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ABSTRACT

This thesis develops an LQR based PID controller for temperature control of
the heat exchanger system. Specifically, a mathematical model of the heat exchanger
unit is firstly obtained through the use of integral based system identification in
MATLAB to identify the parameters of the heat exchanger unit. The identified model
is then used to desien the required PID controller. The LQR architecture is used to
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implemented onto the heat exchanger unit, and was found to be efficient for used in
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AuNINsYugEeTdused
P(k|0) = @7 (k)0 + u(k) (2.5)

aun1sHandusUAW(Cost function) A

u(k)?

J(61Zg) = - TKAE (2.6)
a9 aeaetiange
) Lyx-1 T lgk-1
Bs = (2L e00™() TIES U0y @7
Rl?l = Rdxd fK € Rd
(k)
y(k) 1 u(k)
s ’ B(6,2)
A(8.z)

pruantRuemsziminataesiiaagn Inanissrun i 109esgeqn aNns0uARIATY
Brs = Ric“fx (2.8)
1NN3a3e 9lidn

y(k) = T (k)0, + v(k) (2.9)



2.5 AMUANLUY PID (Proportional Integrated Controller)

PID control {unismiuasluszuuila fe szuumuALTiinsteundy
UisﬂaﬂﬁwﬁaumimuQu‘ﬁﬁ'ﬁﬁgﬁqﬁ
- Proportional control action (P - Action) mMswuansyieues output Widudndn
wWasiduiuan error
- Integral control action (l-Action) Wudndrurauinmuinnainuagszezavaea Ny
NANAA
- Derivative control action (D-Action) $as1n151UABLLUABIAMRANAIA N15TUNIY
SYUUIINATEUDN

Tnedomhunldlunismuauaamail lnsenansaunlvlymn msiiia Offset Error il

dnuzasivesszutle lnsasawAswlsyae PID tnanaunisn 2.10

de(t)

u(e) = MV () = Kye(t) + K; [ e(r)dr + Kz = (2.10)

dla

! ({ 9] =t ”ﬁgﬁgﬂmmﬁwmmﬁamu@u e t

K, =1 Proportional Gain

K; = A1 Integral Gain

K; =@ Derivative Gain

e = ATANuRANaIRTIAAANN set point value — process value

t — Aarluwaeiy

T - naTIYBNnLUsAIRNARRSLAIAN O £

2.6 MIAIVANLUY LQR (Linear Quadratic Regulator)

mseuAuuuy LOR lumsld Optimal Control danthelunsesnuuussuy
muauitinstloundy Taonsieseidl state nnaimuesnszuiuns lagaansatmun
NARBUALBIANAFRINSTIAA TN TaBsiinaBIgnaInAANLARNAnTiEATNY RS
FEUUATUAL wumseTginauianansenieefindll wadiannszuums lee
nsgUIuMs LOR aefimsiiessiaumslugluming vie 5endn awen (state) lnoRarsan

AUNNSAMNVDITEUULTNLEU (State-space representation of linear system) AeENNIIN 2.11
(6]



% =Ax + Bu war  y=0Cx (2.11)

nNWasaWMy (state vector)

lWRsngNISIUasUWUaEm Y

NHBTBUNY

g W - X
I

I

AInUTBUNN

fuUsngninenin

s T

= WRINGLD N

wailunsldmeuissuumupuimnzaufian (Optimal Control) S1luivgiaaiiouilaidy

wWuune (Objective Function) %38 Cost Function Faaun1sh 2:12

= %f;xTQx + uTRu dt (2.12)
e Q —Lumangauan 1-X 1 #ile positive semi definite
R = wesngauin 71 X 1 wile positive definite

NN ERsEUUAMUANINEELTIga (Optimal Control) YN 5AsaANN"s  Hamiltonian 6%

aun137l 2.13
o< %xTQx + %uTRu + AT (Ax + Bu) (2.13)

1 o = i i < * o 2 o
AnBumuas u Awwnzauiign (Optimal) v3e uannsormwaldnnidsvasnim-

Wwiunzay (Optimality Condition) Feaunnsi 2.14 - 2.15
e Y=g W  Ru+BTA=0 (2.14)

el u*=—-R"1BTA (2.15)
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P o o ] L L %, . g <
iavhnnsfuan A vinsldaunisyniiu (Adjoint Equation) fsamunisi 2.16
Wo ——== A wan Kk =-—Qx—ATA (2.16)

yWn1siienn A = Px dle P [ Juussnduila Positive definite wazilald Sweep Method

iemannvaskadng 1o P \usinvesaunswasa Riccati agldmunisil 2.17
ATP + PA+Q —PBR'BTP =0 (2.17)
ﬁw%uwwmuauﬁmmmuﬁqa (Optimal Control Input) Fsaunsi 2.18
u*=—RBTPx (2.18)

[
(9

&
U

1 RIBTP ayunsalFoninensivens (Gain, K) aegiunisi 2.19

K="R~IRTP (2.19)
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2.7 gevwasiAyIte

2.7.1 MATLAB

MATLAB ifhunwireufiumesssiugeiildmunnudaiiay wanmwansmiln Waunda
nedfy  a¥uuuvdiaes  Ussneulufeitsiduiiugusnuinn  shlinsiiaseiinl

a a8 = o
YANVAILIS T,mUluwumz’{ﬂuﬂ'ﬁmaum'ﬁwuﬂﬂlﬁumim‘uﬂmﬂszmumi [7]

qUTl 2.5 uanagUuuuvBImeniLas MATLAB [7)

2.7.2 LabVIEW
LabVIEW i{usenuasuseian GUI (Graphical User Interface) @ufiunisideu
TWsunsufdesywindnidouseduddduaveunsalmeusn  Jagiudulatinns e
LabVIEW wnldlumsdn nedeu wavmiunuaseiiodns1e fuetuuwnivans nslurieside
7 a wa o < = w ' do & ¥ = v A 2 v
wazviosUfiRnig  eedunmiiuainanuidslulsueine Adududed msiadeiiudeya
o 8/ = € ddy 1 o = & o 1
wazeyalvimsziseld - leglunlegldlunsifivAramngduuuiiaenss  wetely

Fieszinaziansaly [8]
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[ LabVEW ’ Ea
Fle Opeate Tools Help

# LabVIEW 2017

[MFhoerlFias

e — e
ATM Simulator lvproj
labview_analog_voltage_io_modified vi

/| Find Drivers and Add-ons g(:mnmunityand&wor! &, Welcome Io LabVIEW

Leam to use LabVIEW and upgrade

| £} LabVIEW News articles |Bamome0-z:ﬂngﬁnardzhvenmn\lmdDm

i

U 2.6 uanagULUUTEITENWIT LabVIEW [8]

2.7.3 Maplesoft Maple 2016

Tsunsu Maple Wuldsunsumdanlalunisanamnsadamans vinalaaiiou

\A3osARlaY wezdsaensmInaunislanaesuuuy legluntisgldlunsunaunsm

vasdwUsnaumavilsliifuaunisdngunis [9]

e pages, ar Ard sampie
L wethatwety to help pzu oot f
i1 viarind with pour ome {
i Praects .

Start

Ut tha icere an this page -
0 CTens & Na W SCCUTRTE
arwarihest. viea Bak

1 i g ey
(ET) 0SS (D CIGEGE WAt
AT ALRIL pERE.

i gk o PR P aOn o S 4 8 b e N e
L S R SR S

gﬂﬁ 2.7 uwaneguiuuvewenids Maplesoft Maple [9]
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ABNsAueu

3.1 Fusaulunsamiiuey

upaunsALduUENAWS JunaumMsAnymguiuasudinns suluiistuneuy

o
[

Wisuiguuarasunansnnaes ddunaunagun 3.1

Anwvgul wae

1% LabVIEW @579
Block Control

S neagau PID
WanNn1q
Controller

e

5 11 4 @unns v WAV ITLRB5 VRN
MAUNITUBUATRY
i < X Transfer Function LOR wagnagau
NVTNED W1

Controller

A K ileululd
Block Control

Simulation

i)

s = =
91y o WssumguLay
19350 9mdineans

d3UNANIINARDY

14 LabVIEW 1fiuein 5 ¥in System

"i]’lﬂLﬂ%IEN Lﬁfam l[dentification 970

ANWULUDIATOI ALAUlsINAuAeY

bbe

J o/ o =
UM 3.1 uanunudansaniunu
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3.2 1AL
mﬂ’ffmqﬂwaqﬁma\‘ﬂlmam‘imiaaﬂLLUUﬁ'Jﬁ"mauIma‘uaqgﬂ'%"amamﬂéiaum’m%'au §nel
38m15 PID & LQR Taglduuuitasmendinenans (Mathematic Model) wsndiglunig
9ONUUUTEUUAIUAL  HAZINTSNUAIRINNITNAREY evnauduiussae3Enisuanssn
29952UU(System Identification) LLE’f’Jﬁﬁagamﬁlﬁﬁ’lﬁﬂﬁ%ﬂmﬂau (Transfer Function)
feagldmn Gain(Kp , Ki, Kd) Lﬁaﬁﬂmmuqmsw ﬁqﬁﬁaaLémﬁumﬂmﬁﬁﬂmﬁaqﬂﬂmi
s2uds wénmsaeulnsa F3nsveadamans segdesnanluidessly
mMssudunuudsosniiu 6 duseu feil

- Hardware

- Comparison

- Data and Graph

- System Identification and Transfer Function

- Control (PID)

- Parameter LOR and Control

3.2.1 Hardware

Sudunnisfnufgunsal Anwuiieliansasves Plant Mfinsvitauedials 3
Sumn/owinnagals 1snavepnuuuverIuANeYls Feznamlddantinnall

P = o = P = o o r' ¥ I o
wIaananUdsuausau (Heat Exchanger) fio Lasesilefladnsuniamainusou
=9 d! ot = = ﬂé CJ LI ar 1

nvasluarianisluimesiva Snvlauils lnafvadivaludndudpwauiulnedulsenay
ﬂ‘l & C‘I v 1 73 4 - ] o 1
AugIUTDIATDLANAEUA U DU IUNY Tngondefuiivasududinardlunisaelau

AuSausTHIvedlvantaevila Beilanvuy fgui 3.2
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Y

Prioduct

Raw hiaterial

@ >
% coia
S &

Cold

\/

H
4
AR

Hot

= ° = N P
EU“ 3.2 LARIANSYNNUTDALATBALantUas uAIINSa Y

1nende hot twata gawmes (Heater) antiulualdn T1 (Hot in) 6y iwankaniUdsy
AuFounuld T2 (Hot out) tavlviaasdis hot Bndaume 1hands Cold lyauvie T3
(Cold in) s lUandsuaimniauiuiimen waslvasenidu Andeanis (Product) 7

vio T4 (Cold out) waasdivaugusoly

3.2.1.1 dalees (Heater)
ndnnnsanenszugluialnaniuaiasidl dsdsmalitadndiiniinnuseuindude

JevilnvasdnnasHeatenildluviyginusiifudanesuiingu (Immersion Heater) %30

Fawmaiaun aunsaldliausouiurednamnuila

3.2.1.2 Te@naian (Solid State Relay)
eiimavhaudlefidygna input auguvessiumuadiN Ty Siad agdali
output dsdryaynd on eenly way Weldiidyg i Input muguuswiudn Siad avi

mavgAde output sanly

a & d 1 E 2 =
3.2.1.3aULBwWMes (Converter) Wusudasliad Wunszua wisdudn lednaan
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@

BE Supply

FisCsi|
— 5 Voo
DAQ BEUT or

SNDH

S8R

==

Converter

<l 1
EﬂVI I ﬂ?iﬁ]ﬂ'ﬁﬂﬁ]‘iﬂ@umﬂm@‘%

PP Y s a -
MNAANNEIETALIS (Hardware) N1389NKUUAIAIUANAD BRALUULNIHEAIUAN
1 ) a1 v 5 o v 1w a o
guvDLTIFU (Input) Aidedh peunewes wanlunszuaudidud ledaamm lunsedun

ammudeuluindames lWillaamgiitiu-an talilanassamemuinsneansaiun

3.22 Comparison
WWasainlaseanasildnisviendnunivesssuu (System Identification) iesanuuy
Y & ¥ A ; I v el = o YRR o o o
AIAIUAN AINBILAY Simulate Modeling wiliSeuiisudeyanuaunmsimleainnisil
System Identification  TeerFeudisuiuluguvesnsinit Jeyailnanmvmaaoaiiomn
aunsiendnvalvesszuullufiemadefuniely
o A : v | = 2 =
Tnasn @unas Simulate Modeling #ilfanianasvesdaaTelaniudsunusoui

s <

fanwazfenfuselndifss iy uitfmaun1sine1sdsan [3) wanaluaunisy 2.1 - 2.2

ch Q T o
rpd—: +T, =i Tp + (1 — u)Te (2.1)

dTe

T —-+ Te = ucTi+ (1 — p)T, (2.2)
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AUNNTVDY Time constants ALLAAILUFNNITN 2.3

PpCPpV, CpeV,
7, =P hay =l RCe (2.3)
P MpCpp+UA mMeCpc+UA
Amsinesves Ly wag We mildanaunisii 24
Cppnip Cpcmic
=T > = Pl 4
Hp Cppmip+UA b He Cpemc+UA (2.4)

1o
Bissedy - gumpivaswdadnsimmadusgneesnanaddy, K
T - gnmgiivesveanifuinaduarnseonawdiiv, K
Pp. Pe = ANVLLLUYBHER Susluar v e NdUALE19U, Kg/m?
Cod Coie e ﬁhmﬂmlmm%’auﬁ’nwawaﬁwamﬁmﬁuawmmmtéummﬁﬂﬁu,
J/kg-K
WAV = JSunesvaanandualasva L iaddunuaiey, ms
M, M, = SasmsinavewaniaditazveunaNdunua IRy, Ke/s
U = AU EANSNNSEN8WNAINTDUTIN, W/K-m?
A = Nudiindisimsdeinuanusey, m?

na1me Simulate Modeling [WuanunsafinuiannenatsvesnsotaniUaguainy
o A w a o S v = o Vo v = = v Ry
Loudisidnuasdeniunlasenisild FahurldduduwuulunsidSeudeudeyansmnlaain
msnaaefuaiievaunsiendnyaivesszuuideyamnuuiaansathluldldaia o
= = v o W
nsmddemslululufefuiuAsuLUY
3.2.3 Data and Graph
Tutuseuiisznaniussuildiiuieyaildanmmeasswesniouanuasu
124 o o o o s L3 . .
AMudau Wisfazihluyin gaunsienanualuasszuu (System Identification)
Sudunisiiuatiy Tlusunsu LABVIEW Wausianu @ Plant lagld DAQ (Data

acquisition)
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Ioie

LLAANAN

| :
[#replace or create l . - me: Ej(
A Time/Date/ TERPL/ TEMPZ/TEMP S/ TEMPY L

&)

[ ATEMBIL ‘

NTEPAT2 H——

= L] E__ |
LAUAI s

=l ) ]
E'U'fl 3.4 uamnilpazunsuwaalusunsy LABVIEW ﬁ’l‘ﬂuﬂmﬁumuasuamwa

vmsifiuan Tneiiulecu & input 1Wu nazua (A) uay Output MldiTugumall Ingly
a1 30 undlsie 1 AAuAA 500 watt WatiuasunnAud Tilusunsa Matlab Tunnsdnnis
E =3

foya wdoansl Wisuifisuiufaunisdiassinvessyuy mafuAuEuRugumives

- g ny i o
71 25 ¢ ¥nATY aeLiiunn 500 watt FIAMIULAGNITNN 3.1
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= 1% s 1Y ' = 2
asfl 3.1 uansdoyavesmaiudoyaildnmsnaaswweursouandisumiuiou

Actuator (mA) Current (A) Voltage (V) Power (W)
4.0 0.3 2.9 0.87
4.5 0.5 4.3 2.15
5.0 1.3 6.2 8.06
55 2.5 22.8 57.0
6.0 3.8 32.8 124.64
6.5 5.1 44.0 244.4
7.0 6.4 54.4 348.38
75 7.6 64.9 493.24
8.0 8.7 a2 645.54
8.5 10.0 84.8 848.0
9.0 11.2 95.1 1065.12
9.5 12.2 104.8 1278.56
10.0 b2 113.0 1491.6
10,5 14.2 1215 1722.46
11.0 130 130.0 1976.0
11.5 15.8 136.1 2150.38
12.0 16.5 141.8 2339.7
125 17.1 146.3 2501.7
13.0 175 151.5 2651.3
135 18.1 156.1 2825.4
14.0 18.6 161.0 2994.6

VT’]ﬂ']‘SLﬁUFh‘ﬁi 500, 1000, 1500, 2000 , 2500 wag 3000 9

winla Tutnan 30 wilasennsnad 3.2
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C D E

1

T (NG o |t | s || e | o | | e fes
HD@@N@WAWMHmeMmmAme

0.00
0.05
0.10
0.15
0.20
D.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70

0.754
0.80/

0.85

J9.90]
/0.95,

] £.00]

Templ

25.55204
25.55204
25.29709
25.29709
25.29709
25.29709
25.55204
25.55204

26.3169

26.3169
26.06195
26.06195
26.06195
26.06195
25.55204

25.55204,

26.3169

L3, 55204|
25.55204 |
25.29709

24.83593 24.90033 25.61243
24.83593 24.90033 25.61243]

25.09084 24.90033 25.86745
25.09084 24.90033 25.86745
24.83593 24.1355 26.12247
24.83593 24.1355 26.12247
25.85557 24.64538 25.10239
25.85557 24.64538 25.10239
24.83593 23.62562 24.84737
24.83593 23.62562 24.84737
24.83593 24.1355 24.84737
24.83593 24.1355 24.84737
24.83593  24.1355 24.84737
24.83593 24.1355 24.84737
25.09084 24.39044 25.35741
'25.00084 24.39044 25.35741

- 25.60066 23 .37068 25.10239
26. 3169 25.60066 23. 3?068 _25.10239,

24.83593 23 62562 24.84737
24.83593 23.62562 24.84737

4. 58102 23.62562 25 10239

al @ ' | al
A5 3.2 Lanwnog A auLunise Excel

A=Time

B=Templ
C=temp2
D=temp3
E=temp4d

20

285

275

27

255

Time (S)

4 af 1 1
JUN 3.5 wansiag19nsIivATagnaamunI v

1
180
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3.24 System |dentification and Transfer Function

Fupeunsviendnualvassyuu (System Identification) fis nMsmmnsiinediame
yasmAtaaniUdsumtoy  danldanadumssusuuildlunissiassssuunagannendi
AuldanmsneaaasiiAfimunuesie thanvidinisneadaeans Linear Least Square 93

Tadupmisiimasaaunisi 3.1 — 3.2

AUNSAULUY

dTy p ; S
Tpd—: + Tp= T AL~ )T (3.1)

T % + T, = p.TE+ (1 — po)T, (3.2)

Warhnsluwmanisazaunusouluds hot wazds cold FewnnsuiaaunIsan2

AUN15 INEAUAIST (3.1) wag (3.2) agldiduminisi 3.3 - 3.6

=T, I @) + Qu (33)
R ORI ORE AC (3.4
S=lnw L (3.5)
"\ e U E S Y IO (3.6)

SlavinnnsldanTy (£), Ty (8), Ta (O)uarTy () wSU { t € ty, ..., ty]} udele N
aunislu 6 fuls Fudlavihmsudaunismeds Linear least square agldiAmIsdlinasng

AuMsA 3.7 - 3.10

k, = 0.3766 (3.7)
k, = 0.9542 (3.8)
T, = 6.4569 (3.9)

1, = 0.8928 (3.10)
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Y191 USUIMSUDINIE0404 LAN A9aUnIsh 3.11 — 3.12
Vy =27.72 m3

V. = 31.161 m3

B:11)
(3.12)

v nlaanisfimes 970 System Identification 11 Whiluunuanluauns Transfer

Function 7Il@naunsyessyuunia ¢ auns villviegluguves output/input fagua 3.6

nput Transfer Function Output
Ris) Gis) ¥(s)

A0 IRE
Gls)=24=
5 Yry]  R(s)

o )
31.]‘{1 3.6 LAAIALNNT Transfer Function

\Wasannildauns aeunsAmuIN transfer function 970 T, (t) ludis T, () JsA0vieIu

sruvimindlael4a@ns luaunsi 3.13 - 3.16

LEREIRY 1 ED
| H (g ROLT cerar 4 K (3.13)
Wil
_H O H 0
VH VH
ﬂ _L 0 1-k1
gl rl 7l
A o fe (3.14)
0 0 —_—— =
VC VC
0 1-k2 E _L
L 72 72 2 |
—_Q_I_f_—
VH
p=| 0 (3.15)
0
- 0 -
(3.16)



FeanunsaldlusunsuMaple Tunsdunaladeaunish 3.17

s+l A 0
VH VH
k1 1 1-k1
- S+— 0 -
7l 1 7l
0 0o s+& L
VC VC
1-k2 k2 1
0 - - SH+—
L 72 72 7.2 |
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(3.17)

M399NLUUIAIUALPID BE1s1ee @nsavinsly Direct Design lnaduusn ¥

N15Wa130U0 Closed Loop plant

5 P + Controfier

Plant

K.
K,+?‘+de

\

11nClosed Loop Transfer Function L51@n330L g Characteristic Polynomial leissil

(S(—VC‘VHS3T1T2 = chHSZT]_Tz - VHszZT-lTZ s chHklkzs = chHSZ'fl F—

VCVHSZTZ o chHklsT2 =+ Vchkstl = foHSTIIZ —= VCka]_S = chszs +

Vefukiks = Vefusty = Vefusta + Vufekiks = Vi festy — Vufesta — fefukata +

fefukate = Vefuks — Vufcks — fefutt

[
o

Valnanauaussiifosns(Desired Response) e
Rise time = 90 U7

Setting time = 150 3u1#

Fratfu

6 = 5.0930
w = 0.0087

3/
s

visil WU Characteristic Polynomial vesxaneuaussiideanIsie

203583 + w*62% + 5w?s%26% + 2w3s8 + 4ws38 + w?s? + s*

(3.18)

(3.19)
(3.20)

(3.21)
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A o = ! g 2
Wavinnnsineu Coefficients S¥w19a@un1s Characteristic Polynomialnuaaunis(3.17)
a1un5AuIn Kp, Ki, Kd 1edu

K, = 9.0381 x 10* (3.22)
K, = 1.1896 x 103 (3.23)
K, = 128.3201 (3.24)

3.2.5 Control and Tuning (PID)
nszvaumsldan PID Tu plant vlsglalusunsy Labview a¥audennaulnsatuan ¥ms

Woumesening Plant waglusunsusig 67 DAQ (Data acquisition) legudenaeulnsail
ANWLAIFUN 3.7 - 3.8

Manipulate

Waveform Chant

el F U Tempd
S T

b Sqnl__ oo} —
B Sl
]
o]
c B

o .
UM 3.7 uansduvosudonaeulvsa
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Mariguiate Manpulte [ Yo

o w8

-

Amplitude
-

L

3U3.8 wanantaeuanng 189 LABVIEW
3 1 - 1 A ] £
Ynslden PID (kp, K7, Kd) Wagmiifimue Waianansveaes

3.2.6 Parameter LQR and Control

Jupaulumamamsiinesvesiheroulnsa LOR milsnnaunisluzui 3.9

Plant G(s)

K ulyo

s'+as+b

() e | | 2

jﬂﬁ 3.9 uan3 Close — Loop system [6]
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970 Transfer Function muauns (3.11) awnsadsuauniseyiuslaneaunsi 3.25

e + ae' + be(t) = —ku(t) (3.25)
ievhnseanuuu PID Tnensldvguiiuntes LOR , isamnsadenwdudsammlafannis
#13.26 - 3.28

%00 = [elt)dt (3.26)
x,(t) =e (3.27)
% () = =2 (3.28)

faLy 3@awmmL%au’lugﬂmaaammﬁamwlﬁ‘lmmmmﬁuammiﬁ 3.29 — 331

r-X2)>, KXY - 1¥2(s)
G(S) T u(s)  S?+as+b T ou(s) (3.29)
ATER Y 0
A=10 0 1 (3.30)
0 —-b —a
0
B =0 (3.51)
—K
Aa, b, K ﬁaﬁwﬁlﬁmﬂﬂa,.lmi’uamﬂw?’&ammﬂﬂmmsmsswﬁmﬁm’l&gﬂﬁ 3.12
d115Us2UU heat exchanger fynsAnent Sentuaunsd 3.32 - 333
a = 5.403597208 (3.32)
b = 5.100383446 (3.33)

2/
s

&
YINU

o e [ | . = o 8/
1 a, b MasniduAINuIIN dominant pole VBITEUUTEINITOAATUIU order aale

TnefinanavavasslnalAesva i
qga 0 0
Q= [0 qz 0} (3.34)
0 0 g5

R =1[r] (3.35)
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P11 P12z P13
P = |P1z P22 P23 (3.36)
P13 P23 P33
m{dmi(1+2m{§)
g = : (3.37)
2k
Feg = +m)mi3w} (3.38)
J
Pis = m{;:md (339)
Dy = Ln?aﬁ_—g (3.40)
D0 Zwé(cdﬂmf?é*mz%’i)—“b (3.41)
= (2+m)idwd_a (3.42)

AUNITHIUUY A3150 fAvius Overshoot , Setting Time |, Rise Time 14

AUNSUARIATANSIHLR B3 UDA LQR

SV (3.43)
e
K = A7 gain Y84 LOR
B = weinduask Aildanplant :1ngUd 3.12
P = Lum'%ﬂfﬁﬁmmmﬁwuﬂ Overshoot, Setting Time, Rise Time
r = ednafansaiwuale

WA esvae LOR Inaun1seuuy Ineld Tuswnsy MATLAB wag MAPLE 3slaan

K, = 0.7614 (3.44)
K, = 53.2392 (3.45)
K; = 4.4744 (3.46)

nduthalulduionasulnsa v LABVIEW AIAIAINABINTS WaIARANITNARDS
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TudHuraUnil 9 NaMITUABUNITVAR DAL HANTNABIUTEANEAINANT
mUALNsTUIUNTsWaNIUABum L ouLUUPIDLAELQRTNILUsAIUANUsENa UMY
wsesulwihAidreliiaiadimusouvolieailunsiieuiisuinnisauauiuulad

a a o = A a cala a [
Ui%ﬁmﬁﬂqwmﬂ'ﬂ?j‘ﬂ‘ﬂ\?ﬂauNafﬂﬂuaua@ﬂWiﬂ?Uﬂ]uaé‘luLﬂm‘ﬂWﬂ@m%ﬂuuﬂqﬂqiﬂLsﬂqﬁLﬂqﬂﬂqﬂ
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AUNAVUALT

4.1 quasaliililunsvaass

1. gansveRsinsEUILnskandsum ey
2. gunsalnsraTngmungll LM35
3. gUnsai¥eudasyvigamMsnnassiunoufiames
4. MATLAB
5. LABVIEW

4.2 3N1AaY
1. shmsdausegunsaiililunsauaugamasnaasadaiunsiafiin Wisligunsal
anunsasusdannueimesls
2. ##h Set Point LLa::ﬂ'Wwwiwﬁma%ﬁiﬂuﬂﬁmuauaaluiﬂiLLﬂsuLABVEEW
3. SulUsunsy LABVIEW

4. JUNNNANISNAaDy

b A
h
i

Plant

v

gﬂﬁd.i wény Block Diagram 984 Close Control Loop
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4.3 NaNITNAaDY

o
4.3.1 MINAGDMN 1
msveassiiunsmuaunszuIunITNIsUaNUAEUANSTBULUUPID wae

AWITTILR TN M AAIINNISATUI N AN AERS

E

I o GETESY B O TN 2 \\

o ' v
§UTI4.2 N9 IMYB3sFUUAIUANNTLANIUREUAINNTBULUUPID

wualy
duma Al A1 PV {Process Value) wenmT T e
ann fla A1 SP (Set Point) r——

NANNTNAABIAINATIN
1 al v ! -] @
asUldinnsmunumsuanilaesuainusewuuuPID ldanunsathunaiuauiuyans

yaosilld Tnefmuaanmnfiduduil 30 ¢ Ap= 90381 K7= 1189.6
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4.3.3 N1INAGADIN 2
& = o
ﬂ?‘i“ﬂﬂﬁﬁ]\iuLﬁUﬂ'ﬁﬂ'JUﬂMﬂ‘iﬁ‘U’J‘Uﬂ’l‘iﬂqiLLﬁﬂLUﬁEJuﬂ"J’WlJ‘i@uLLUULQR Lhae
' =Y s © vV oa 3 = § o i = = @
ATNNIIALR MU ML AAIINNTATUIN NAEIAFAIER T u'maﬁléflmﬂiﬂumwnu

ATEUIUNNTNRUUSUAIWITIELMDS LUN S AU

Qvershoot

Setting Time
r
. 2R
. -

- e _
7 5 ‘.:’///"l.;\ \\‘\c ~‘ A:- fﬂ-m ﬁ% %%

) o o
JUN4.3 namlresssuumuaumILanUagumINsauLuuLOR

Rise Time

AvuAbA
Aupa @A A1 PV (Process Value) T
ﬁﬁi’} ﬁ@ F’]I'] SP (Set Point) "
NANIINAFDIINNTIN

agUlainlaiaan Setting time Usenni 13 uii
AS1TMesA P= 53.2392 T1=0.7614

Rise time a1 11 wa#i

Steady State errors + 1%
Overshoot 2.5%

- DU = o v
Valve \Wallaviganaunai 35%1 2%uagldinan 25 unil lumsidngaaauna
I mungumniiTuAun30
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5.1 djunanisnaaed

nnnsneassiuliilassuivandiiiui NSATUANNTEUIUATAITUAN
< £ 1 = ° L gl’ = 3
WaguauSouwuuPiD  Liwangauiasdanldfuganisvaaesil  WesnuuuInaewme
adlpransvosynsvaassilduiuy Fourth Order uawimenveasauns Characteristic
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USER GUIDE

NI USB-6008/6009

Bus-Powered Multifunction DAQ USB Device

Frangais Deutsch BHAEE oh=0f i fA e 3C

ni.com/manuals

The National Instruments USB-6008/6009 devices provide eight single-ended analog input
(AI) channels, two analog output (AQ) channels, 12 DIO channels, and a 32-bit counter with a
full-speed USB interface. This user guide describes how to use these devices.

For specifications, refer to the NI USB-6008 Device Specifications and the NI USB-6009
Device Specifications available at ni .com/manuals.

The following table compares the NI USB-6008 and NI USB-6009 devices.

Table 1. NI USB-6008 and NI USB-6009 Comparison

Feature NI USB-6008 NI USB-6009
Al resolution 12 bits differential, 11 14 bits differential, 13 bits
bits single-ended single-ended
Maximum Al sample rate, 10 kS/s 48 kS/s

single channel!

Maximum Al sample rate, 10 kS/s 48 kS/s
multiple channels (aggregate)’

DIO configuration Open collector? Each channel individually
programmable as open collector
or active drive?

The following figure shows key functional components of the NI USB-6008/6009.

I System-dependent.
2 This document uses NI-DAQmx naming conventions. Open-drain is called open collector and
push-pull is called active drive.

NATIONAL
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Figure 1. NI USB-6008/6009 Block Diagram
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Safety Guidelines

The following section contains important safety information that you must follow when

installing and using the NI USB-6008/6009.

AN
N

Caution Operate the NI USB-6008/6009 only as described in these operating
instructions. Misuse of the device can result in a hazard. You can compromise the
safety protection built into the device if the device is damaged in any way. If the

device is damaged, contact National Instruments for repair.

Caution Do not substitute parts or modify the device except as described in this
user guide. Use the device only with the accessories specified in the installation

instructions.

2 | nicom | NIUSB-6008/6009 User Guide
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C Caution Do not operate the device in an explosive atmosphere or where there may
be flammable gases or fumes. If you must operate the device in such an
environment, it must be in a suitably rated enclosure.

Electromagnetic Compatibility Guidelines

This product was tested and complies with the regulatory requirements and limits for
electromagnetic compatibility (EMC) stated in the product specifications. These requirements
and limits provide reasonable protection against harmful interference when the product is
operated in the intended operational electromagnetic environment.

This product is intended for use in industrial locations. However, harmful interference may
occur in some installations, when the product is connected to a peripheral device or test object,
or if the product is used in residential or commercial areas. To minimize interference with
radio and television reception and prevent unacceptable performance degradation, install and
use this product in strict accordance with the instructions in the product documentation,

Furthermore, any changes or modifications to the product not expressly approved by National
Instruments could void your authority to operate it under your local regulatory rules.

Caution To ensure the specified EMC performance. operate this product only with
shielded cables and accessories.

Caution This product may become more sensitive to electromagnetic disturbances
in the operational environment when test leads are attached or when the product is
connected to a test object.

Caution Emissions that exceed the regulatory requirements may occur when this
product is connected to a test object.

Note Changes or modifications to the product not expressly approved by National
Instruments could void your authority to operate the product under your local
regulatory rules.

@ B> B>

Unpacking the Kit

ﬁ Caution To prevent electrostatic discharge (ESD) from damaging the device,
ground yourself using a grounding strap or by helding a grounded object, such as
your computer chassis.

1. Touch the antistatic package to a metal part of the computer chassis.

2.  Remove the device from the package and inspect the device for loose components or any
other sign of damage.

C Caution Never touch the exposed pins of connectors.

NI USB-6008/6009 User Guide | © National Instruments | 3



s@ Note Do not install a device if it appears damaged in any way.

3. Unpack any other items and documentation from the kit.

Store the device in the antistatic package when the device is not in use.

Setting Up the NI USB-6008/6009

Complete the following steps to get started with the NI USB-6008/6009.

= Note For information about non-Windows operating support, refer to the Getting
= Started with NI-DAQOmx Base document available from ni . com/manuals.

1. Install the application software (if applicable), as described in the installation instructions
that accompany your software.

2. Install NI-DAQmx?.

\@ Note The NI-DAQmx software is included on the disk shipped with your kit
and is available for download at ni . com/support. The documentation for
NI-DAQmx is available after installation from Start» All Programs»National
Instruments» NI-DAQmx. Other NI documentation is available from
ni.com/manuals.

3. Install the 16-position screw terminal plugs by inserting them into the connector jacks, as
shown in the following figure.

Figure 2. Signal Label Application Diagram

1. Overlay Label with Pin Orientation Guides 3. Signal Label
2. Screw Terminal Connector Plug 4. USB Cable

4.  Affix the provided signal labels to the screw terminal connector plugs. You can choose
labels with pin numbers, signal names, or blank labels, as shown in the following figure.

3 NI USB-6008/6009 devices are supported by NI-DAQmx 7.5 and later.
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Choose one of the labels, align the correct label with the terminals printed on the top
panel of your device and apply the label, as shown in the previous figure.

Figure 3. NI USB-6008/6009 Signal Labels
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User-Defined Custom Label 4. Analog Input Differential Signal Name Label

Terminal Number Label 5. Analog Input Single-Ended Signal Name Label
Digital I/O Label

10.

\@ Note After you label the serew terminal connector plugs. you must only insert

them into the matching connector jack, as indicated by the overlay label on the
device.

Plug one end of the USB cable into the NI USB-6008/6009 and the other end into an

available USB port on the computer.

Double-click the NI MAX icon on the desktop to open Measurement & Automation

Explorer (MAX).

Expand My System»Devices and Interfaces and verify that the NI USB-6008/6009 is

listed. If your device does not appear, press <F5> to refresh the view in MAX. If your

device is still not recognized, refer to ni . com/support /dagmx for troubleshooting

information.

Self-test your device in MAX by right-clicking NI USB-6008 or NI USB-6009 and

selecting Self-Test. Self-test performs a brief test to determine successful device

installation. When the self-test finishes, a message indicates successful verification or if

an error occurred. If an error occurs, refer to ni . com/support/dagmx.

A Caution To ensure the specified EMC performance, operate this product only
with shielded cables and accessories.

Connect the wires (16 AWG to 28 AWG) of a shielded, multiconductor cable to screw

terminals by stripping 6.35 mm (0.25 in) of insulation, inserting the wires into the screw

terminals, and securely tightening the secrews with the flathead screwdriver to a torque of

022N -mto 025N - m(2.01b - in. to 2.2 1b - in.). Refer to the Pinout and Signal

Descriptions section for an image of the NI USB-6008/6009 pinout.

If using a shielded cable, connect the cable shield to a nearby GND terminal.

\é Note For information about sensors, go to ni.com/sensors. For
information about IEEE 1451.4 TEDS smart sensors, go to ni. com/teds.

Run a Test Panel in MAX by right-clicking NI USB-6008 or NI USB-6009 and selecting
Test Panels.

NI USB-6008/6009 User Guide | @ National Instruments | 5



Click Start to test the device functions, or Help for operating instructions. Click Close to
exit the test panel.

Using the NI USB-6008/6009 in an Application

You can use the DAQ Assistant through many NI application software programs to configure
virtual and measurement channels. The following table lists DAQ Assistant tutorial locations
for NI applications.

Table 2. DAQ Assistant Tutorial Locations

NI Application Tutorial Location
LabVIEW Go to HelpyLabVIEW Help. Next, go to Getting Started with
LabVIEW»Getting Started with DAQ»Taking an NI-DAQmx
Measurement in LabVIEW,

LabWindows™/CVI™ | Go to Help»Contents. Next, go to Using LabWindows/CVI»
Data Acquisition»Taking an NI-DAQmx Measurement in
LabWindows/CVI.

Measurement Studio Go to NI Measurement Studio Help»Getting Started with the
Measurement Studio Class LibrariespMeasurement Studio
Walkthroughs»Walkthrough: Creating a Measurement Studio
NI-DAQmx Application.

LabVIEW Go to Help»Taking an NI-DAQmx Measurement in
SignalExpress SignalExpress.

Refer to the Where to Go from Here section for information about programming examples for
NI-DAQmx and NI-DAQmx Base.

Features

The NI USB-6008/6009 features a USB connector, USB cable strain relief, two screw terminal
connector plugs for /O, and an LED indicator, as shown in the following figure.

6 | ni.com | NIUSB-6008/6009 User Guide



Figure 4. NI USB-6008/6009 Top and Back Views
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USB Connector and USB Cable Strain Relief

The NI USB-6008/6009 features a USB connector for full-speed USB interface. You can
provide strain relief for the USB cable by threading a zip tie through the USB cable strain
relief ring and tightening around a looped USB cable, as shown in the following figure.
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Figure 5. NI USB-6008/6009 Strain Relief

LED Indicator

The NI USB-6008/6009 device has a green LED indicator that indicates device status, as listed
in the following table. When the device is connected to a USB port, the LED blinks steadily to
indicate that the device is initialized and is receiving power from the connection.
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Table 3. LED State/Device Status

LED State Device Status

Not lit Device not connected or in suspend

On, not blinking | Device connected but not initialized, or the computer is in standby mode.
In order for the device to be recognized, the device must be connected to a
computer that has NI-DAQmx installed on it.

Single-blink Operating normally

Screw Terminal Connector Plugs

The NI USB-6008/6009 ships with one detachable screw terminal connector plug for analog
signals and one detachable screw terminal connector plug for digital signals. These screw
terminal connectors provide 16 connections that use 16 AWG to 28 AWG wire. Refer to step 4
of the Setting Up the NI USB-6008/6009 section for information about selecting labels for the
screw terminal connector plugs. Refer to the Pinout and Signal Descriptions section for the
device pinout and signal descriptions.

You can order additional connectors and labels for your device. Refer to the Cables and
Accessories section for ordering information.

Firmware

The firmware on the NI USB-6008/6009 refreshes whenever the device is connected to a
computer with NI-DAQmx. NI-DAQmx automatically uploads the compatible firmware
version to the device. The firmware version may be upgraded when new versions of
NI-DAQmx release.

Cables and Accessories

The following table contains information about cables and accessories available for the
NI USB-6008/6009. For a complete list of accessories and ordering information, refer to the
pricing section of the NI USB-6008 or NI USB-6009 product page at ni.com.
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Table 4. NI USB-6008/6009 Cables and Accessories

Accessory Part Number Description

USB-6008/6009 Accessory 779371-01 Four additional screw-terminal

Kit connectors, connector labels, and a
screwdriver

USB-6000 Series 779511-01 Unshielded breadboarding accessory for

Prototyping Accessory custom-defined signal conditioning and
prototyping. You can use up to two
accessories per device.

Hi-Speed USB Cable 184125-01, 1 mand 2 m lengths

184125-02

A Caution For compliance with Electromagnetic Compatibility (EMC) requirements,
this product must be operated with shielded cables and accessories. If unshielded
cables or accessories are used, the EMC specifications are no longer guaranteed
unless all unshielded cables and/or accessories are installed in a shielded enclosure
with properly designed and shielded input/output ports.

Pinout and Signal Descriptions

The following figure shows the pinout of the NI USB-6008/6009. Analog input signal names
are listed as single-ended analog input name, Al x, and then differential analog input name,
(AI x+/-). Refer to the following table for a detailed description of each signal.

NI USB-6008/6009 User Guide | © National Instruments | 9




Figure 6. NI USB-6008/6009 Pinout
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Table 5. Signal Descriptions
Signal Reference | Direction Description
Name
GND — — Ground—The reference point for the single-ended
analog input measurements, analog output voltages,
digital signals, +5 VDC supply, and +2.5 VDC at
the I/O connector, and the bias current return point
for differential mode measurements.
Al<0.7> Varies Input Analog Input Channels 0 to 7—For single-ended

measurements, each signal is an analog input
voltage channel. For differential measurements,
AI 0 and Al 4 are the positive and negative inputs
of differential analog input channel 0. The
following signal pairs also form differential input
channels: Al <1, 5>, Al <2, 6>, and Al <3, 7>.
Refer to the Analog Input section for more
information.
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Table 5. Signal Descriptions (Continued)

Signal
Name

Reference

Direction

Description

AO <0, 1>

GND

Output

Analog Output Channels 0 and 1—Supplies the
voltage output of AO channel 0 or AO channel 1.
Refer to the Analog Output section for more
information.

P0.<0..7>

GND

Input or
Qutput

Port 0 Digital I/O Channels 0 to 7—You can
individually configure each signal as an input or
output. Refer to the Digital 1/O section for more
information.

P1.<0..3>

GND

Input or
Output

Port 1 Digital I/O Channels 0 to 3—You can
individually configure each signal as an input or
output. Refer to the Digital 1/0 section for more
information.

PFI 0

GND

Input

PFI 0—This pin is configurable as either a digital
trigger or an event counter input. Refer to the PF7 0
section for more information.

+2.5V

GND

Output

+2.5 V External Reference—Provides a reference
for wrap-back testing. Refer to the +2.5 1" External
Reference section for more information.

+5V

GND

Output

+5 V Power Source—Provides +5 V power up to
200 mA. Refer to the +35 1" Power Sowrce section
for more information.

Analog Input

The NI USB-6008/6009 has eight analog input channels that you can use for four differential
analog input measurements or eight single-ended analog input measurements.

The following figure shows the analog input circuitry of the NI USB-6008/6009.
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Figure 7. NI USB-6008/6009 Analog Input Circuitry
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Selection

The main blocks featured in the NI USB-6008/6009 analog input circuitry are as follows:

«  MUX—The NI USB-6008/6009 has one analog-to-digital converter (ADC). The
multiplexer (MUX) routes one Al channel at a time to the PGA.

*  PGA—The programmable-gain amplifier provides input gains of 1, 2, 4, 5, 8, 10, 16, or
20 when configured for differential measurements and gain of 1 when configured for
single-ended measurements. The PGA gain is automatically calculated based on the
voltage range selected in the measurement application.

*  ADC—The analog-to-digital converter (ADC) digitizes the Al signal by converting the
analog voltage into digital code.

+ Al FIFO—The NI USB-6008/6009 can perform both single and multiple analog-to-
digital conversions of a fixed or infinite number of samples. A first-in-first-out (FIFO)
buffer holds data during Al acquisitions to ensure that no data is lost.

Analog Input Modes and Signal Sources

You can configure the Al channels on the NI USB-6008/6009 to take differential or referenced
single-ended (RSE) measurements. The following table summarizes the recommended analog
input mode(s) for floating signal sources and ground-references signal sources. Refer to the
table in the Pinout and Signal Descriptions section for more information about /O
configurations for single-ended or differential measurements.
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Table 6. Analog Input Configurations

Signal conditioning with
isolated outputs
Battery devices

Analog Input Floating Signal Sources (Not Ground-Referenced Signal Sources
Mode Connected to Building Ground)
Examples Ungrounded thermocouples Plug-in instruments with non-isolated

outputs
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Floating Signal Sources

A floating signal source is not connected to the building ground system, but has an isolated
ground-reference point. Some examples of floating signal sources are outputs of transformers,
thermocouples. battery-powered devices, optical isolators, and isolation amplifiers. An
instrument or device that has an isolated output is a floating signal source.

Refer to Field Wiring and Noise Considerations for Analog Signals for more information. To

access this document, go to ni . com/info and enter the Info Code rdfwn3.

When to Use Differential Connections with Floating Signal Sources
Use DIFF input connections for any channel that meets any of the following conditions:

*  Your application requires input ranges other than £10 V.

«  The input signal is low level and requires greater accuracy.
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*  The leads connecting the signal to the device are greater than 3 m (10 ft).
¢ The input signal requires a separate ground-reference point or return signal.
¢ The signal leads travel through noisy environments.

+  Two analog channels, Al+ and Al-, are available for the signal.

DIFF signal connections reduce noise pickup and increase common-mode noise rejection.
DIFF signal connections also allow input signals to float within the working voltage of the
device.

Refer to the Tuking Differential Measurements section for more information about differential
connections.

When to Use Referenced Single-Ended (RSE) Connections with Floating
Signal Sources

Only use RSE input connections if the input signal meets all of the following conditions:

«  The input signal can share a common reference point, GND, with other signals that use
RSE.

*  Your application permits the use of the £10 V input range.

»  The leads connecting the signal to the device are less than 3 m (10 ft).

DIFF input connections are recommended for greater signal integrity for any input signal that
does not meet the preceding conditions.

In the single-ended modes, more electrostatic and magnetic noise couples into the signal
connections than in DIFF configurations. The coupling is the result of differences in the signal
path. Magnetic coupling is proportional to the area between the two signal conductors.
Electrical coupling is a function of how much the electric field differs between the two
conductors.

With this type of connection, the PGA rejects both the common-mode noise in the signal and
the ground potential difference between the signal source and the device ground.

Refer to the Taking Referenced Single-Ended Measurements section for more information
about RSE connections.

Ground-Referenced Signal Sources

A ground-referenced signal source is a signal source connected to the building system ground.
It is already connected to a common ground point with respect to the device, assuming that the
computer is plugged into the same power system as the source. Non-isolated outputs of
instruments and devices that plug into the building power system fall into this category.

The difference in ground potential between two instruments connected to the same building

power system is typically between 1 mV and 100 mV, but the difference can be much higher if
power distribution circuits are improperly connected. If a grounded signal source is incorrectly
measured, this difference can appear as measurement error. Follow the connection instructions
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for grounded signal sources to eliminate this ground potential difference from the measured
signal.

Refer to Field Wiring and Noise Considerations for Analog Signals for more information. To
access this document, go to ni.com/info and enter the Info Code rdfwn3.

When to Use Differential Connections with Ground-Reference Signal Sources
Use DIFF input connections for any channel that meets any of the following conditions:

«  Your application requires input ranges other than =10 V.

e The input signal is low level and requires greater accuracy.

= The leads connecting the signal to the device are greater than 3 m (10 ft).

«  The input signal requires a separate ground-reference point or return signal.

e The signal leads travel through noisy environments.

«  Two analog channels, Al+ and Al-, are available for the signal.

DIFF signal connections reduce noise pickup and increase common-mode noise rejection.
DIFF signal connections also allow input signals to float within the working voltage of the
device.

Refer to the Taking Differential Measuremenis section for more information about differential
connections.

When to Use Referenced Single-Ended (RSE) Connections with
Ground-Referenced Signal Sources

Do not use RSE connections with ground-referenced signal sources. Use differential
connections instead.

As shown in the table in the Analog Input Modes and Signal Sources section, there can be a
potential difference between GND and the ground of the sensor. In RSE mode, this ground
loop causes measurement errors.

Taking Differential Measurements

For differential signals, connect the positive lead of the signal to the Al+ terminal, and the
negative lead to the Al- terminal.

Figure 8. Connecting a Differential Voltage Signal

Vollage C) ! NI USB-6008/6009 !
Source \__ \ '
— i
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The differential input mode can measure =20 V signals in the £20 V range. However, the
maximum voltage on any one pin is £10 V with respect to GND. For example, if Al 1is +10 V

and Al 5 is-10 V, then the measurement returned from the device is +20 V.

Figure 9. Example of a Differential 20 V Measurement
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Connecting a signal greater than 10 V on either pin results in a clipped output.

Figure 10. Exceeding +10 V on Al Returns Clipped Output
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Taking Referenced Single-Ended Measurements

To connect referenced single-ended (RSE) voltage signals to the NI USB-6008/6009, connect
the positive voltage signal to an Al terminal, and the ground signal to a GND terminal, as

shown in the following figure.
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Figure 11. Connecting a Referenced Single-Ended Voltage Signal

Voltage
Source

When no signals are connected to the analog input terminal, the internal resistor divider may
cause the terminal to float to approximately 1.4 V when the analog input terminal is
configured as RSE. This behavior is normal and does not affect the measurement when a
signal is connected.

Digital Trigger

You can configure PFI 0 as a digital trigger input for analog input tasks. Refer to the Using
PFI 0 as a Digital Trigger section for more information.

Analog Output

The NI USB-6008/6009 has two independent analog output channels that can generate outputs
from 0V to 5 V. All updates of analog output channels are software-timed. GND is the
ground-reference signal for the analog output channels.

The following figure shows the circuitry of one analog output channel on the
NI USB-6008/6009.

Figure 12. Circuitry of One Analog Qutput Channel
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DAC
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The main block featured in the NI USB-6008/6009 analog output circuitry is the
digital-to-analog converter (DAC), which converts digital codes to analog voltages. There is
one DAC for each analog output line. '
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Connecting Analog Output Loads

To connect loads to the NI USB-6008/6009, connect the positive lead of the load to the AO
terminal, and connect the ground of the load to a GND terminal, as shown in the following
figure.

Figure 13. Connecting a Load

Load

Minimizing Glitches on the Output Signal

When you use a DAC to generate a waveform, you may observe glitches in the output signal.
These glitches are normal; when a DAC switches from one voltage to another, it produces
glitches due to released charges. The largest glitches occur when the most significant bit of the
DAC code changes. You can build a lowpass deglitching filter to remove some of these
glitches, depending on the frequency and nature of the output signal. For more information
about minimizing glitches, refer to the KnowledgeBase document, Reducing Glitches on the
Analog Output of MIO DAQ Devices. To access this document, go to ni .com/info and enter
the Info Code exszek.

Digital /0

The NI USB-6008/6009 has 12 digital lines on two ports, Port 0 has eight lines, P0.<0..7>, and
Port 1 has four lines, P1.<0..3>. GND is the ground-reference signal for the digital 1/0 ports.
You can individually program all lines as inputs or outputs.

The following figure shows P0.<0..7> connected to example signals configured as digital
inputs and digital outputs. You can configure P1.<0..3> similarly.
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Figure 14. Example of Connecting a Load
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1. P0.0 configured as an open collector digital output 3. P0.4 configured as a digital input receiving a TTL

driving an LED signal from a gated invertor
2. P0.2 configured as an active drive digital output 4. P0.7 configured as a digital input receiving a 0 V
driving an LED or 5 V signal from a switch

A Caution Exceeding the maximum input voltage ratings or maximum output ratings
can damage the device and the computer. National Instruments is not liable for any
damage resulting from such signal connections. Refer to the NI USB-6008 Device
Specifications or NI USB-6009 Device Specifications for more information.

Source/Sink Information

The default configuration of the N1 USB-6008/6009 digital 1/0 ports is open collector,
allowing 5 V operation, with an onboard 4.7 kQ pull-up resistor. An external user-provided

pull-up resistor can be added to increase the source current drive up to a 8.5 mA limit per line,
as shown in the following figure.*

4 This document uses NI-DAQmx naming conventions. Open-drain is called open collector and
push-pull is called active drive.
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Figure 15. Example of Connecting an External User-Provided Resistor

External
Pull_—Up Re Rp
Resistor 4.7 kQ Onboard Resistor
X} Port Pad
RI
Load

The NI USB-6009 ports can also be configured as active drive using the NI-DAQmx APIL,
allowing 3.3 V operation with a source/sink current limit of +:8.5 mA. For more information
about how to set the DIO configuration, refer to the KnowledgeBase document, How Do [
Configure My NI Device to be Open-Drain (Open Collector) or Push-Pull (Active Drive)?. To
access this document, go to ni . com/info and enter the Info Code ex52sp.

Determining the Value of the User-Provided Pull-Up Resistor

Complete the following steps to determine the value of the user-provided pull-up resistor:
1. Place an ammeter in series with the load.

2. Place a variable resistor between the digital output line and the +5 'V supply.
3. Set P0.0 to high.
4

Adjust the variable resistor until the ammeter current reads as the intended current. The
intended current must be less than 8.5 mA.

Remove the ammeter and variable resister from your circuit.

N W

Measure the resistance of the variable resistor. The measured resistance is the ideal value
of the pull-up resistor.

7. Select a static resistor value for vour pull-up resistor that is greater than or equal to the
ideal resistance.

8. Reconnect the load circuit and the pull-up resistor.
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I/O Protection

To protect the NI USB-6008/6009 against overvoltage, undervoltage, and overcurrent
conditions, as well as ESD events, you should avoid these fault conditions by using the
following guidelines:

+  Ifyou configure a DIO line as an output, do not connect it to any external signal source,
ground signal, or power supply.

«  Ifyou configure a DIO line as an output, understand the current requirements of the load
connected to these signals. Do not exceed the specified current output limits of the DAQ
device.

National Instruments has several signal conditioning solutions for digital applications
requiring high current drive.

«  If you configure a DIO line as an input, do not drive the line with voltages outside of its
normal operating range. The DIO lines have a smaller operating range than the Al
signals.

«  Treat the DAQ device as you would treat any static-sensitive device. Always properly
ground yourself and the equipment when handling the DAQ device or connecting (o it.

Power-On States

At system startup and reset, the hardware sets all DIO lines to high-impedance inputs. The
DAQ device docs not drive the signal high or low. Each line has a weak pull-up resistor
connected to it.

Static DIO

Each of the NI USB-6008/6009 DIO lines can be used as a static DI or DO line. You can use
static DIO lines to monitor or control digital signals. All samples of static DI lines and updates
of DO lines are software-timed.

PFI O

PFI 0 is configurable as either a digital trigger input or an event counter input.

Using PFI 0 as a Digital Trigger

When an analog input task is defined, you can configure PF1 0 as a digital trigger input. When
the digital trigger is enabled, the Al task waits for a rising or falling edge on PF1 0 before
starting the acquisition. To use Al Start Trigger (ai/StartTrigger) with a digital source, specify
PFI 0 as the source and select a rising or falling edge.

Using PFI 0 as an Event Counter

You can configure PFI 0 as a source for counting digital edges. In this mode, falling-edge
events are counted using a 32-bit counter. For more information about event timing
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requirements, refer to the NI USB-6008 Device Specifications and NI USB-6009 Device
Specifications documents available on ni.com/manuals.

External Reference and Power Source

The NI USB-6008/6009 creates an external reference and supplies a power source. All
voltages are relative to ground (GND).

+2.5 V External Reference

The NI USB-6008/6009 creates a high-purity reference voltage supply for the ADC using a
multi-state regulator, amplifier, and filter circuit. You can use the resulting +2.5 V reference
voltage as a signal for self-test.

+5 V Power Source

The NI USB-6008/6009 supplies a 5 V, 200 mA output. You can use this source to power
external components.

\@ Note When the device is in USB suspend, the output is disabled.

Where to Go from Here

This section lists where you can find example programs for the NI USB-6008/6009 and
relevant documentation.

Example Programs

NI-DAQmx and NI-DAQmx Base software include example programs to help you get started
programming with the NI USB-6008/6009. Modify example code and save it in an application,
or use examples to develop a new application, or add example code to an existing application.
NI-DAQmx

To locate NI software examples, go to ni . com/info and enter the Info Code dagmxzexp.

To run examples without the device installed. use an NI-DAQmx simulated device. For more
information. in Measurement & Automation Explorer (MAX), select Help»Help Topics»NI-
DAQmx»MAX Help for NI-DAQmx and search for simulated devices.

NI-DAQmx Base

NI-DAQmx Base examples are accessible from Start» All Programs»National Instruments»
NI-DAQmx Base Examples.
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Related Documentation

Each application software package and driver includes information about writing applications
for taking measurements and controlling measurement devices. The following references to
documents assume you have NI-DAQmx 9.3 or later, and where applicable, version 8.5 or
later of the NI application software.

NI USB-6008/6009

The NI USB-6008/6009 Quick Start included with the NI USB-6008/6009 describes how to
install NI-DAQmx software, install the device, and confirm that your device is operating
properly.

The NI USB-6008 Device Specifications and NI USB-6009 Device Specifications contain
device specifications and are available at ni . com/manuals.

NI-DAQmx

The NI-DAQmx Readme is available from the Windows Start menu and lists which application
software, devices. and ADEs are supported by this version of NI-DAQmx.

The NI-DAQmx Help is available from the Windows Start menu and contains API overviews,
general information about measurement concepts, key NI-DAQmx concepts, and common
applications that are applicable to all programming environments.

NI-DAQmx Base (Linux/Mac OS X/LabVIEW PDA 8.x)

The Getting Started with NI-DAQmx Base document describes how to install the NI-DAQmx
Base software, the NI-DAQmx Base-supported DAQ device, and how to confirm that the
device is operating properly on your Windows, Linux, or Mac machine. In Windows, select
Start» All Programs»National Instruments» NI-DAQmx Base»Documentation»Getting
Started with NI-DAQmx Base.

The NI-DAQmx Base Readme lists devices supported in different versions of NI-DAQmx
Base. In Windows, select Start» All Programs»National Instruments» NI-DAQmx Base»
DAQmx Base Readme.

The NI-DAQmx Base VI Reference Help contains V1 reference and general information about
measurement concepts. In LabVIEW, select Help»NI-DAQmx Base VI Reference Help.

The NI-DAQmx Base C Function Reference Help contains C reference and general
information about measurement concepts. In Windows. select Start» All Programs»National
Instruments» NI-DAQmx Base»Documentation»C Function Reference Help.

\é Note All NI-DAQmx Base documentation for Linux is installed at /usr/local/
natinst/nidagmxbase/documentation.
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\@ Note All NI-DAQmx Base documentation for Mac OS X is installed at /
Applications/National Instruments/NI-DAQmx Base/
documentation.

LabVIEW

Refer to ni.com/gettingstarted for more information about LabVIEW.

Use the LabVIEW Help, available by selecting Help»LabVIEW Help in LabVIEW, to access
information about LabVIEW programming concepts, step-by-step instructions for using
LabVIEW, and reference information about LabVIEW VIs, functions, palettes, menus, and
tools. Refer to the following locations on the Contents tab of the LabVIEW Help for
information about NI-DAQmX:

«  VIand Function Reference»Measurement I/O VIs and Functionsy DAQmx - Data
Acquisition VIs and Functions—Describes the LabVIEW NI-DAQmx Vls and
functions.

*  Property and Method Reference»NI-DAQmx Properties—Contains the property
reference.

< Taking Measurements—Contains the conceptual and how-to information you need to
acquire and analyze measurement data in LabVIEW, including common measurements,
measurement fundamentals, NI-DAQmx key concepts, and device considerations.

LabWindows/CVI

The Data Acquisition section of the LabWindows/CVI Help contains Taking an NI-DAQmx
Measurement in LabWindows/CVI, which includes step-by-step instructions for creating a
measurement task using the DAQ Assistant. In LabWindows/CV1, sclect Help» Contents, and
then select Using LabWindows/CV I»Data Acquisition. This book also contains information
about accessing detailed information through the NI-DAQmx Help.

The NI-DAQmx Library section of the LabWindows/CVI Help contains AP1 overviews and
function reference for NI-DAQmx. Select Library Reference»NI-DAQmx Library in the
LabWindows/CVI Help.

Measurement Studio

If you program your NI-DAQmx-supported device in Measurement Studio using Visual C# or
Visual Basic .NET. you can interactively create channels and tasks by launching the DAQ
Assistant from MAX or from within Visual Studio. You can use Measurement Studio to
generate the configuration code based on your task or channel. Refer to the DAQ Assistant
Help for additional information about generating code.

The NI Measurement Studio Help is fully integrated with the Microsoft Visual Studio help. To
view this help file in Visual Studio, select Measurement Studio» NI Measurement Studio
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Help. For information related to developing with NI-DAQmx, refer to the following topics
within the NI Measurement Studio Help:

< For step-by-step instructions on how to create an NI-DAQmx application using the
Measurement Studio Application Wizard and the DAQ Assistant, refer to Walkthrough:
Creating a Measurement Studio NI-DAQmx Application.

+  For help with NI-DAQmx methods and properties, refer to Nationallnstruments. DAQmx
Namespace and Nationallnstruments. DAQOmx.ComponentModel Namespace.

«  For conceptual help with NI-DAQmx, refer to Using the Measurement Studio
NI-DAQmx .NET Library and Developing with Measurement Studio NI-DAQmx.

«  For general help with programming in Measurement Studio, refer to Gefting Started with
the Measurement Studio Class Libraries.

To create an application in Visual Basic NET or Visual C#, follow these general steps:
1. In Visual Studio, select FilexNew»Project to launch the New Project dialog box.

2. In the Project types pane, expand the Visual Basic or Visual C# node, depending on
which language you want to create the project in, and select Measurement Studio.

3. Choose a project type. You add DAQ tasks as a part of this step.
ANSI C without NI Application Software

The NI-DAQmx Help contains API overviews and general information about measurement
concepts. Select Start» All Programs»National Instruments»NI-DAQmx»NI-DAQmx
Help.

The NI-DAOmx C Reference Help describes the NI-DAQmx Library functions, which you can
use with National Instruments data acquisition devices to develop instrumentation, acquisition,
and control applications. Select Start» All Programs»National Instruments»yNI-DAQmx»
Text-Based Code Support»NI-DAQmx C Reference Help.

.NET Languages without NI Application Software

With the Microsoft NET Framework, you can use NI-DAQmx to create applications using
Visual C# and Visual Basic NET without Measurement Studio. Refer to the NI-DAQmx
Readme for specific versions supported.

Training Courses

If you need more help getting started developing an application with NI products, NI offers
training courses. To enroll in a course or obtain a detailed course outline, refer to ni . com/
training.

Technical Support on the Web

For additional support. refer to ni . com/support orni.com/examples.

\@ Note You can download these documents at ni.com/manuals.
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Many DAQ specifications and user guides/manuals are available as PDFs. You must have
Adobe Reader 7.0 or later (PDF 1.6 or later) installed to view the PDFs. Refer to the Adobe
Systems Incorporated website at www . adobe . com to download Adobe Reader. Refer to the
National Instruments Product Manuals Library at ni . com/manuals for updated
documentation resources.

Worldwide Support and Services

The National Instruments website is your complete resource for technical support. At ni.com

support, you have access to everything from troubleshooting and application development
self-help resources to email and phone assistance from NI Application Engineers.

Visit ni.com/services for NI Factory Installation Services, repairs, extended warranty, and
other services.

Visit ni.com/register to register your National Instruments product. Product registration
facilitates technical suppoert and ensures that you receive important information updates from
NL

A Declaration of Conformity (DoC) is our claim of compliance with the Council of the
European Communities using the manufacturer’s declaration of conformity. This system
affords the user protection for electromagnetic compatibility (EMC) and product safety. You
can obtain the DoC for your product by visiting ni.com/certification. If your product supports
calibration, you can obtain the calibration certificate for your product at ni.com/calibration.

National Instruments corporate headquarters is located at 11500 North Mopac Expressway.
Austin, Texas, 78759-3504. National Instruments also has offices located around the world.
For telephone support in the United States, create your service request at ni.com/support or
dial 1 866 ASK MYNI (275 6964). For telephone support outside the United States, visit the
Worldwide Offices section of ni.com/niglobal to access the branch office websites, which
provide up-to-date contact information, support phone numbers, email addresses, and current
events.

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 respective 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, ECCNSs, 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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