1]
R, =28 _ 28 (2.22)
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widlumsfuRnsmaanuduniuenaunisii 2.18 wieauntsit 2.22 Wunlidls
Wesmnishinsumesfinislva K, uas K, sadulumsufifinismearnnudiuniunisiva
egldisnsidigunsmauduiussewinenugeiianzasi (1) uazdnsinisivand (Q)

ﬁ‘lﬁ’w’mﬂmwmaaqﬁmamﬂugﬂﬁuaﬂwﬁ 213

Head }
h
____*____‘_ tan_‘R,
2 o I
1 :f P
h
e F il
o< :
Q Flow rate
28 &
= Slope =& = &
i g g g

¥
=i

JUN 2.11 nsmiuansmudNUSTEMTAINENRIT uazdRsIN1Tiva

2.5.2 A1Auy C (Capacitance) ¥8IN1YULUTTY
FAug C (Capacitance) 83019z U35q wiodwh Jundliindumanuasuulas

vamsrewswmaIiszaLagiulonnvnnsAsuLUamesnuge Tude

_ AV
C= = (2.23)

dunninug (Capacity ; m¥) dus1siuAIAINY m? AIAIIL9UBIN LU UTTRREAN
=1

T A TS o_galy N} v @ a1 a
wirfuiufiniddinuesnivuzussy fMiud mhdavosn1vusussaiiaind maugfaed

ANASTINARAYNTZAUAT NG

2.6 WUUINABINNALAAIENS

]
=

2.6.1 msnAasIMsAURusEivtuuiaRsdlifufAzended sy

ssuumuaummgsszduthilflunimessadusuudaferhifufiseesiulaed
Quaz q; Wudnsmsluameduvidrihundmuauiiausadeusnamsivald uazas
IWésiilasavauaugeaindnsnnisivadi uaglnasdadidnaaiiagls Q uay g, Wudns

mﬂwamﬁﬂwmanﬁagﬂﬁ 212
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Control valve

H+h Load valve

ke Bt

Resistance

R,

Capacitance
G

JUW 2.12 ssuumuAussduiwuuduienliifufisededaau

nguimuali
V= Sasnsinaiiannezasiitouniswasuulag (Steady-state flow rate)
H = muguesssiutifiannsasiideuntsidouitas (Steady-state head)
qi = Snnslavesidrddiiudsuwannsnsmsivaaniizasi
4o = Snrnisiuavesieenandiiivasuulamnsnnmsivaanizai
Ly mmqqﬁmﬁﬂuuﬂawmﬂmwmﬁ
C; = Ammguasiiani (Capacitance) voaisdl 1
R, = Anuiumunisivanisdutiesn (Resistance) vadivianngs R,

43‘ = A dl a o 1 Q‘j a | s
WeaWI1I91ngUn 2.12 madvuudasysumslunsluthanandus (do fdauviniu

nsilasuLUasansinsiuavesdnlussuu danudunudie

1

C;dh=(gi— q,)dt (2.24)
dH=h (2.25)
= (2.26)
Rl = 'j_g‘ leﬁ
R, =2 (2.27)

WIUAT q, IINAUNITA 2.27 asluaunisi 2.24 ezl

C, % =q - Ri (2.28)
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C1R1 % + h = qu] (2-29)

P = Y T AT 1 o [
NFUNTN 2.29 il take laplace wazly initial condition fiAwindy 0 9zl

L{c,;R, T+ h} = L{R,q;} (2.30)
CiRysH(s) + H(s) = Ry1Q;(s) (2.51)
He) o B (2.32)

Qi(s) ~ R;yCs+1

Toaw# Qi(s) 1Uuduwm uaz H(s) Wwordnmidlammuali Q(s) 1 Step input il

UluuAluaunisi 2.32 avldmeaunisi 2.33

h(t) = Ryq;(1— eR6:) (2.33)

2.6.2 MnnasIMsAIUANsERULULS uREaEUFRSeded B

'izwm‘ua:Jmmqﬁxﬁ’uﬁﬂﬁl’fﬂumwmaa@LﬁuLLUUﬁ’uﬁa'sﬁﬂﬁﬁ%mﬁaﬁ’aﬁuimaﬁ Q
Way g L“@ué'm']m'ﬂwamaﬁwumL‘EhchuméamuauﬁmmmLﬂﬁaué’mmﬂﬁlwalﬁ IGEAN
ludadislnemuauaiugmindnsnisivait waglwandadidiasi 2 e R, uasR,asld

Q uay g, tWusasmslvanisilavnaen a9guN 2.13

Control valve

Tank 1 Tank 2

4
NK{

aan ! g

ni [ ’6‘ s = =] d'
3Un 2.13 FEUUAIUANTEAUUILUUENLAEILUN AT R B09R Y

Tagnua L

Q = dnsmslvaniantzainounsidsuuyas (Steady-state flow rate)

ANNGYRITEAULITIaNIzAsInauNIsIUABULUAS (Steady-state head)

a5
1
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=

h; = ANUGIIURBULUAIINAAIZ AR

AMUGIIUABULUAINENIZATIvE AT 2

=p
]
1]

C; = AIAIINRVRINIUN (Capacitance) 9 1
C; = AIAURUBNEUT (Capacitance) 637 2
Ry = AMANSUNIUMNEIULNEDN (Resistance) vaslnani1da R,

AIAIUAIUNIUNITIATENTNE (Resistance) U04191anNd7 R,

-
N
Il

q; = dnsnsivavenindrgdeiiuasunlasansnainisivaaniiza
s g s i & o A
4o = 8RTIMIINaveseenIINdIGsuLangRINsInaanazal

805IN15 WA TEWINedD 989

el
X
1]

o o s

n1InAaBINIsAIVANIEAUINKUUIRREIUfATo safaY Megud 2.13 agvinism

U

v
[

wuuTapmadanans 1o q; Aednsinisivaseaindids by fessduihfidesnisaiugy

o o A:-l' = o o & =i'
AIMIUINN 2 ATUAINUTUNUSNIAUNITN 2.34

Czdhz = (qZ)dt (234)
qy = llk—_hz (2.35)
Ry~

WRwNUANNIST 2,35 asluaunisi 2.34

Cszdhz = hl = hzdt (237)

d115unen 1 mswdsuilasdsunsae

Cydh; = (g — qo — go)dt (2.38)
ilownuaumsit 2.35 waraunis 2.36 asluaunsii 2.38 azle

C1R1%+E—:h1+h1 =R1qi+§—:h2 (2.39)

NNEAUNTTN 2.39 1l take laplace wagls initial condition fAwvinfiu 0 azlé



R
CiRysH; (s) +R—:H1(5) + Hy(s) = R1Q; + E—in(s)

INAUANT 2.379 LU take laplace wagldf initial condition fAnviafu 0 aglé

C2RH,(s) + Hy(s) = Hy(s)

Hy(s) = (=—)H,(s)

R,Cp+1

UWNUANENNIST 2.42 asluaunish 2.40 azlén

Hy(s) _ R1(R,C;ys+1)
Qi RyC;R{Rs2+(C;C,+C,R5+C,R,)s+1

Laei Qi(s) {WuBuwn uaz Hy(s) 1Juarding
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(2.40)

(2.41)

(2.42)

(2.43)
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N1SATUIURAZNITDDNLUVUESIS

Yannaosmuausrautlaeisile Usenausie 2 diu Aodwuvesensauas (hardware)

WaLAIUVDIINALIT (Software) Fed1uvaswanmuly AolUsunsy LabVIEW dndunas

L2

o L2 1 s ‘U’ s 4 1
AN legldiuaseduanugeveniludsifosns uazmuauandmunels

[
o

2 o v ! ¢ ¢ v oo Cam 9
Wuldmuiidesns uazdudsznevveseninuaiiy zUsEnounlsudiugunsalaingg sagy

731

R
ol S {-:{ﬁ Sl SRR Control
' valve 2
Control N ‘ .
valve 1 ", = b &
Tank 1 q ||tk R,
%0 8
s |
Rl.l ’ R1.2

Pump ;

Tank C

JUT 3.1 LaRIYANARBISZUUAIUANTEAULN

NSYINNUYBIYRNTYIARBITEUUAIUANIZAULLSNNABN B TUSEINMING wazdl

Fyaaludanisyhanuiiume Arduino iedsnueeslisuewmeslunisususmuonida
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A Taeds A Wudsmugusnsnsivavaniiliasd fmsihmahdudeliaugees
1hludnai
ihluaruvieasnands A Wmdmuauituussmls mmiundmuaudan
mstumnasuiamed tieUdesthadud 1 wse 2 muiinisneaesinuus Tlvaniids
By Bio e &, agiﬁﬁméw Warseninededl 1 wavded 2 ﬁ’@gﬂ‘ﬁ 5.1
sntfuhlvarulnasdanndsiiiasnnnisiva vieds 8 fus st

H1Wlana1dq Rs udaaaludsds C viadainiegauasan andutudiludsinagyinnis

U q

v v

Judhduiluitss A
swandsaiefugunsaiiifselui]

(1) 5’&*75‘1%‘1140'15@6451&1auauawaamiﬁ’mu mvualudiuuin 9.6 x 9.6 x 40
wudeg 99U 2 Tu (Tank 1 & Tank 2)

(2) ﬁ’amﬂﬂumsﬁmuﬂﬁmwﬂW{LwaimsJ1/‘1"11/1141ﬁﬂé’mﬁdﬁmmqwawzﬁuﬁﬂ
AITITl 30 wufuns fvualudlowng 15 x 15 x 35 Wwuiwms $1u9u 1 lu (Tank A)

(3) deildlunstashsnislvaveniondeit 1 uazdedl 2 Muusliduun 15
x 15 x 40 wufmuas 9713 1 lu (Tank B)

(a) fawnurdusnafaunlitiunn 20 x 30 x 50 lwuRwRs S0 1 U (Tank
e

(5) MR 2 1 $1uu 1 U (R,) WlumsUaDathuosds B

(6) Tuniwun 3,000 Anssiodalas Hlunasgurudngs A

(1) ety tanlfituedsaislunsiesydvanugsnesh

(8) waslwawmes AruauBIrTiNdInUAu

(9) ArduinoMega2560 Telunisulasdeysias

(10) Aeufiumed lilunisuszananataya

(11) gunsalvenedaan Tolunsvensduarnanndugesinanusy

(12) 1dvun 1 2 1w 2 Sy thundinulasierdundmunu

(13) Mdwun ¥ 1 S 3 du (R11,Ry2, Ry) danlaidulvanings

Ioa

(14) NI'USB 6001 fe aunsalsuasdiymyimu



3.1 N1598NLUVUEINYRITNIALIS (Hardware)

311 mseennuudiuilildinisaivauvesszuy
(1) a9

(1.1) MsvuUINYesnd B
Sudurmualss
(1) mmqaﬁum‘szﬁuﬁﬂuﬁaﬁﬂﬁwé’mw (Tank A) = 0.3 1UA3
(2) vuaLduRUAUINawes Load valve = 0.5 i = 0.0127 wns

(3) YwnduRUgUEnatsvas Control valve = 0.5 11 = 0.0127 wmg

INALNITNITNITATINST A

0=\2gh4 (3.1

way Control Valve LﬁaL?JmmﬂﬁquﬁmmmﬁuﬁwﬁﬂﬁmLifi"lﬁ’u

Q = A,/2gh
(§JF gx(0.0127)2xx/2x9.81x0.3
Q = 307.3318 cm®/s

diovimsdum 10 Funit uasiidnanisinaveniunniign Ae 307.3318 gnuar

WURLLATABAIUT wazUsumsvesurnegludseziidnvaiu 307.3318 x 10 = 3073.318

gnuAiluRng Fainiseenuuuds B Tllvuiaminfiu 15 x 15 x 30 wufiung

(1.2) nMsmwwiavesdaintIdaua (©
UsH1ns 09 A (Tank A) = 15 x 15x 30 = 6750 gnuiAnigufiuns
Us11n3 01 1 (Tank 1) = 9.6 x 9.6 x 30 = 2764.8 gnUIAREUALIAT
U3u103 69 2 (Tank 2) = 9.6 x 9.6 x 30 = 2764.8 gnUIARLTURLLAS
Us11m3 9 B (Tank B) = 15 x 15 x 30 = 6750 gnu flyufiums

9

Usasihildlunisiuvionun 4 & wirfu 19,029.6 gnuiadiaudiuns fadud

idenldtinivuia 30,000 gnuirrfiguiuns AuuavuIAWiniy 20 x 30 x 50 WURLLAS

23
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(1.3) mMsAnnSdEmsuguniaiindnsinislva

05, = 30733210 *m3/s
AD =10
Qin = 307.33 cm3/s

Weonltndrvunaiduruguegnals 0.04 m

Qout = Ay2gh
T
Qo (0'04)2}(?( 2x9.81x30
Qi = 30487 emi® /s

a

Fedms1nsivaeeanuinnitdnsinisivaisauuiidslimasluds

(2) Ui
9INNSATIUNTUIATBINILT 163 A ANNEIVEITEAULIN 30 WURLATHIDN
aunisi 3.1 imunsoAnmmensnsivaresiaintugs A ldannisauyisnsnisiva

89U109NTINAY A %ﬂﬁé’mﬁmﬁwawiﬁunﬁguﬂmé’wﬁ"]ﬁq A w8917 nvUIALEURIUY

v '
o =

L3 1 = = a 3 a %}’ v oo o =
AUENANVBINBUINIIVUIA L75 tueungnauy BRIMNITFUUNUIEN A Up3UnAD

Q = mr?,/2gh x 2 valve
T

L=z (0.0127%) x 2 x V2x9.81x0.3

Q=6.1466x10"* m/s

YUIRUeIUN Useunad 2212.7887 ansaadilug asuiafvualimlaUundauia 3000

a "o & )
aCﬂ‘imaﬁﬁjiﬂﬂsd\jusﬂqﬂluwaﬁmaqﬂ

3.1.2 A1582NLUUHIUNITAIUANTZUY
fdunsmuAuIEU fe ditgunialiauauddinuan Tasgunsalinaaududs

Tyay1dluiil Zero-Span wanhluifisuiuafisesnmseanundudyanuaininurainniou

2

wing Arduino wdsniwimsuTuesrmeesdimunuiieiissmugusnsnisivavesii
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O Ve O e e © 0 O #

Serve

—+ Computer Arduing  feep Control valve [ — Tank -
motor
“ @ ©
Vg Ven
Zerc-Span |« Pressure sensor |

Ui 3.2 gunsaimsvhandussuuauny

9

(Y]

1NgUR 3.2 ansanenswazidengunsallanail

(1) pouines

duvesneuiumes Aediuvesudonlnevunsuil 1 lusy 3.2 Fsreufumesiminiisy
Ay udeundunnszuuurimsussinanawasdsdyyiunualudsnunsieues
svuv lagaeufiamesaziinisadessuumunuiiientuaunisieu Tnsflssasonves

@ o = L2 o
‘Uﬁaﬂlﬂ93LLﬂiﬁJﬂ']i“/]']\ﬂU’Uﬂ\?ﬂE]lJW'ﬂtﬂ E]iﬂﬂ‘g‘l.]‘lfl 3.3

H, H,, [ Ho Ca:
l Pi H H-C relation )—»! 2V elation Fﬂy V,’

JUT 3.3 easiBunludiunsvhauvesneuiomes

NNFUN 3.3 Avuali

S
1

m'}uqaé’waqﬁﬁaami

H,= anugsdeundu

Ve = wseiuldoaunduain Pressure sensor

H, = fewgeenuauiiinansussinanasin Controller

0. = ﬂ"lﬁmwmilwammuﬁgﬂuﬂamWm H,, dusnuduiusues

é)ﬂiWﬂWilMaLLﬁgﬂ??ﬂJEjﬂ
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V, = Awswiuliihaiuauiindasainadnsinisiva 0., siuaudunus

3ENINOATINTIME wazusasulnin

MIYINUTDIABURIRBSAINNSORENS LAzl UTUABUNSYIN L BTt

§
= o

(1.1) WudumouiiviimimdSeuitsudmdinnugedadeiidesnts (H,) way

avwgeloundu (H ;) dauansluguil 3.4

Hy

H-Y relation

Vi

UM 3.4 vdenlaozunaunsnfisuiisurdemugedneds (H,) wazanugetioundy (H,)

Y

o A E; 2/ G:/ ! 2/ = A L ﬂ’:”
lnsmsvhauaugin 3.4 Bususnmsderiniugesdeidesms (H,) sinduaiu
& = =i s P o 2/ 2/ ' = o
g9 (H) dhaggnilSeuiisuiuaugeideundu (1, ) udlinasnaniduniueainaion

VRN (A, ) sxgnasdiluiiszuumunuiuy Pl lutussusiely depugetoundu (

] (=3

H ) tugnudasinanussisliihdeundu (v, diuufienlaezunsy 1-4 (H-V relation) &4
‘ o N

sUN 3.4 %’ﬂuuﬁaﬂlmaxLLﬂiuﬁL‘fJummél’uﬁ'uﬁixwiﬁqmmqﬁmum () Tudai way

U

[ a o al e 9] '
wsetulwia (V) fan11zaeil (steady state) lduiwasliaaussdulufrrinu Zero-Span

annTIALdURTUsUlaa NN 1TAaasluung 5 nauanslugun 3.5 uagguil 3.6
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Pressure sensorl

35
30 V=55742X-47091‘,@
R?=0.9994,."
25 S
20 ¥ S
H(cm) |

15 | K

10 Lo

5 o

0 e .,",’., P— TR " IR TSNSt S ey 2
8.4 8.5 8.6 8.7 8.8 8.9 9 9.1

=i

SUN

U

3.5 wanemuduiusseninsussiulnih uaganugeuessziuthvesgunsalinausuy

A 1

Pressure sensor2

35
! R?=1

25 | o

20 . o

15 4 o

10 P

H (cm)

A 2
AITMIANNTAINERUEIENINAIINGeIER U (/) uazussiulih (7,) 8
s s f-:\? 7 r_~4l o =
aunsaudunustaglaunannisveaasluuni 5 uazsilullunisdeulusunsy LabVIEW

dansuamugedeundu (He) udiiawnsomidiaiunainindousesnings (

H ) @saunisd 3.2

err

Herr = Hj — Hy¢ (3.2)

Farmnueaaaiaunugs (H,,) ssgndadilulussuumuauuuy Pl ludunoy

sald
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(1.2) dumounisUsvananamunaniadey (H,,) lngssuunisauauuuy Pl

err

Faguil 3.7

H H

&r [ 24
—3 P —

3UN 3.7 udenlmezunsuludiussuumunuaiugs

MU 3.7 szuumuauuuy PlLduduiiegluudenlassunsud 1-1 lugud 3.3 Tag

TUUAIUANLUY PlYimhifudmnuaaaniieuatngs (H,, ) Whanhnsussnana

err

wadsdryamunuags (A, ) senludnuluduneusely

err

(1.3) Lﬂu%’uﬁmﬁﬂﬁmﬁaummmqqmuau (H ) Wudnsinisluaniugu (

Q) ﬁ'ﬁgﬂﬁ 3.8

at at

S — H-Q relation oY ¢

]

3UN 3.8 udenlaezunsunssuudasianugs A, wWusasmnsivae (0,)

act

1ngu 3.8 vhenlaezunsuludumsiasuwasnnugiatuau (A,,) WHusns

act
nslnanugu (Q,,) Wuvfenlaesunand 1-2 (H-Q relation) wes3uil 3.3 Tnsriargy

(H,.) szgaldeududdnsnisive 0, duanudusiusseninedasinisiva (Q) uas

act act

ANNgavaIsEaulugs (H) Nan1azasi (Steady state) ilsainnisveassluund 5 fagun

e 1624
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R
35
30 | y=0.4439x+18._ﬂ:'8.6“_@
R2=0.9809
25 PO
PR Cy @
20 LA
Q (cmA3/s)
15
10
5
0 5 "
0 5 10 15 20 25 30

JUT 3.9 uansanuduiussendnarugs (H) wazdnsnisiva Q)

v '
(3 1 s o a

IﬂagUﬁ 3.9 Lf}umwﬂaaqmﬂ"]fm3Jé’uﬁuﬁizmwﬂ'nugwaaismuﬁﬂumm 1 uag
) ol P s & W v = & Y
snsnsivalugnnesasinlaeiiivanings R, Wudadumunisivadadunisveasswuuds
wedhifiufisendedsdu axtiuegiumanusuniuresinannd R, wazannsneyuiiu

NIMLEUR TBEIRITamIAIAINdU RS sENde s N va (Q) WAZAINEIVBITEAULN

(H) l§daunisi 3.3

Q = 0.4439H + 18.486(cm? /s) iy

o & ! o

Femuduiusssninedniinisiva (0) wazeugavessyiudt () ashluldi
AuduWussgninednsinisivanivgu (Q,,) wavmuginIuay ( H,,) A1y

vdanlaazngy 1-2 Y093U7 3.3 Adeun1sh 3.4

Qact = 0.4439H, + 18.486(cm?/s) (3.4)

a

r-n'wmmﬁ'uﬁ’uéiw'jwé’mwmﬂmaLLazmmqwmismuﬁ'}’[uaﬂW’szﬁﬁlﬁmnmi

9 '
[} (%) Qs

v oa 1al  aaa a o ° da  aaa | v o
naasswuudndghiiufizede didudezdluldlussuuAiufiseredesuseiesann

a

wuudadefivjisededduazisiuniunsivavenh R, medudoenmaden uazidu

mnetuiuszuviLielifiujiseredou



30

(1.4) Duduindsuwlasindnsnisivaniuay (0, ) Wuussiulwiimunay (

V) St SIn (Vw}IUﬁ Arduino Ul 3.10

sp oo

oot F b1
—_— | Q-V relation ———

JUT 3.10 vdenlaesunsuluniswdeumdnsinisiva (0., ) 1Wuwsedulvii )

ludauvesmsiagusnsinisivanunu (Q,,) uussdulriheugy (7)) Uy
vdpnlaosunsuil 1-3 (Q-V relation) woeguil 3.3 Fan1sviruvesudenilifiudagui 3.10

lagA1dnsInsiva (O

act

) azgaliunsedulaiih (7)) shusruduiusseniruseiulvi

(V) uagdnsinisiva (Q) nldvnnisneaoduuni 5 duandlunsivsui 3.11

motorl
6
539 = 2E-06x3 - 0.0006x2 + 0.0746% +0.765

y e ﬂ"
POR . I
oY
100 150 200 250
Q (cm”3/s)

JUT 3.11 uansanuduiusseninegnainisiva (Q) uasussiului (V)

Tagud 3.11 Wunansvaaesnsmemuduiusvaaussiuladi (V) dddliieesla
wawadinnutundwiliiindnsinisiva (Q) wagldannivuaniauduiussening

dnsnslua (Q) uazusadulni (V) I6saunisi 3.5

V = 2x1076Q3 — 0.0006Q? + 0.0746Q + 0.765(volt) (3.5)
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Fapuduiusszniussduliihusadulai () uwezdnsinislva (o) luaunisi

3.5 anhlldAuauduiusseniussduliiaiuau (1 ) war Sasmislua (o) A

sp act

‘Ué@ﬂlﬂ@&iuﬂ‘iuﬁ 1-3 GU?NEUﬁ 3.3

3 -
~0.00060,, +0.0746Q

act

+ 0.765(volt) (3.6)

act

Vop = Ex10™

| o

usesiuludh (7)) Wudyanaussiulnihiiszgndsesnanaeuiimes uddadilud

Arduino TngazldarunuirashwamesliiinisUalnndlian snsinisiva aunas

V?'N’]WUBQ?%UU?W?UP]M

(2) Arduino
Arduino fia vesalulasaeulvsaaes Aodwui 2 vesufeninesunsuluguit 3.2 v
winWUasdymann Ve, 10U Vo Avgun 3.12 laedgygnamidissduweusdon wdan

senludyauiadinvitegadu (Pulse Width Modulation) #3via

lnguaiafigun 3.13 dauautdseluil

maalunan : 7-12 - Taas
AU : 256  flaluv
RN AT DL RIE T ; 16 99
tosdnyaaniadinivegatuioon : 14 3
S
Vsp o/ Vact

-—»f Arduino i--—~m--—--—b»

U7 3.12 vdenlaezunsuludiuves Arduino
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x s D

Ul 3.13 ArduinoMEGA2560

Cafl

(3) wosliuawas
| ¢ A | a < = @ ¢ g v
druraswasliuames AndIun 3 maquaaﬂlmammﬁﬂugﬂw 3.2 ANWULUDLADITN L
= & a ¢ = £ Y, = o
tuuy DC uamawmmwmulﬂﬂwqaqm 6.6 1789 mmaihummaﬁmgw 3.15 98
v oo ¢ P ° - - < ° o =
WNTURIMIVANNENINITUATA1IAIUAY ‘[mamwumua@wﬂm V., N&IU1910
. 1% I3 A ' - v 5 o oA ¢ a
Arduino wamguaduyu @ hosrsina vl lwanunistadnvesndisauandusy

i 3.14

Ve g

U 3.15 waslweinos
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(@) Mdeunu

| < A 4 ] o v oo &
druvenammuny Aediun 4 vesudenlaevunsuluguil 3.2 avihmihiasuain

¥ @ 9 <
E]\‘lﬂ']’U@\ﬂ']ﬁ’JL{:J‘I.JE]W'ﬁ’]ﬂ’lﬂ%ﬁﬂﬂuﬁﬂﬂugﬂ% 516

©

Q
— Valve b

UM 3.16 vienlaezunsuludiwwenidniun

\esamdamnuaudifinerhlusniu Solenoid Valve Felinzenmunuduuuuiln-
Tn (On-Off Control) daundmuAUineUaLsIaNIMUALLUY Pl tuasiiangann 39 -
den3Bnsadandamunuiuies Iasld Ball valve fiveTaeiald aun v 2 indauuas
Hunndamuau tagadrayn Actuator 3usdsgudl 3.17 Fewn Actuator axUsznauluse
Servo motor Aldlunstuiadou lng SudygyrnmavananainArduinoMega2560 Faanunsa
YiualdualilunisiadumisiindouiiluvesndrdensasiBunagluiaded 5 yanis

AIUANDNET

JUN 3.17 uansgnndinuauias ety

(5) YANITARUALIIN
gansAIuANAINNIrUsEnauedilueslwowmes uasndr Jeidediud 3

waz 4 vaegui 3.2 Ussneuiuluufenlaesunsy duandlugud 3.18
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Vace @ ¢ @ Q;

Servo
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(6) YAIPAINGIVRITEAULN
druvesyninnugs Aediun 6 uaz 7 vesudeninezunsuluguil 3.2 vhuthitiananu

o LLaz*‘umﬂLLiaﬁ’uIW'Wﬁagﬂﬁ 3.20

14Y; @ ¥oun @ H

Pressure sensor  l4——

+— 1 Ferc-Span
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sU 3.20 vdenlnezunsuludiuvesninaaug

YAINANUGIUTENBUAE 2 dIU FiD
(6.1) Pressure Sensor egluduitiiuvdenlaazunsui 6 lugu 3.2 Tnewdanld
Sensor U MPX 2010 DP CASE 334C-01 Ssanansniamnaduligats 10 kPa daaadlugy
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o
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it (3.9)
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g p  FeAUWUILLUYe 1000 kg/cm®
g feussluugidlan 9.81 m/s?
h  Fesviudfia m.
AP RBAMUAULANGI kPa
[ L3 v 1 o H =) LY <
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i
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ve1elngraasesluendudrdwssiulni v sonuiioludyniaidudlusmenimes

WAZUERI9DS Zero-Span vedduiesluguil 3.23

Vhf @ Vsen @ H

+—— Zero-Span |« Fressure sensor
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g
Veen = L3snulninduiweslvinanun
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s = v L <
N13U3V Zero-Span N1nen13negun 3.24

Vign (7 — 16m¥7) @ Vs (8.45 — 8.99V)

TN LemSpanh, s

5UN 3.24 uansdnwaizn3vneuLes Zero-Span
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o

w3l AL duigedantn Ve, fnnugeuesssiuiluden o wufnsie 7 fad
Tad uawdl 30wudung Ao 16 fadliad feuauduiusess V.., waz Vi, mldlae

ANMUFUNUSANELNIST 3.10

Vhf = MVsen + Vpias (3.10)

M = 9n51n152878(¥i1)

Vhias = Wssaufidasuaivalunisuiuague
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24

anunsaudaunislanetl

M 0 LBURLUAT A Ven= 7 Radlaas Vi = 8.45 Taad

8.45 = 7x1073M + Viyjas
Vbias = —7x1073M + 8.45 (311)

7l 30 WuRlAs A Vo= 16 fadliad Vir = 8.99 1nant
8.99 = 16x1073M + Vyi.s 512

NEAUNTT 3.11 wag 3.12 ala
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Vbias = 803 Taan
92lAIMUAUNUSTENIN Viep UAY Ve ANMENNT 3.10

Vif = 60Ve, — 8.03 (3.13)
Vhe = 60(Vgen — 0.1338) (3.14)

N@UNI59 3.9 13 llesnuuuinasesnsussnulaeldestueulilaednisaue
wsaulwii 7 fadliadnuaunisd 3.14 waglvilnisveodu 60 whusluanuduaeiy
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V =0.0179(H) + 8.4482

H = A21ug4

V = wsseuluiln

Pressure sensorl

9.1
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o
-
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U 3.26 wanegunanisu wazussanadyaasudule geal-6001
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3.2 fauiinas (Software)
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INWUIAA Text base Programming 14U Text-base 9819143 NULAIE1S Wi LabVIEW 93
N9ULUY Dataflow
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14 Formula Node uay LabVIEW n1svinaruasiiufinsatunaadesile viensiudaniaes
(Transducer) A Tndyaraumieanisaindts 9 wazusnaintuaiusatiUseloviiann
Computer technology Wag Network technology mllizqﬂﬁlﬂl‘ffmu Ly ﬂmﬁuﬂ’a;&aaﬂu

g1udaya viedelayan1unis Intermet vinlinarvanannssulitied LabVIEw a1

Uszgnaldauivainny wazeslamdu (Automation)
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LabVIEW &81121n Laboratory Virtual Instrument Engineering Workbench lusunsu

3
2/
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N1598NLUUAIAIUANAIYITNINVDLAUIIN

(Root locus technique)

4.1 umin
luniseenuuudimuauiiledy ludlaqtuiiisniswmadldvaisds deduuneenldans
Ussaw Uszianiinilspie Ussiavlidndudomsuiuuirasmnsadamanivanssuiunig
drudszinnigesindusiewmsuiliiduaislousasnszuiunis Fansuldannisussanuaives
= ' = \) 2l 1 a a
ngwIuns Jslumsuszanamitsddudialeuvasnszuiuns Aflegraneisluiagiu
dausniiiesnislunisesnuuussuumuaulunssuiunisanavnssy Aefudsiidesnts
muAuLigAdmneiideints uenainuandaf (Settling time Ty) wagAmaiu (% Maximum

Overshoot) Aifudrunilslupusieamsndesmsliszuuiinanevaussnuingussasd deve

tenuludrutindenuauesszuu

4.2 ﬂ']f!"i]Bﬂ&LUUﬁ’!ﬂ"JUﬂﬁJﬁ’JﬂagﬂqﬂLa‘lﬂlaﬁi"lﬂ
nnferimunvemansvauadluannyiiuue Aorvuiuuaziandifisesniniueglily
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natural frequency wy,) LagnALMLIYB451NTIdIA" (Dominant closed-loop poles Sg) U199

iﬁUUﬂ?UﬂﬂJLLUUNﬁ]‘ﬁJF} AINANAIN 4.1 4.2 uagd.3

=i
P.0.= 100eV1-%% (4.1)
T, = — (4.2)

N Sy,

Sq = —fw, +jJ1 —E2 (4.3)
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Faiaiuwazaani iuInludandenis wiedefvualuniseenuuussuudeasld
lun1sveaesd wazaiursamiaraeglaannisnisdueessin (Root locus) Tasldlusunsy

MATLAB a8 lun15asiansaw

4.3 N133aNLUUISUUAIUANUBITSUU
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4.3.1 szuuAluANvesiufedliliujfisesdeded
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G
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1
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204:57s%. 4 s £ Rts 4 04) £0 (4.9)
Weulvogluguwuudil
kp(s+0.1)
L+ orsrses = (4.10)

NFNNTAIN5U I UMIRILUMUS Pole wag Zero d1838nmiaiiuaessingrslusunsy

MATLAB 1¢fasuit 4.14
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Root Locus
In T T T T
(Al RS S &
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3R 4.14 uansmadiuressndiassuuldiauauuuy Pl

3
luniseenuuuisiamsamadauUsliun mr Gain (K), A1AINASTIHTIR (0q) ASHT
N15UUN (§), AINAAY (% Maximum Overshoot) kagsuwnualnawazadls a1nnsuwilaain
lUsunsu MATLAB Taiae
Formualumsesnuuuluiiine
ALY (% Maximum Overshoot) <20%
a7 settling time T < 50 3u¥i

PNAUNT Ty = —— BABIWINTNIAT oy IINNTINLERLWMIAT T, Feanunsom

Swy

IﬁmﬂﬂﬁwWﬁagﬂﬁ 4.15
nMsdend N TATLUsTldAe
AULNUIlNG D sy = —0.0926 + 0.0971i
AR (% Maximum Overshoot) =4.99%
A1 Gain (ky)=36.3
red

A1 E=0.69, 0, = 0.134 (-=

Sec

wlaandn (Ty) = 43.26 Juri Fadulumudeulatanivun
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Root Locus
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ilevimisvnm k;, Tiviniu 36.3 Avgvimsunuadluudenlaesunsusuil 4.13 agléiiu

3Ufl 4.16

36.35 + 3.63
Hi(—

" H(s)

201.5752 + 37.3s 4+ 3.63

JUM 4.16 Arndniussyning Hi(s) uag H(s) aunue k, ud

o ! = =
nnudenlaezunauluguil 4.16 ansamamsnevausswasdunnmamguiduaiugs

1033861 H(s) odunmilluniiugefidesnis Hy(s) Ml step input RINES 5 wuRung

Welinsldszuumunuiuy Pl Inglusunsy MATLAB
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1 tank ciosed loop

Burwc HCS
Poos mmpltide €12

e xm3
A g fadcontsk 188

AAAAAA o R 2 i 4 i it

Hjomj

T {potonds)

U7 4.17 uanensin1snauduessia Step input firANIEe 5 LwuRuRsvsTEUUR LA LA

93U 4.17 2zleiA Settling time (+ 2%) iy 36.4 Fundl A1 Rise time (10-90%)

WU 6.57 Ui WazA1 (% Maximum Overshoot) Wiy 20.3 % dadulumuderiviun
4.3.2 szUuAIUANTRINNAE iU dad B

(1) gUuvuuazmInevausddiassuubuluusruun
s : ol I ) e = aan 1 w a =
sruumuAnANNgesEavialdlunmasesduwvuduiefiufitededdulaei Q
& o 19 ¥ (3 o & a 1 s
uay q; Wusnsnsluandindrindimuauiianunsaasudnsnisivalsd uazasluds
dalpgmuaumNgengnsinsivadl waslvaandaiiainei 2 fafe R, wasR,aeld Q uas

g0 tusnsinsivanieilenesn fagu” 4.18
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Control valve

Tank 1 Tank 2

Rl.z %

o o = = aaa ! w
5UN 4.18 spuunufgfiufisesiaddu

Ry

MNNOYY ITUUMIUANTEAUTIVUSARAITIUfAS e adsdunuun i 2 fadunisleuves

SYUURNUANNISA 4.11

Hy(5) »: Ri(R;C3S + 1) (4.11)
Qi(S) R;C{R,C58% + (R,C; + R,C;, + R,C,)S + 1

Inguwaiudnsnisinavesindads Qi(s) wazdunaJumigavosseiutiludsi 1

H, (s) Fuilothundeuudentaozunsuasldfsgui 4.19

Qi(S) Hy(S)

RiCiR,C55% + (RyCy '+ RyCyp $R,C5)S 1

gﬂﬁ 4.19 LanIUEaNlARELATUTENIN Q;(s) a¥ Hy(s)
wudgiiuiuszvuauauvasiudeliiujiseredidu Aosvdoudunaidudnins
It Qi(s) ududunnvesniugs Hy(s) duazdasldanuduiusszuinednsnisivaly

AnlzAsl Q uazAINEIRIN H
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iesandrszuufudenfiufiserredidu duiinadeanmadeifuszuuusn feluan
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2187 Ry WagfianmyAIfiiuaugevesdsi 1 uasdeil 2 Sanugavindudslsifinslvasiuluan

1 t ot s L3

1 R, Feazlifidnruiumiunisivaluraredluannzad fannuduiudseninimiug
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Lardnnsinatudundewduiuililussuududeldiiufisose feau Tnedanuduiudas

]

=l

3Ufl 4.20

H(s)—> Ri L 50,(5)
1

JUT 4.20 Uionlaezinsusening H(s) wazQ;(s)

pnduamsaasuduwandusasnisivaliduenugslssguit 4.21

1 Q(s) Ri(R2CaS + 1)
H;(S) %, RyCiRyCaS% + (RyCy ¥ RaCy T RLC)S + 1

> Hy(S5)

JUN 4.21 vdenlaezunsusewing H;(s) wagH, (s)

laguudianinezunsuluzui 4.21 axldiseguii 4.22

(R,C,S + 1)
RiCiR5C58% + (R1Cy + R,C, + R1C,)S +1

Hi(s)— 7> Hi(5)

JUN 4.22 Msguudenlaesunsuszuing Hi(s) wagh, (s)

e H;(s) AaA1ugs (Bune), H, (s) Aemiugesziuivesded 1 (@sinm)

lagiAmsdimadaneinnai

Cy = C5 =92.16 cm?
R; =Ry = 2.1872 cii?
R1Cy =201.57 5



56

R,C;R,C, = 40630 s?
R1C1 + RZCZ + R3C3 = 604.715

daunuawisilwesiasluvdenlaezunsuguit 4.22 avld

. X 201.57s + 1 e
() oeaoszre0arissd M

JUN 4.23 AnduRUSSEnIne Hi(s) wagH, (s)ldlounuamnsniiinasaneguan

NANIINBUEUBNAE step input IAIAIINGY H = 15 wufiunsvesszuuduisaiiufisese

=

ﬁqﬁummwuLﬂﬂluwwwqwﬁmmuﬁanlmaaLm'nflugﬂﬁ 4.23 Inglilusunsu MATLAB dagu

4.24

Ttk e bt

i o
g o ey 1AM S A3 R b b tha

| S b
. ) e b ppwcen i | CweB)
-

Thme pecindnl

U 4.24 uansnwniImauauassie step input AiFAIXE 15 WuRumsyassyuuduRead

s

Ujisusededuiuussuuln

'«Mﬂg‘uﬁ 4.24 9zlann Settling time (+ 2%) Lvi177U 1890 Fu1fl  warA1 Rise time

(10 — 90%) 17U 1020 U

o g

(2) MsepALUUTEUUAIUAY dniussuudRedliufisuisoniau

|

o PAL YY) v a a aaa I P a o
Armuaunldiussvududeafivjiserdediduasiduuuy P daunsadouiu

uhenlaazunsulddagun 4.25



H;(S)

RzCzS +1

5

R:C,R,C,s2 + (RC, + RyCy + RyCy)s + 1

>[(s)

= @ s (%) s v al = aaa oA
EUVI 4.25 ‘UﬁE]ﬂlﬂi}%LLﬂ'ﬁJﬁl’Jﬂ?Uﬂﬂﬁ%ﬂ‘UuﬁLLUUU@L@EJ’JEJU{]F]?EI’IG]@QQ@U

ileidudrelouvesssuumunuuuy Pl dudslugu 4.26

-5
8 ky(s +2)(RyCys + 1)
Hi(S) S[RIC1R262S2 < (R-]_Cl 77 RzCz + R}CZ)S R 1} 'Hl(S)

UM 4.26 uansufienlaozunsumdinsldsyuumunuuuy Pl

yhnsguudeniaezunsulugud 4.26 viehlrussuudaldslusuil a.27

Hi(s)—

kp(s +2)(RyCos + 1)

—»
S[R1C1R2C232 + (R1C1 + RzCz 5 R1C2)S N 1] + kp(s + Z)(RzCzS + 1) Hl(S)

JUM 4.27 uansudienlaezunsuszuumuay Pllusuusyuuie

nnilandudiglewluguil 4.27 Aldainnisguuden M Z wirdu 0.1 Wevhe Z uwagandug

migfesluuniaylenslugui 4.28

k,(201.65% + 21.16s + 0.1)

Hi(s)—

4063053 + 604.7 St Susiitegletsd?65 - + 21.165 + 0.1)

JUN 4.28 vdenlnasunsudlownuai R, C uag Zero

— H;(s)

galufvinniseenuuunIAl kp logdinaauveasinaelusinsy MATLAB Hauauns

Characteristic Equation #slufififife
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40630s® + 604.75s% + s + k;,(201.6s% + 21.165s + 0.1) = 0

@

Weulviogluguuuudl

(201.6s* +21.16s + 0.1)
P 40630s3 + 604.7s2 +s

naumsanusathlumauvddlnanazdlsaieiSvaiuvessnlaelusunsy MATLAB
TunseennuuisEmsaANAITTwessuldLA A1 Gain (K), MAEsITLYIR (0,), A7
9mI1N139U4 (8), AMaLAiY (% Maximum Overshoot) uazAdunuslnauwasdls a1n
nsmildaanTusunsy MATLAB Idiae
Farvusluniseanuuuluiiie

=

AR (% Maximum Overshoot) <20%

nandil settling time Ty< 50 3unil
NEUNT T, = E_:E FDIIINITINA Ew, PINNTMUENIMIAT T, Feaursan
lannsmesgy 4.29
nnsidensuntslunsw Awasdwesilade
ALslwame Sq = —0.0883 + 0.0939i
ALY (% Maximum Overshoot)=5.21%
AN Gain (ky)=33.6
A1 £ = 0.685, w, = 0.129 (rad/sec)

wldland i T, = 45.26 3wl Faduluaudeulunudeivun
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} Syslam: Hs
0.08 - /’ Gain: 336
P Pola: -0.0883 + 0.083%
Damping: 0.685
i Overshool (%): 521
o Fraguency {radis): 0. 120 \\

o
=

Imaginary Axis (seconds™)
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a3 025 02 015 0.1 008 9
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= P I o | = sl o &/ aa =
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(3) NIABUAUBIVBITLUUNNNG Y]

P ' v o ow 2 o [ o ~ Fa 1
LHUBNINTIINIAN kp lﬂL‘V]"lﬂ‘U 33.6 ﬂﬂgwqﬂquLﬂUﬂqﬁ\ﬂuuaBﬂlmagLLﬂiuﬂLLaQQﬁQﬂ‘UUﬂ’]EJ

Iauﬁaguﬁ 4.30

H;(s) T3 6772.752s% + 710.88s + 3.36 ——  H,(5)
4063053 + 7377.46252 + 711.8752s + 3.36

JUN 4.30 AudNiugIEndng Hy(s) uag Hi(s) ilownur k, Ui

a = ¢ ad a
Mnudantaezinsuluguil 4.30 awnsamnmsnevauawetednanmguiiiluniugs
vaeszautiluden 1 Hy(s) deduwniiluniugefisioints Hy(s) My Step input inanuga 5

wuias deldszuuatuquuuy Pl TnaldTusunsy MATLAB 1édgu 4.31
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JUT 4.31 uansnaminisneuauedsie Step input A1AIINGY 5 leuRmsTassyUUTuFed

fisensedeeuuuuldnismuauluy PI

!

9NUN 4.31 aglan Settling time AnM + 2% Ay 38.2 3wl A Rise time Andl

10-90% HAviniU 2.08 Ui wagen (% Maximum Overshoot) H@a1viidy 19.5 % daudulu
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nslgulusunsumuAy LabVIEW ludiuresnisuuasrseninausssiulniriudnsinisinass
vdedt 3.1.2 mIsenuuuludivesnsmuauszuy daunsirnuvesrenfinmesiuuni 2 ild

nanliuan

Vact @ 6 Qi

Serve

Controlvalve [ —

|

motor

JUN 5.2 uanudenlnezunsuvssgnnIuALIgy

nsmeaasludrvesndmuguiuazdsusaiulii vy, dudrds Arduino 9ntuds
Vpwn Wésduailwenes wduweshuawmeaifsinismundlunussmensgiviliiilya
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Juteyaiemuaudnsinisivafuuswivluiibisigg
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5.2 mnaegunIalingeduin

v W
o as e

mMinaaesinsyauituiieNaggauduiuseInINgs wasussnulnihdseanunainda

U

o

\uasa 1 a9lé 1M5UTuAIMAIUIIANg9 O wuRmsTirtius siulnda 8.45 Thad wavi
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g n' -:i s &  at 1 7] .:J o 1 é‘j n‘j o 7] q' = a
Ulaeliui 0 wuiasearinawsasulwifsunusiy antuvinisusuiuiias 5 wuiins
WATU 30 Wwuilluns Feaglinanismaassudnimnideunsanuduiusiaagui 5.4 gl
ANUFIRUSIuanwusludY Tnsdnudunusie
A (H)=55.742 x usaaulwv (V) - 470,91
lnganudniusiarldlunnddsuwsadulwihiinenfiumesiuinandueesifuniiugs

wieltlumsi@eulusunsumunu LabVIEW
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L
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d
5.3 Wan11aasluaning?
Inanndiluniiffendsludiufiegnisiuilvasenaindaimiugui 5.1 ldun Ry,
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Caontrol valve

§+Qz‘ 75% I

Load valve
L:DI(}—» O+q
Capacitance « ’
o Resistance
1 R,

3U# 5.7 uansdnuuzszuunsavauuuudadien lifiufisededsou

Control valve

Tank 1

JUT 5.8 uansdnunzszuumsmuauuuiLdeiuiitenaddy

5.4.1 Namsmaaanﬁmuqm:ﬁuﬂflquﬁ'uﬁﬂ?‘lajﬁﬂﬁﬁ?mﬁiaﬁeﬁu

Control valve
Q+g; ‘{>T<} i
=4 Load valve
,_:D—leé O+
. ol *
Capacitance Resistance
& R,

JUT 5.9 uansinunzszuunsmuanwuuiLiedlifiujiseirediou

(1) nMsneapsszuula (Open loop)
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a =1 A 1A o o o =i i
ﬂTiWﬂﬁ@ﬂLLUU?EUUtUWLUUﬂWiWﬂﬁ@\ﬂV]hﬂJﬂTﬁﬂ?UﬂNLLUUﬂ@UﬂaU Waninisidsuuey

Nan1seaeInlaInMaasazIINLUUasmguiluuni 4 lnedmunugedidesnns
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lnanmuald - R = 2.1872 s/cm3
C = 92.16 cm?

1 tank open loop
T ¥ T T T T T ] T

7 _ me.WWW%WMMW
/1 l#.'ﬂiﬁ'lm

’/*HM
4 W

/W
/

JUN 5.10 uansmsilSeuiteusadilédnnnmmeass wasnaileannmimguiinenisaevausives

Y

H {cm)

1 ; L ; 1 i 1 ; 1
&0 o 500 1000 1200 1400 1600 1800 00
Time {seconds)

 a

ENLﬂEJ’thﬁﬂﬁﬁ%ﬁ’]ﬁiaﬁdgmmuwuuLﬂﬂﬁﬂ’ﬂh%d 10 LWURAWAS
9n3UR 5.10 ﬁwumﬂ’nmjwaqﬁwmanwﬁﬁﬁ'}whﬁ’u 10 Lwufluns A1 Rise time
Winiu 443 Funl usanluniemsmeassiiAiiaugease 7 wufwmg A7 Rise time iy 395
I ﬁqﬁﬂLﬂuLUaéL%uﬁﬂmmmﬂLﬂ?{au‘uaammqmﬁfﬁu 30% wazwedidurinnuraianiou
984 Rise time WU 10.8%
%qawnmiLU‘%H‘ULﬁEJ‘U%Lﬁulﬁ'j'namwmﬁwaammqa‘?’i"tﬁmﬂmimaaw%aﬁrﬂhﬁaaﬂ:i'}
fldmnmmgul eraidlasnandudsidaliuiuglaua
(1) Arenusunueedvaningl Ry, nisanmsvaassluided 5.3 dauviatu
2.1872 s/em? Faldnrnnisuszananuduiuiveansvidudunsdeialdlya Auiasadion
A1 Ry Wunuailuudenlnezunsusienagiilimanuduiusaainadould
(2) Aanudiusveauswiulwih vy, Adeulitugamuaunditudnsnmsiva Q
vastlnadndiannismaaesit 5.1 e1aiflmnuraiaAde U zAduTLETLdSuLTanns

UszanuAAuduiusIdeiiey (Least square regression)
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(2) nsneasakuutaunau (Feedback control)
= 9 o 4 o . - o
Wunsmeaesildsamuauuuy Pluldlumsaiuau diovnsiuSouifisunansmaaesd

ldanmsneasauazanuuuiaemimgeiluuni 4 laefuuaaugaiidesnts 5 wulunsd]

anwzAIgUN 5.11

lngivual R = 2.1872 s/cm? ki, = 36:3
C = 92.16 cm? =01
kp
%0.S5. < 20% = 20.3% Ts < 503wt = 43.26 i

1 tank closed loop
t

H (em)

R
Time (seconds)

JUN 5.11 uansn1silieuidisunaileninnisnaaes uaznailiainmsnevauessnadsyuuiaien

Lifiujiseseddunuuldnsmunuuuy Pl finugs 5 wufiuns

9In3UT 5.11 Amund1 % Maximum Overshoot a1Anguiia iy 20.3% fidn Rise
time iU 6.57 U9 wazdan Settling time WA 36.4 3u¥ waanlunisniseasdlan %
Maximum Overshoot 1fiu 25.2 % A1 Rise time 1W1AU 5.43 3u1#l wagA1 Settling time
wiriu 34 i

9nnsmlusud 5.11 uandliiuiwaildannimaaeddndidostunaiilfainnissass

g wazuansliiiudinisldfaiuguuuu Pl duiivssdvduadonismunussiuiliorlu
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syduiideantailuegnd uagldatlunmsdhdgilminedesas dauaumaiiisrueaianiou
Weadntasiinain

(1) APUAIUIUIRUaNAT R, ; Alaainnisnaaeslusided 5.3 Sawidu
2.1872 s/cm? Falaannsussanaianuduiusvaansividudunssdeonalylga iuviasudetn
1 4 =1 U o 2/ ) o w § 2 2/
A1 Ry Wunualuudenlaezunsusisqasvhleiauduiusaainadouls

(2) Armnuduiusvesusaiulni vy, Adeulitugamuaundiiudninisiva
Y1 lnaldndiainnisnaasi 5.1 e1allanuaaIapaauNIIEANAURUSTILATULNAINNS

UssunauAAuNduRusIBita (Least square regression)

s

5.4.2 WanInnaBINIsAuANIEAVLNGufulufesdadeauy

Control valve

Tank 1 ‘ Tank 2

Ry

23

Ry Eg E

JUN 5.12 uansdnugszuunsmvauLuudufeniiujnsendediou

(1) mMsneaswuuszuULln (Open loop)

' '
1w =] o

9INNIVAABINTRBUANDIVBITEUUTUA U adduilavinsi3suliisunanis
nnaasfildnnnismaastuazanuuuitasmmguiluuni 4 Tnefvuaniugeiidosnis 15

LwURlAT ISNwzaIgUn 5.13
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lngdmuald R, =R, = 2.1872s/cm®
C; = C, = 92.16 cm?

2 tanks open loop

H {cm}

U 5.13 uansnsisSeuiisunailiannnimegss wagainuuusiaamimguironisneudues

U

maqmuvﬁaLﬁmi’i‘dgjﬁ%msiaffﬁuLLUUigUULﬁmﬁmmqa 15 \QURLUAT
P o ¥ aa | W a a1 o =
91n3U% 5.13 Mnuaa1da9esd1anguiianviany 15 wufilums fie1 Rise time
WInAu 1020 w1 Lwimﬂluwwmﬁmaaqﬁmmmqw%q 10.2 WWUALLAS JA1 Rise time iy
555 U1 %aﬁmﬂmﬂai%uﬁmmﬂmmmﬁamaaﬂ’muqdlﬁi']ﬁu 32% waziUasidudaii
AANPLARBUUDY Rise time VinAu 45.6%
] ' Py - o v o ' =
nnnsnlugua 5.15 %wmwawlmmﬂm‘smmaaaummqwamwmmmmnmmgaw

s

ANTIEAIFIVBILUUTIABINVE i) mmﬂa&mmmnmmamﬁ
(1) Apnuduniuveduaninds Ry, Aldennisnaasddusaded 5.3 ey
2.1872 s/cm® @sldannsuszunamuduiusasnsidudunsedsendlailds iuiesaiio
A1 Ry, lunuailuudenlaezunsusegagidldranuduiusaanndouls
(2) ArmINETUIUYslnani1al R, 15’ugﬂﬂizmm1ﬁﬁﬁhwhﬁ'u Ry §a991uAa70
Lﬂﬁ@m’mﬁﬁuﬁﬁqLﬂuiﬂlﬁqa dlowdn R, Wunuatluudenlaovunsusisqazsinle

ANNdLRuSTuRaIaAauls
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3 frmnuduiusvesusesuliih vy, ideuliituyaniunuindiiudnsinisiva Q
a9 lvald1§991Nn1I1aa97l 5.1 9198ANAAIALARBUNS 1L AL AU USTILE T UL S

UsganamAnuduiusITedala (Least square regression)

(2) mneasawuuteundu (Feedback control)
mnaassuuuteundulagldssuumuauuuy Pl vesssuuduiniujisoneddu Wevi
nsisuiiisunansnaaasiildannmsneasazanuuusiaammmguiluund ¢ Tnefvua
ANgeTifaInIs 5 wuRmmsTan vz RegUi 5.14
lagnwuali R, = R, = 2.1872 s/cm3 ko= 3¢
C. % C} = 22.16 cin¥ L =01
%0.5.< 20% = 19.5% Ts < 50 5nfi = 45.26 funit

2 tanks closed loop

N

H {em)

T‘rmn(s:cmds]
o = = av v ay v =
EU'V] 5.14 LLﬁﬂ\iﬂ’ﬁLUiﬂULWﬁUNﬁ‘ﬂlﬂf\]'}ﬂﬂ’li“ﬂﬂa’ﬂ\‘l LLaBNﬁV}IWﬁNﬂV}q‘H{]ﬂ’ﬁﬁlﬂUﬂUﬂx‘i‘U@ﬁa‘fUU

o al

dumgiiufitedediauuuuldnisaiuauuuu Pl finaues 5 wuRuns

N3UN 5.14 AmuAa1 % Maximum Overshoot 3N wiALYIAU 19.5% i1 Rise

time WU 7.08 Fu1# wazilAn Settling time iy 38.2 Fun#i wisnnlunieanisvnaaeilel
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% Maximum Overshoot 117U 39% A1 Rise time 111U 5.9 U1l Lage1 Settling time
Wwindu 40 Funii
| o M ) o = - oA v o
\WesmafildnnnimaassiuiuuTaesmmguiauguil 5.14 azwuindailndldea
NUKAIINITABUENBIINNTNAABITINTIMIIMgEonaLiownannsidinsesdyinsuniu
D U @ 1 U s G‘JJ o e =l q‘d:’; 1 a
99N wakansliiuinisldmaruauuuy P duszyilissuuiinsnevaussfiniuniissuuda
AUANNNVDIANUARIALARDUTDINAN TYIAABILAATIN
(1) APNAIUNIUVDALUAA18Y Ryy NEAIINNITNARRIUMATN 5.3 fAwviidu
2.1872 s/cm? @sleannnisuszunaianuduiusvesnsvhludunsedaeialulda Auiasdiown
| 1 -3 1 [ - 7 o A & o 2/
A1 Ry, Wunueiluvdenlaazunsuaiegasyildmauduiusaainnaouls

(2) A mdiunuvedlnanIgl R, dugnussinalifidwiniu Ry, Jemiumain

2V AT

iwdsuaInAIiLaIadululfgs Wends R, Wunudsluuienlaszunsusnegassinle
ALduRugTuAaaedeuld

(3) Amnuduiusvasusaiulni v, ﬁﬁﬂu’[ﬁﬁwmmmm?é’aﬁ’ué’mwmﬂwa Q;
vouilnaiifiainnisnnassii 5.1 enfiarunainedeuinsizauduiusilauunanns

UszanamauduiusiBesiaa (Least square regression)
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ledmainvaenuy Tnesilsdalszansamlumsldausudennudululalunisidau nia
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e

ssueswanidealiluuni 3 Tusaeigunsalinszduinlddenlfiduduresiamudulaog
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- v = ol

NIAlUTWNTNLEF UL ULLWIAARINAISAAIUT (Graphical-base Programming) vinlviddafngii

Dulusunsuiidrsdenisidnlanasinude sailufishodenisilensedoyauiduazdeaan

deyeyrnusiegunsalnienen

6.1 dsunansaniiuau

MNMITAABIAIUANSEAULMEIERla (PI, Proportional Integral) a¥utsnismaasadu 2
nsdiemsvnassinssiuT Ui e liTufATederEu wasdafenuuiiufAzededaau da
Tunismnaassi 2 nsdisndudemsuamnsimesilevewsaznsd dslumamamnsfines
#lovgyinn1snA1s83s M uYessIn (Root locus technique) vulusunsy MATLAB lneay
AuUAAININY (Percent overshoot) wazen Settling time Wa49INATIAIMIINWESRA oA
whmsmamsiinesflelundaznsd mnduihmildluteuastusunsumuauiisnaineiy
nnmsneaedlagliimsfmesitledildannsmdniuimuaussdunnugeeshieriy

o
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a =1
\osnana sl
(1) ArAnufumueduanIdy R, dueivagliliArngndas msizdilunismeas iy
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anuduvesniiuiisznalidudunswaglifidiasiinasn Jdluauduadadudiaii
mumuiudsunlamasniuegivanuginasdnsinisivavenihiudsuwdadlide uaza
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ANATUNIUYEIINanIET R, dugnuszuialdidnindu Ry iletaralaluunuly
vienlaozunsuagyilinanismevausuinainuaainniould
(2) esannnisaruaustrdinalaggesluawmeitulinsnovaussLuusuRuaed 39

LildfinsiunAaneae Jafin Percent overshoot tindesanadnaseflaidudelounes
YUY
(3) Armnduiusssninusaiulni v, 1euli uazgamivaundriiudasinisiva

s L3

voulrateenadianuAa s sUWI 1z ANUF RS LI NYSUS BN UATR LS U LS
\am ke (Least square regression)
(@) dyyrouiFuandaidugesiinissunauge Sedesiinislddnsesdygin Fevinla

fryaynuiinismiag (Delay) dinansynusenisnmsnauguld
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Freescale Semiconductor MPX2010
; Rev 13, 10/2008

10 kPa On-Chip Temperature

Compensated and Calibrated S

Silicon Pressure Sensors . Series,
0to 10 kPa (0 to 1.45 psi)

The MPX2010 series silicon piezoresistive pressure sensors provide a very L o s v EGllSeale s
accurate and linear voltage output directly proportional to the applied pressure. LTS ; "'(Typ'ic'ai);‘ fmE
- These sensors house a single monalithic silicon die with the strain gauge and : f }
- thin film resistor network integrated. The sensor is laser trimmed for precise
span, offset calibration and temperature compensation.

Features

» Temperature Compensated over 0°C to +85°C
« Ratiometric to Supply Voltage

« Differential and Gauge Options

» Available in Easy-to-Use Tape & Reel

- MPX2010

Application Examples

* Respiratory Diagnostics
= Air Movement Control
» Controllers

* Pressure Switching

ORDERING INFORMATION
. Package Case # of Ports Pressure Type 2 .

BvicyNams Optior?s No. None | Single | Dual Gauge | Differentiaylp| Absolute Davice Marking
Small Outline Package (MPXV2010 Series)
MPXV2010GP Tray 1369 . . MPXV2010GP
MPXV2010DP Tray 1351 . . MPXV2010DP
Unibody Package (MPX2010 Series)
MPX2010D Tray 344 . . MPX2010D
MPX2010DP Tray 344C . . MPX2010DP
MPX2010GP Tray 344B . . MPX2010GP
MPX2010GS Tray 344E . . MPX2010D
MPX2010GSX Tray 344F . . MPX2010D
MPAK Package (MPXM2010 Series)
MPXM2010D Rail 1320 . . MPXM2010D
MPXM2010DT1 | Tape and Reel| 1320 . . MPXM2010D
MPXM2010GS Rail 1320A . . MPXM2010GS
MPXM2010GST1 | Tape and Reel| 1320A . . MPXM2010GS

SMALL OUTLINE PACKAGES MPAK PACKAGES
;"'/\\\
. -
s 2
MPXV2010GP MPXV2010DP MPXM2010D/DT1 MPXM2010GS/GST1
CASE 1369-01 CASE 1351-01 CASE 1320-02 CASE 1320A-02

UNIBODY PACKAGES

Q
3
I
MPX2010D MPX2010GP MPX2010DP MPX2010GS MPX2010GSX
CASE 344-15 CASE 344B-01 CASE 344C-01 CASE 344E-01 CASE 344F-01

-

2 “freescale

© Freescale Semiconductor, Inc., 2005-2008. All rights reserved. )
semiconductor
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Operating Characteristics

Table 1. Operating Characteristics (Vg = 10 Vg, Tp = 25°C unless otherwise noted, P1 > P2)

Characteristic Symbol Min Typ Max Units
Pressure Rangem Pop 0 — 10 kPa
Supply Voltage(z) Vg — 10 16 Voo
Supply Current lo — 6.0 — mAdc
Full Scale Span‘® Vess 24 25 26 mv
Offset() Vorr -1.0 — 1.0 mv
Sensitivity AVIAP — 2.5 - mV/kPa
Linearity - -1.0 — 1.0 %VEss
Pressure Hysteresis (0 to 10 kPa) — — =0.1 — %VEss
Temperature Hysteresis (—40°C to +125°C) Ly — +0.5 — %VEss
Temperature Coefficient on Full Scale Span TCVEsg -1.0 — 1.0 %VEss
Temperature Coefficient on Offset TCVorr -1.0 — 1.0 mV
Input Impedance ZiN 1300 — 2550 Q
Output Impedance Zout 1400 —_ 3000 Q
Response Time(®) (10% to 90%) fer ¥ 1.0 4 ms
Warm-Up Time — — 20 — ms
Offset Stability(® A — +0.5 = %Vess

1. 1.0 kPa (kiloPascal) equals 0.145 psi.

2. Device is ratiometric within this specified excitation range. Operating the device at a different range may induce additional error due to device

self-heating.

3. Full Scale Span (Vrgg) is defined as the algebraic difference between the output voltage at full rated pressure and the output voltage at the

minimum rated pressure.

4. Offset (Vopg) is defined as the output voltage at the minimum rated pressure.
5. Response Time is defined as the time for the incremental change in the output to go from 10% to 90% of its final value when subjected to a

specified step change in pressure.

6. Offset stability is the product's output deviation when subjected to 1000 hours of Pulsed Pressure, Temperature Cycling with Bias Test.

MPX2010

Sensors

Freescale Semiconductor
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Maximum Ratings

Table 2. Maximum Ratings(?

Rating Symbol Value Unit
Maximum Pressure (P1 > P2) Pumax 75 kPa
Burst Pressure (P1 > P2) PaursT 100 kPa
Storage Temperature Tste —40 to +125 e
Operating Temperature Ta —40to +125 °C

1. Exposure beyond the specified limits may cause permanent damage or degradation to the device.

Voltage Output versus Applied Differential Pressure

The output voltage of the differential or gauge sensor Figure 1. shows a block diagram of the internal circuitry on
increases with increasing pressure applied to the pressure the stand-alone pressure sensor chip.
side (P1) relative to the vacuum side (P2). Similarly, output
voltage increases as increasing vacuum is applied to the
vacuum side (P2) relative to the pressure side (P1).

Vs
3
M Y™ N = IMmMn T ™ !
| |
| Thin Film N > v
I \ Temperature  ——— *Vour
Eensmg Compensation
| lement Y W I 4
and Calibration Vour
| Circuitry '
| |
BV e o F Py iy p—al . SN &l
1
GND

Figure 1. Temperature Compensated and Calibrated
Pressure Sensor Schematic

MPX2010

Sensors
Freescale Semiconductor 3




On-Chip Temperature

Figure 2. shows the output characteristics of the MPX2010
series at 25°C. The output is directly proportional to the
differential pressure and is essentially a straight line.

The effects of temperature on full scale span and offset are
very small and are shown under Operating Characteristics.

This performance over temperature is achieved by having
both the shear stress strain gauge and the thin-film resistor
circuitry on the same silicon diaphragm. Each chip is
dynamically laser trimmed for precise span and offset
calibration and temperature compensation.

Figure 3. illustrates the differential/gauge die in the basic
chip carrier (Case 344). A silicone gel isolates the die surface
and wire bonds from the environment, while allowing the
pressure signal to be transmitted to the silicon diaphragm.

The MPX2010 series pressure sensor operating
characteristics and internal reliability and qualification tests
are based on use of dry air as the pressure media. Media
other than dry air may have adverse effects on sensor

Compensation and Calibration

performance and long term reliability. Contact the factory for
information regarding media compatibility in your application.

LINEARITY

Linearity refers to how well a transducer's output follows
the equation: V,,; = Vo + sensitivity x P over the operating
pressure range. There are two basic methods for calculating
nonlinearity: (1) end point straight line fit (see Figure 4.) or
(2) a least squares best line fit. While a least squares fit gives
the “best case” linearity error (lower numerical value), the
calculations required are burdensome.

Conversely, an end point fit will give the “worst case” error
(often more desirable in error budget calculations) and the
calculations are more straightforward for the user.
Freescale's specified pressure sensor linearities are based
on the end point straight line method measured at the
midrange pressure.

30 VS =10 VC!C
Tp = 25°C =
25 —P1>P2 = Y
-
20 | LA ,4//
g MAX __X/’é Span
= N ] Range
2 ety | A} (Typical)
/ [~
e g s g g ] g e e S ¥ S [ AN
-5 b ofet
kPa 25 5 75 10 (Typical)
PSI 0.362 0.725 1.09 1.45
Figure 2. Output vs. Pressure Differential
T Cd T
| & 7 Least
Least Squares Fit 'y . | Square
’ e Deviation
Exaggerated - ’ Y !
Performance &, y # | t
Silicone Stainless Steel o | Cuve T Ca M . | StraightLine
Die Coat  Die M SN g Al HRiTEp
e} e e |
P1 Epoxy & ’ ) |
Wire Bond AW} § Case = %
5 2 . |
v\ 2 > T |
Y ] 1‘_5——\ & End Point Straight
A e Line Fit |
Lead Frame / / RTV Die | |
P2 Bond t | I
| \
Otset | |
0 50 100

Figure 3. Unibody Package: Cross Sectional Diagram
(not to scale)

MPX2010

Pressure (% Full Scale)

Figure 4. Linearity Specification Comparison

Sensors
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PRESSURE (P1)/VACUUM (P2) SIDE IDENTIFICATION TABLE

Freescale designates the two sides of the pressure sensor
as the Pressure (P1) side and the Vacuum (P2) side. The
Pressure (P1) side is the side containing silicone gel which
isolates the die from the environment. The pressure sensor is
designed to operate with positive differential pressure
applied, P1 > P2.

The Pressure (P1) side may be identified by using the
following table.

Table 3. Pressure (P1) Side Delineation

Part Number %‘;‘:: Pressure (P1) Side Identifier
MPX2010D 344 |Stainless Steel Cap
MPX2010DP 344C | Side with Part Marking
MPX2010GP 344B | Side with Port Attached
MPX2010GS 344E | Side with Port Attached
MPX2010GSX 344F | Side with Port Attached
MPXV2010GP 1369 | Side with Port Attached
MPXV2010DP 1351 | Side with Part Marking
MPXM2010D/DTI 1320 | Side with Part Marking
MPXM2010GS/GSTI 1320A | Side with Port Attached

MPX2010

Sensors
Freescale Semiconductor




SEATING

PLANE J . G
E Y
D 4pPL

[©lorss 0w O[T]A D] HERRAYES"™ —

WITHIN DIM. "F" 8 PL

CASE 344-15
ISSUE AA
UNIBODY PACKAGE

NOTES:
. DIMENSIONING AND TOLERANCING PER ASME
Y14.5M, 1994,

2. CONTROLLING DIMENSION: INCH.
3. DIMENSION -A- 1S INCLUSIVE OF THE MOLD
STOP RING. MOLD STOP RING NOT TO EXCEED
16.00 (0.630).
INCHES _ |MILLIMETERS
|DiM| MIN_| MAX | MIN | max
A | 0595 | 0630 | 1511 | 16.00
B | 0514 | 0534 | 13.06 | 13.56
C | 0200 | 0220 | 508 | 559
D | 0016 | 0.020 | 041 | 051
F | 0048 | 0064 | 122 | 163
G 0.100 BSC 2.54 BSC
J | oot4 [ 0016 | 036 [ 0.40
L | 0695 [ 0.725 | 1765 | 1842
M 30'NOM 30" NOM
N | 0475 | 0.495 | 1207 | 1257
R | 0430 | 0450 | 1092 [ 1143
Y | 0048 | 0052 [ 122 | 132
Z [ 0106 | 0118 | 268 | 3.00

SEATING
PLANE

—

MPX2010

PORT #1
POSITIVE — |
PRESSURE
(P1)

EX

|~

|]013(0005)@|T|S® [ QB

CASE 344B-01
ISSUE B
UNIBODY PACKAGE

NOTES:
1. DIMENSIONING AND TOLERANCING PER ANSI
Y14.5M, 1982.
2. CONTROLLING DIMENSION: INCH.
INCHES _|MILLIMETERS

|DIM] MIN | MAX | MIN | MAX
A | 1145 | 1.175 | 29.08 | 29.85
B | 0685 | 0715 | 1740 | 18.16
C [ 0305 | 0325 [ 775 8.26
D [ 0016 | 0.020 | 041 0.51
F | 0048 | 0.064 | 122 1.63
G 0.100 BSC 2.54 BSC
H | 0182 | 0.194 | 4.62 4.93
J | 0014 | 0.016 | 0.36 0.41
K | 0695 | 0725 | 17.65 | 1842
L | 0290 | 0300 | 7.37 7.62
N | 0420 | 0.440 | 10.67 | 11.18
P | 0153 | 0.159 | 3.89 4.04
Q | 0153 | 0.159 | 3.89 4.04
R [ 0230 | 0250 | 5.84 6.35
S | 0220 ] 0240 | 5.59 6.10
u 0.910 BSC 23.11BSC

Sensors
Freescale Semiconductor



¥
PORT #1

'
j—t

B  SEATING

PORT #2
VACUUM ——
(P2)

PACKAGE DIMENSIONS

- L

= H
| | PORT#
POSITIVE PRESSURE
(P1)
[

SEATING
PLANE

-p-

r PLANE
By i

|$]0130.005)@][T[s ®]a®)

CASE 344C-01

UNIBODY PACKAGE

ISSUE B

NOTES:

1. DIMENSIONING AND TOLERANCING PER ANSI

Y14.5M, 1982.

2. CONTROLLING DIMENSION: INCH.

INCHES

MILLIMETERS

MIN | MAX
1.145 | 1.175

MIN
29.08

0.685 | 0.715

17.40

MAX
29.85
18.16

0.405 | 0435

10.29

11.05

0.016 | 0020

0.41

0.51

0.048 | 0.064

1.22

1.63

0.100 BSC

2.54

BSC

0.182 | 0.194

4.62

4.93

0.014 | 0.016

0.36

0.41

0.695 | 0.725

17.65

18.42

0.290 | 0.300

7.87

7.62

0.420 | 0.440

10.67

11.18

0.153 | 0.159

3.89

4.04

0.153 | 0.159

3.89

4.04

0.063 | 0.083

1.60

21

0.220 | 0.240

5.59

6.10

0.910 BSC

23.1

BSC

0248 | 0.278

6.30

§<ctn:no-uzr-xr_:|:m'nunm>|§

0310 | 0330

7.06

1.87

8.38

STYLE 1:
PIN1. GROUND
2. +OUTPUT
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NOTES:

< o = A o 1. DIMENSIONING AND TOLERANCING PER ANSI
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—>| E r— ey ———= 2. CONTROLLING DIMENSION: INCH.
INCHES | MILLIMETERS
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\ —+—— -/ ) E | 0160 | 0.180 | 406 | 457
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T : ) G | 0100BSC 2.54 BSC
- J [ 0014 [oo16] 036 | 041
PORT #1 K | 0220 | 0240 | 559 | 6.10
posrrswE P N | 0070 | 0080 | 1.78 2.03
PRESSURE P | 0150 [ 0160 | 381 | 4.06
(P1) $|@U-25(0-010)@|T]0®| Q | 0150 | 0.160 | a8 | 406
R | 0440 | 0.460 | 11.18 | 11.68
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NOTES:

1. CONTROLLING DIMENSION:

INCH

PACKAGE DIMENSIONS

2. INTERPRET DIMENSIONS AND TOLERANCES PER ASME Y14.5M-1994.

&DIMENSIONS DO NOT INCLUDE MOLD FLASH OR PPROTRUSIONS.

MOLD FLASH AND PROTRUSIONS SHALL NOT EXCEED .006 PER SIDE.

ADIMENSJON DOES NOT INCLUDE DAMBAR PROTRUSION. ALLOWABLE DAMBAR
PROTRUSION SHALL BE .008 MAXIMUM.
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NOTES:

1
2y

CONTROLLING DIMENSION:
INTERPRET DIMENSIONS AND TOLERANCES PER ASME Y14.5M—1994.

INCH

PACKAGE DIMENSIONS

/3\ DIMENSIONS DO NOT INCLUDE MOLD FLASH OR PPROTRUSIONS.
MOLD FLASH AND PROTRUSIONS SHALL NOT EXCEED .006 (0.152) PER SIDE.

A DIMENSION DOES NOT INCLUDE DAMBAR PROTRUSION. ALLOWABLE DAMBAR
PROTRUSION SHALL BE .008 (0.203) MAXIMUM.

INCHES MILL IMETERS INCHES MILL IMETERS
DIM| MIN MAX MIN MAX |DIM| MIN MAX MIN MAX
A . 300 . 330 7. 14 7.62 0 0 7 0 Fl
Al | .002 . 010 0.05 0.25 | - -— -— -— -—
b . 038 . 042 0. 96 1. 07 - -— - -— -—
D . 485 . 485 11. 81 12.32 | - - -— - -—
E . 717 BSC 18.21 BSC % 1 %A s 0N -
E1| .465 . 485 11. 81 12.32 | - -— — - -—
- . 100 BSC 2. 54 BSC - -— - - -—
F . 245 4255 6. 22 6.47 | - - - - -—
K [ .120 480 g. Us 3.30 | - -— —e- -— -—
L . 061 . 071 U\es 1.80 | - —— - -— -—
M . 270 . 290 6. 86 7.36 | - -—- - -— -—
N . 080 . 090 2.03 2.28 | - -— -—= —- -—
P . 009 . 011 0.23 0.28 | - -— - - -—
T . 118 . 125 2.92 347, | = - — - -—
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NOTES:

1. DIMENSIONS ARE IN INCHES.

PACKAGE DIMENSIONS

2. INTERPRET DIMENSIONS AND TOLERANCES PER ASME Y14.5M—1994.

&DIMENSION DOES NOT INCLUDE MOLD FLASH OR PROTRUSION. MOLD FLASH OR PROTRUSION
SHALL NOT EXCEED .006" PER SIDE.

4. ALL VERTICAL SURFACES TO BE 5 MAXIMUM.

/\ DIMENSION DOES NOT INCLUDE DAMBAR PROTRUSION.
ALLOWABLE DAMBAR PROTRUSION SHALL BE .008 MAXIMUM.
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PIN 3: Vs

PIN 4: —Vout
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PACKAGE DIMENSIONS

NOTES:
1. DIMENSIONS ARE IN INCHES.
2. INTERPRET DIMENSIONS AND TOLERANCES PER ASME Y14.5M—1994.

AD!MENSIONS DOES NOT INCLUDE MOLD FLASH OR PROTRUSION. MOLD FLASH OR
PROTRUSION SHALL NOT EXCEED .006" PER SIDE.

4, ALL VERTICAL SURFACES TO BE 5" MAXIMUM.

ADIMENSION DOES NOT INCLUDE DAMBAR PROTRUSION. ALLOWABLE DAMBAR PROTRUSION
SHALL BE .008 MAXIMUM.
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Overview

The Arduino Mega 2560 is a microcontroller board based on the ATmega2560 (datasheet).
It has 54 digital input/output pins (of which 14 can be used as PWM outputs), 16 analog
inputs, 4 UARTs (hardware serial ports), a 16 MHz crystal oscillator, a USB connection, a
power jack, an ICSP header, and a reset button. It contains everything needed to support
the microcontroller; simply connect it to a computer with a USB cable or power it with a AC-
to-DC adapter or battery to get started. The Mega is compatible with most shields designed
for the Arduino Duemilanove or Diecimila.

Schematic & Reference Design
EAGLE files: arduino-m 2 -reference- ign.zi
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Schematic: arduino-mega2560-schematic.pdf

Summary

Microcontroller ATmega2560

Operating Voltage 5V

[nput Voltage (recommended) 7-12V

[nput Voltage (limits) 6-20V

Digital I/O Pins 54 (of which 14 provide PWM output)
Analog Input Pins 16

DC Current per I/O Pin 40 mA

DC Current for 3.3V Pin 50 mA

Flash Memory 256 KB of which 8 KB used by bootloader
SRAM 8 KB

EEPROM 4 KB

Clock Speed 16 MHz

Power

The Arduino Mega can be powered via the USB connection or with an external power supply.
The power source is selected automatically.

External (non-USB) power can come either from an AC-to-DC adapter (wall-wart) or
battery. The adapter can be connected by plugging a 2.1mm center-positive plug into the
board's power jack. Leads from a battery can be inserted in the Gnd and Vin pin headers of
the POWER connector.

The board can operate on an external supply of 6 to 20 volts. If supplied with less than
7V, however, the 5V pin may supply less than five volts and the board may be unstable.
If using more than 12V, the voltage regulator may overheat and damage the board. The
recommended range is 7 to 12 volts.

The Mega2560 differs from all preceding boards in that it does not use the FTDI USB-to-
serial driver chip. Instead, it features the Atmega8U2 programmed as a USB-to-serial
converter.



The power pins are as follows:

e VIN. The input voltage to the Arduino board when it's using an external power source
(as opposed to 5 volts from the USB connection or other regulated power source). You
can supply voltage through this pin, or, if supplying voltage via the power jack, access
it through this pin.

e 5V. The regulated power supply used to power the microcontroller and other
components on the board. This can come either from VIN via an on-board regulator,
or be supplied by USB or another regulated 5V supply.

e 3V3. A 3.3 volt supply generated by the on-board regulator. Maximum current draw is
50 mA.

e GND. Ground pins.

Memory

The ATmega2560 has 256 KB of flash memory for storing code (of which 8 KB is used for
the bootloader), 8 KB of SRAM and 4 KB of EEPROM (which can be read and written with the

EEPROM library).

Input and Output

Each of the 54 digital pins on the Mega can be used as an input or output, using pinMode()

, digitalWrite(), and digitalRead() functions. They operate at 5 volts. Each pin can provide or
receive a maximum of 40 mA and has an internal pull-up resistor (disconnected by default)
of 20-50 kOhms. In addition, some pins have specialized functions:

e Serial: 0 (RX) and 1 (TX); Serial 1: 19 (RX) and 18 (TX); Serial 2: 17 (RX)
and 16 (TX); Serial 3: 15 (RX) and 14 (TX). Used to receive (RX) and transmit
(TX) TTL serial data. Pins 0 and 1 are also connected to the corresponding pins of the
ATmega8U2 USB-to-TTL Serial chip.

e External Interrupts: 2 (interrupt 0), 3 (interrupt 1), 18 (interrupt 5),

19 (interrupt 4), 20 (interrupt 3), and 21 (interrupt 2). These pins can be
configured to trigger an interrupt on a low value, a rising or falling edge, or a change
in value. See the attachlInterrupt() function for details.

e PWM: 0 to 13. Provide 8-bit PWM output with the analogWrite() function.

e SPI: 50 (MISO), 51 (MOSI), 52 (SCK), 53 (SS). These pins support SPI
communication using the SPI library. The SPI pins are also broken out on the ICSP
header, which is physically compatible with the Uno, Duemilanove and Diecimila.

e LED: 13. There is a built-in LED connected to digital pin 13. When the pin is HIGH
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value, the LED is on, when the pin is LOW, it's off.

e I2C: 20 (SDA) and 21 (SCL). Support I2C (TWI) communication using the Wire
library (documentation on the Wiring website). Note that these pins are not in the
same location as the Iz2C pins on the Duemilanove or Diecimila.

The Mega2560 has 16 analog inputs, each of which provide 10 bits of resolution (i.e. 1024
different values). By default they measure from ground to 5 volts, though is it possible to
change the upper end of their range using the AREF pin and analogReference() function.

There are a couple of other pins on the board:

e AREF. Reference voltage for the analog inputs. Used with analogReference().
e Reset. Bring this line LOW to reset the microcontroller. Typically used to add a reset
button to shields which block the one on the board.

Communication

The Arduino Mega2560 has a number of facilities for communicating with a computer,
another Arduino, or other microcontrollers. The ATmega2560 provides four hardware UARTs
for TTL (5V) serial communication. An ATmega8U2 on the board channels one of these

over USB and provides a virtual com port to software on the computer (Windows machines
will need a .inf file, but OSX and Linux machines will recognize the board as a COM port
automatically. The Arduino software includes a serial monitor which allows simple textual
data to be sent to and from the board. The RX and TX LEDs on the board will flash when
data is being transmitted via the ATmega8U2 chip and USB connection to the computer (but
not for serial communication on pins 0 and 1).

A SoftwareSerial library allows for serial communication on any of the Mega2560's digital
pins.

The ATmega2560 also supports 12C (TWI) and SPI communication. The Arduino software
includes a Wire library to simplify use of the I2C bus; see the documentation on the Wiring
website for details. For SPI communication, use the SPI library.

Programming

The Arduino Mega can be programmed with the Arduino software (download). For details,

see the reference and tutorials.
The ATmega2560 on the Arduino Mega comes preburned with a bootloader that allows
you to upload new code to it without the use of an external hardware programmer. It
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communicates using the original STK500 protocol (reference, C header files).
You can also bypass the bootloader and program the microcontroller through the ICSP (In-

Circuit Serial Programming) header; see these instructions for details.

Automatic (Software) Reset

Rather then requiring a physical press of the reset button before an upload, the Arduino
Mega2560 is designed in a way that allows it to be reset by software running on a
connected computer. One of the hardware flow control lines (DTR) of the ATmega8U2 is
connected to the reset line of the ATmega2560 via a 100 nanofarad capacitor. When this
line is asserted (taken low), the reset line drops long enough to reset the chip. The Arduino
software uses this capability to allow you to upload code by simply pressing the upload
button in the Arduino environment. This means that the bootloader can have a shorter
timeout, as the lowering of DTR can be well-coordinated with the start of the upload.

This setup has other implications. When the Mega2560 is connected to either a computer
running Mac OS X or Linux, it resets each time a connection is made to it from software (via
USB). For the following half-second or so, the bootloader is running on the Mega2560. While
it is programmed to ignore malformed data (i.e. anything besides an upload of new code),

it will intercept the first few bytes of data sent to the board after a connection is opened.

If a sketch running on the board receives one-time configuration or other data when it

first starts, make sure that the software with which it communicates waits a second after
opening the connection and before sending this data.

The Mega2560 contains a trace that can be cut to disable the auto-reset. The pads on either
side of the trace can be soldered together to re-enable it. It's labeled "RESET-EN". You may
also be able to disable the auto-reset by connecting a 110 ohm resistor from 5V to the reset

line; see this forum thread for details.

USB Overcurrent Protection

The Arduino Mega2560 has a resettable polyfuse that protects your computer's USB

ports from shorts and overcurrent. Although most computers provide their own internal
protection, the fuse provides an extra layer of protection. If more than 500 mA is applied to
the USB port, the fuse will automatically break the connection until the short or overload is
removed.

Physical Characteristics and Shield
Compatibility



The maximum length and width of the Mega2560 PCB are 4 and 2.1 inches respectively,
with the USB connector and power jack extending beyond the former dimension. Three
screw holes allow the board to be attached to a surface or case. Note that the distance
between digital pins 7 and 8 is 160 mil (0.16"), not an even multiple of the 100 mil spacing
of the other pins.

The Mega2560 is designed to be compatible with most shields designed for the Uno,
Diecimila or Duemilanove. Digital pins 0 to 13 (and the adjacent AREF and GND pins),
analog inputs 0 to 5, the power header, and ICSP header are all in equivalent locations.
Further the main UART (serial port) is located on the same pins (0 and 1), as are external
interrupts 0 and 1 (pins 2 and 3 respectively). SPI is available through the ICSP header on
both the Mega2560 and Duemilanove / Diecimila. Please note that I:C is not located on the
same pins on the Mega (20 and 21) as the Duemilanove / Diecimila (analog inputs 4 and 5).
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SPECIFICATIONS

NI USB-6001

Low-Cost DAQ USB Device

The following specifications are typical at 25 °C, unless otherwise noted. For more
information about the NI USB-6001, refer to the NI USB-6001/6002/6003 User Guide

available at ni.com/manuals.

Analog Input

Number of channels
B i) ;111001 Woooruonel? ovowreysnhh oty ), ‘T |
Single-ended

ADC resolution......cc.cccvveesiiinrcrciesssieneennnne. 14-bit

Maximum sample rate (aggregate).....................20 kS/s

Converter tYPe......ccceivieicesiineeesineeserseessesnenneenen . SUCCESSIVE @pproximation
AlTHD.. ml.of120.2020L NN .. L2 04 samples
Triggersoutces.£.7.5..2.5.3.8. 28 .. ... L4 GSofidvare, PEL O, PET 1

NATIONAL
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G 540 10 2 10| N UM

Working vOltage .......cccooiviiriccriercceccan

Overvoltage protection

POWETE-00 v s
Powered-off.........ccvvvvveeviiireeiiins

Input impedance..........ccccovvveeinminiienirienennns

Input bias Current.........oocevevereeeeiecrieneereeeeieenes

Absolute accuracy

Typieal at full scale............cc.ccouee
Maximum over temperature,............oooveveens

full scale

System noise....., S ...y Poerer ding

BandWidthol. g L) L) LA A8 om MA L0

Analog Output

+10V
10V

A30V

+20V

>1 GQ

£200 pA

.6 mV

26 mV

0.7 mVrms

..14-bit, no missing codes

0.5 LSB

56 dB (DC to 5 kHz)
300 kHz

Anglog oMtputs..p & M. N ... R
DAC resolution........ccccveeeeivivireeeisreesssesesseesaesns
OutputTANZE 2. 2v .o eeeeerconseotlm A L I ROV

Maximum update rate.........cevvvereierivesssiereserenens

AOFIFQ... ... R M or e B v emnnsoes
THigEer SOUTCES ... .o M. rovees e W R0 D 1. 8
Output current drive ..o cvvvseeeerecesressaesesnnnes
Short circuit CUrrent........ooeeeeeeerreeeesceeeens
e AR o e R s e

Onitput IMpedante. . mmmimasaisnman 02Q

2 | nicom | NIUSB-8001 Specifications
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14-bit

5 kS/s simultaneous per channel, hardware-
timed

2,047 samples
Software, PFI 0, PFI 1
+5 mA

A1 mA

3 Vips



Absolute accuracy (no load)
Typical at full scale.........ccccoeccvnccn 9.1 mV
Maximum over temperature, full scale.......34 mV

DNLswnuasmmmmmsnpnmmessmnmnansmnl4-bit Tig missifng godes
INLverinsmmmssimmsansmrs e +1 LSB
POWET-0N STALE . .cocosesiinsirssssressmnsivvessanamiTI T oV

Startup shtch..coim e g =7 ¥ for 10 18

Timebase

Note The following specifications apply to the sampling accuracy for hardware-
timed analog input and analog output.

Timehase frequency.«e 2. L. vt .. /R0 7
Timgbastaccura®y. .o Favenl A WS .. 2o ton )l +100 ppm

Timingesolutiofts..... . 200, L e . XLL . 0. .ol2:Sns

Digital 1/0

13 digital lines
POIT 0. L DAY L SIS TGS
Portyh... . we@ MU JW AWM Flines
| 0] g, A T8 § K. 3 NI e PN R [ T ()

Function
P0.<0..7>.... ...Static digital input/output
PLOR R o) v e e Bumerill e . St tic U I ZitaldRpu ot pat
PLI/PFI Lovriciiierinecenicense e n Static digital input/output, counter source or
digital trigger

NI USB-6001 Specifications | © National Instruments | 3



Pl 3 e cyomesrssssepsspsssmpressassm sesmnneston Static digital input/output
P2.0/PFI 0.t Static digital input/output, counter source or
digital trigger

Direction control..........ccceeeivevecseesisiccceceenenee. Each channel individually programmable as
input or output

Output driver type..........cocovvvrvveressesisiieesnennee. Each channel individually programmable as
open collector or active drive

Absolute maximum voltage range...........ccceuvee.. -0.3 V to 5. 5V with respect to D GND

Pull-down resistor...........cc.coovmnrvrisinnesneinnnn 47,5 k€ to D GND

PoWer-omfStalte......... oo vermerrerommsgh Srves i s2ovess o IIPUL

Digital Input

Input voltage range (powered on)........cceevennne. Oto5V
Input voltage range (powered off)..........ccevvvennn 0to3.3V
Input voltage protection.............ovuviesrerrsveseessnenss +20 V on two lines per port (maximum of five

lines for all ports) for up to 24 hours

fz Caution Do not leave a voltage above 3.3 V connected on any DIO line for
extended periods of time when the device is powered off. This may lead to long term
reliability issues.
Minitflim Vigrald... 5 LA e . Nt L 2.3 Y
Magimi, Vip... B8 31 o8 Do s o0 0.8 V
Maximum input leakage current

i8I Vi 0.8 MA
ATE Vo .. @) oqureriint i ool Bon il e ) 4.5 mA

Digital Output (Active Drive)

Maximum Vg (4 T ) Wp...coovc B i . 0. 5.5 0 2V

Maximum Vi (1 mA)..... e ..o 02V
Minimum Vo (4 MA).coeceeeessesennes 2.1
Minimum Vo (1 MA) . 28V

Maximum Vi 3.0 V

Maximum output current per line.......oeceeveee 24 mA

4 | nicom | NIUSB-6001 Specifications



Digital Output (Open Collector)

Maximum Vg (4 mA)....covvevvnrnrinieeeen. 0.8 'V
Maximum Vo (1 MA).ieciiceeeeine 02V

\@ Note Minimum Vg dependent on user-provided pull-up resistor and voltage
source. Recommended pull-up resistor is 1 kQ.

Using a 1 kQ pull-up resistor and 5 V voltage
source:
Minimumg¥ offe....cccoovismmmggeere o003 M
TYPICAPVATTL cvoevev i rrormangr st B e ) Y

Maximum output (sinking) current per line.......-4 mA
Maximum pull-up voltage........c..cveervrirerererirenne S
Maximum leakage current

Counter

Buinbégaf countess... M.0 Ldn.. . b e

Resglutions.... s Ga... N ol T A BRI 32-bit
Cduniter measurements gams.. L, ... Sl ieen Edge counting, rising or falling
CoulteRdir€BLion.. . ... \premy. mg b e st Yoo 50 Count up

CountolsBurced ... ..... aueg. - R X0 L AL 2L TPFT 0 O PRE 1
Maximum input frequency.........c.cevvercerrenerrnn s MH2Z
Minimum high pulse width..........c...ccceene..... 100 ns

Minimum low pulse width...........ccecvvviieiiniren.... 100 118

NI USB-6001 Specifications | © National Instruments | 5



+5 V Power Source

Output VOItage......oovvvvviriiniierieiereeesieerceeeenen 73 V, £3%

Maximum CUITENt......cvvvveerrseereesieeseeenreneeennn. 1 30 MA

Overcurrent protection........oceeeeeereeveeeseneenee. 200 mA
Short circuit Current..........oceeevevevereerereeirereeeerene. 00 MA
Overvoltage protection..........cccoeeereeesrerirensenes 20V

Bus Interface

USBPspgecification....... 55, et i ne a4 7 LS B, Full S peed
USBIbus speedas § 7. 8 0.8 e mmu b 02 0 L NIBIMbYs

Physical Characteristics

Dimensions
Without screw terminal connector plugs....75.4 mm x 86.2 mm * 23.6 mm, (2.97 in. %
3.40in. x 0.93 in.)

With screw terminal connector plugs......... 93.2 mm x 86.2 mm x 23.6 mm, (3.67 in. x
3.40in. x 0.93 in.)

6 | nicom | NIUSB-6001 Specifications



Figure 1. NI USB-6001 Dimensions
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Weight
Without screw terminal connector plugs....83 g (2.93 0z)
With screw terminal connector plugs.........105 g (3.70 0z)
[/0 connectors: USB Micro-B receptacle, (1)
16-position screw terminal plugs
Screw-terminal Wiring........cc.cocoooienivenerns 1.31 to 0.08 mm? (16 to 28 AWG)
Torque for screw terminals............ccoveveennns 022-025N - m(2.0-2.21b.-in))
If you need to clean the module, wipe it with a dry towel.
Environmental
Temperature (IEC 60068-2-1 and
IEC 60068-2-2)
Operating. ..o oo 0to45°C
247072 1L -40to 85 °C
Humidity (IEC 60068-2-56)
Operating........covvvvinnnncesieeeeneenenen. 3 10 95% RH, noncondensing
SLOTAEE. cscvsmssisimsissmssmianassasmesensid 10.90% RH, noficondensing

NI USB-6001 Specifications | © National Instruments | 7



Pollution Degree (IEC 60664)........ccccocvrvunennnn2

Maximuti alUdE ... o 2,000 m

Indoor use only.

Safety

This product meets the requirements of the following standards of safety for electrical
equipment for measurement, control, and laboratory use:

. [EC 61010-1, EN 61010-1

. UL 61010-1, CSA 61010-1

Note For UL and other safety certifications, refer to the product label or the Online
Product Certification section.

Electromagnetic Compatibility

This product meets the requirements of the following EMC standards for sensitive electrical
equipment for measurement, control, and laboratory use:

«  EN61326-1 (IEC 61326-1): Class A emissions; Basic immunity

= ENS55011 (CISPR 11): Group 1, Class A emissions

«  EN 55022 (CISPR 22): Class A emissions

»  EN 55024 (CISPR 24): Immunity

*  AS/NZS CISPR 11: Group 1, Class A emissions

1 AS/NZS CISPR 22: Class A emissions

FCC 47 CFR Part 15B: Class A emissions

ICES-001: Class A emissions

\@ Note In the United States (per FCC 47 CFR), Class A equipment is intended for
use in commercial, light-industrial, and heavy-industrial locations. In Europe,
Canada, Australia, and New Zealand (per CISPR 11) Class A equipment is intended
for use only in heavy-industrial locations.

equipment that does not intentionally generate radio frequency energy for the
treatment of material or inspection/analysis purposes.

Note For EMC declarations and certifications, and additional information, refer to

\@ Note Group 1 equipment (per CISPR 11) is any industrial, scientific, or medical
\@ the Online Product Certification section.

8 | nicom | NI USB-6001 Specifications



CE Compliance Ce

This product meets the essential requirements of applicable European Directives, as follows:
= 2006/95/EC; Low-Voltage Directive (safety)
«  2004/108/EC; Electromagnetic Compatibility Directive (EMC)

Online Product Certification

To obtain product certifications and the DoC for this product, visit ni.com/certification, search
by model number or product line, and click the appropriate link in the Certification column.

Environmental Management

NI is committed to designing and manufacturing products in an environmentally responsible
manner. NI recognizes that eliminating certain hazardous substances from our products is
beneficial to the environment and to NI customers.

For additional environmental information, refer to the Minimize Our Environmental Impact
web page at ni.com/environment. This page contains the environmental regulations and
directives with which NI complies, as well as other environmental information not included in

this document.

Waste Electrical and Electronic Equipment (WEEE)

" EU Customers This symbol indicates that waste products should be disposed of

'y separately from municipal household waste according to
WEEE Directive 2002/96/EC of the European Parliament and the Council on waste
electrical and electronic equipment (WEEE). All products at the end of their life
cycle must be sent to a WEEE collection and recycling center. Proper WEEE
disposal reduces environmental impact and the risk to human health due to
potentially hazardous substances used in such equipment. Your cooperation in
proper WEEE disposal will contribute to the effective usage of natural resources. For
information about the available collection and recycling scheme in a particular
country, go to ni.com/environment/weee.

B EE~miTRIEFEEME (FE RoHS)

@@ FEZEF National Instruments 75 Bl (5 57 b A BR {8 S Le 5 5540
Jfi#§4 (RoHS) . 25T National Instruments H [E RoHS & #tE(5 B, 53t
ni.com/environment/rohs_china. (For information about China RoHS

compliance, go to ni.com/environment/rohs_china.)
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Device Pinout

LEFT VIEW RIGHT VIEW
Al GND (® [ 2 = [{® P0.0
ALD 1@+ -il® PO.1
o
Al4 (@)= ~I® Po.2
AIGND & x o l{ @] PO3
Al N &<l e} P04
AlS ol wl{® P0.5
Al GND 1@< olll® P0.6
Al2 @1~ & o ﬂ@ PO.7
wo [l (@] - o] |[fme
AIGND |1 & x Gl 1 @} P1.1/PFI 1
B 1/ O0| S i L)
bt Ll all " D:@ P1.3
& QM & ¢ s aK@N ||| P2orrio
AOO || : oq ® D GND
AO1 (@1fi-2 1 [ A
AO GND @Y I®} D GND
g T Q

Refer to the NI Trademarks and Logo Guidelines at ni.com/trademarks for information on National Instruments trademarks.
Other product and company names mentioned herein are trademarks or trade names of their respeclive companies. For patents
covering National Instruments products/technology, refer to the appropriate location: Help»Patents in your software, the
patents.txt file on your media, or the National instruments Patent Notice at ni .com/patents. You can find information about
end-user license agreements (EULAs) and third-party legal notices in the readme file for your NI product. Refer to the Export
Compliance Information at ni . com/legal/export-compliance for the National Instruments global trade compliance policy and
how to obtain relevant HTS codes, ECCNs, and other import/export data. NI MAKES NO EXPRESS OR IMPLIED WARRANTIES
AS TO THE ACCURACY OF THE INFORMATION CONTAINED HEREIN AND SHALL NOT BE LIABLE FOR ANY ERRORS.
U.S. Government Customers: The data contained in this manual was developed at private expense and is subject to the
applicable limited rights and restricted data rights as set forth in FAR 52.227-14, DFAR 252.227-7014, and DFAR 252.227-7015.
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