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paanDRvesmiamlasdyana PCI-1711

Analog Input
Channels: 16 single-ended
Resolution: 12-bit
On-board FIFO : 1K samples
Conversion Time: 10us
Input Range : 10V, £5V, £2.5V, +1.25V, +0.625V

Maximum Input Over Voltage : +15V

Maximum Sampling Rate: 100 kHZ



DC Accuracy:
INLE:

Monotonicity:

Offset error:
Gain error:
AC Accuracy:
SNR:
ENOB:
Input Protect:
Input Impedance:

Trigger Mode:

Analog Output

Channels:
Resolution:
Accuracy:

Gain error:
Throughput:

Slew Rate:

Drift:

Output Impedance:
Settling Time:

Output Range:

68 dB

11 bits
30 Vp-p

0.5 LSB
12 bits
Adjustable to zero

0.005% FSR (Gain = 1)

2M ohm, SpF

Software, on-board programmable pacer or external

Internal reference:

External reference:

Driving Capability:

Digital Input

Channels:

Input voltage: Low:

High:

2

12-bit

+1/2LSB

Adjustable to zero

38 kHz (min.)

11 V/us

40 ppm/°C

0.81 ohms

26 us (to £1/2 LSB of FSR)
Software programmable
0~5Vand0~10V
0~+xV@-xV(-10<sx<10)
3mA

16
0.8 V max.

2.0 V min.



Digital Output
Channels:
Output Voltage:
High:
Programmable Timer/Counter
Channels:
Counters:
Compatibility:
Base Clock:
Max. Input Frequency:
General
I/0O Connector:
Operating Temperature:
Storage Temperature:
Humidity:

Power:

Dimensions:

Compliances:

16
Low: 0.8 V max. @ 8.0 mA (sink)
2.0 V min. @ -0.4 mA (source)

1

16 bits
TTL level
10 MHz
10 MHz

68-pin SCSI-II female connector
32 to 140 °F (0 to 60 °C)

-4 to 158 °F (-20 to 70 °C)

5 to 95% (RH non-condensing)
5V @ 850 mA (typical)
5V@1 A (max.)
6.9x3.9in(17.5 x 10 cm)

CE
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Hydrostatic Pressure =P, ,, = hxSG, (2.3)
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AUANAveIUIAAAINITIN 2.1

d‘ al 4 ,g'
7UN 2.7 namsdnuazventinh

o v
A3 2.1 pauauavestfini

510az108n AUANTA
Max. Flow rate 2200 ml/min (Vdc)
Max. Suction 10 ft. H,0 wet, 4” dry
Max. Pressure 20 psig (46 ft. H,0)
Port Size (OD) 4.8 mm (0.18”) hose barb
Power Require (Vdc) 24 Vdc (up to 28 W)
Max. Operating Temp 93 °C (200 °F)
Ambient Fluid Temp 0 to 93 °C (32 to 200 °F)
Max. Viscosity 200 cps
Dimensions 88x 81 x92mm (4 x1.75 x 2.63)
Weight 1.4kg (3 1b)
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?‘Id‘iﬂ Mass Balance

i S ...

L= 2.5
7 2 T Dou (2.5)
¥
Tav v Ao YSuasveailuds
¥
h Ao szailuds

Bk

o

q, 0o oaTIM3 Ivadh

I

@

4, Ao 8a5I1M3 vaven

1AZ9INNYVOAVBIYA (Bernoulli’s Law) 10N
1,
p+ 2P+ pgh = const (2.6)

o A g o ' ar 1 o g [
o AWHUIAND (v, =0) 10T o AWMUIAUAY (h=0) 15MVNBATIMS Tnavenveath luus

ar o ' o 1 " oo
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Qo =B -0y, = B-a,-\2g - [ (1) | @.7)

a A d vy oo < v o 3
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b4
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Dpump,j = kp "My (2.8)
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dh,(t) ﬁzazm+ﬁ,, en(h (1)~ hy (1)) fZgIh,(t) by ()] + —uz(r) (2.10)

Tooit 4 Ao Muimhidavesds (cm?)
o, a, Ao Nuinih TAYDIN1900NVBITIN 1 1AZ 2 (cm?)
a, f® ﬁuﬁnﬁuﬁ'ﬂuaqsmmanvmwmn 1 uag 691 2 (on?)
oy o seduhluded 1uag 2 (om)
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v
52y s U ldme
. o a4 9 9
Transfer function Y8IAIFAIFEIAI 11)ez)szneudae poles LAY zeros WAVYDY poles

LI} ¥ ' ' "
ua zeros M Tuingyir1¥31/519904 root locus nfdou i viufedumisiimanz auvea poles
as g o 9 ' I~
1A zeros YOIIBAULIZY1 1931519904 root locus 1111 Tlmudeans 14
a A XY o
1. HAYBINITINY poles : NITIWU poles Tvny open -loop transfer function 929119 root loci
4 J [V 5 o w d °
mﬁau'lﬂmwammw mumﬁausmwauw‘nﬁ‘umszumzmm
A 2 W o 5 =t o 9
2. WAYDINITINY zeros : NITINY zeros IHAY open -loop transfer function ¥ UHAY11IH root
4 43 & = v e a 3
locus 1ATDN 1UMeFNoINNUL HUADIEDOTMNTUIMT VIS ULIZNIAY HAZHAADUAUDIVDY
9 1A - 3 X 14 < Ve . H)
‘581]1]081111@ﬂ1ﬂm'33ﬂ@711#ﬁ UAI HAVDINIINY zeros 1HN open-loop transfer function U

= ar |
WINHDIUNUADUDINITAIUR UL vasn
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v e ¥
nndoimuavesraneuaussluanzdvae Ao AmaRutaznandiiidesnisiuee
TmsfummIBasIn15M1ie (Damping ratio: ¢ ) ANNATITNIAN TNITNI (Undamped
natural frequency :o,) uazﬁmn\iwmﬂnﬁﬁﬁm (Dominant close-loop poles : s,) Y9458V
AIURUNIeVTA naumsAtae 11l
P.0.=100eM-" o5
4
=
o,

Sd =_;wnija)n \'l_gz

Yol ¢, o, naz s, imldnnaumsn 3.22 wlflumsesnuuudniugy uazidou lvveayy

(3.22)

luIsmaAusin snvesaunsquansuzazeging s, ldvzdosneandeanuitonlvueayu fie
£G,(5,)G, (s,)=+(2k+1)7 k= 0,1,2,... (3.23)

duvunldvesnszurumsansanzimualddsaumsn 3.24

G,(s)=—2L— (3.24)
(s+n)

i=1
‘.0 o ' a‘# L ar .-.!'
uazzduvum vesdamuguannsadoulieglugiiuylasa T 1&isusu Taomsaziana
' ¥ Vv
n lidagluduaeuvesmsesnuuuaansasagunis laaail

K,!j[(s+z,)

G, (s) = ——— (3.25)

JUnuuvesmINIguAINTaMUUATINTININE TS Y0 IAUANIMIA VS UAYYEIN STV IUMS
MpiMseonIUAINILANAIWTEMAIAUTIN TAsTAMaduvessniuge 5, Taveenuun e

v o & =1 1 a 14 o ' o ° [ =
Tivesdmugunanuaiduaissaazegndumiufoddu Mindofimuavesaumsaaaunsi

daor 1 a -g
3.26 mmmﬁmuﬁaﬂwmuiauuumwsfﬂﬂ'lﬂ"mu

KCKP,ILI(S-FZ,)
i=1

ss+r)[](s+)

G,(s)G, (s)= (3.26)
= = ¥ 14 o H A o =
ﬂ1ﬂTlQHQVHQW]NQ@QiTﬂTﬂU’I‘BNaNll‘ll'tlﬂwﬂ,‘lll TINWDYNAUHUL 5, DMV AUNITN 3.23 lﬂu

93992 181

n-1

nxZ(s, +Zc)‘[45d +Z(s;+p,)+ ) (s, +p,.)] =+(2k+1)7;k=0,1,2,... (3.27)

i=l
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ieMmAveY £(s, +z,) 1Aud aunsamdumiad Tiveadanugudinznanguimadu
A |' o (] 4 q' L.
0 laoldiden lvvesvmnasinezegidumia s, Woudaumsi 327 masanmsvew k 18

o &
AU

Isd ||(sd + Py )I”Z_i |(sd +p; )|
K= i=

: (3.28)
|(s¢,+zc)
aniulangunie Teuresevilane
C K(s+z)
CoNEe—

(.s'2 +2w,s+ o} H(s+ Pa)

i=1

" d o M ' M . I
Tavit (s +2¢0,5+ ) WusnvesmunRudnBaIziiogiye s, tazsnvosdumsqudnyuzi
A A = =2 - ad
IMA0BN n-1 AIND s=-p,,s=—p,,..s=-p_ WY 32 waasdamadusinlunsai 1n
nguszvumuguh linswdwavesdlsndegri Idamjaiuiismgendiiidesns udiiiesnin
a ' = a o 4w 4 o Yo 1 &
mudusneglugluuuilndifesiinauuuniadwvessziny s Sufivlddahszuuauguil
o e A o o - Y ' & ' 9
willmdesnmaasanawaziioliudanmsvesigaiu monsmitezanas Feezdenalian

P oAy

Waunulmaaassudigamndens

Root Locus Editor (C)
3

Imag Axis
o
L

Real Axis

7N 32 dnvaurmaduvessiniidiuga s,
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3.3.2 @135M3 Root Locus (Iaenadlsndmmia /7 )
dmfumsesnuuudInugudonguimuausinluiatedt 3.3.1 Wuminedlsveeda
o 1 A oo a & & an A o
awgu admmismhdidumaduvessinmiuruga s, Fedodvesisiinoamrsodimua
4 o ' a1 1 oa 3 o o - 4 '
doulvldnunszuaums 18 wu naudi dnjuiu dudu dimsvluiadeiiszndndans
PONUUUAINIVANAIBTTMUAUTINTWRALINY uadumiaF i vesdanIuguIzgnIense
] L | @ ar o ] 2 3 = Y
AmumvaReIRMuAUmunts InavesszuuFszuuszdeuiuszuununIuTulniin (3] Yofves
3

msaammuﬁamnﬂmmuuﬁmzﬁﬂﬁwaﬂauwﬂwmizun'luﬁmmmu (No Over Shoot) [3]

nWosakanouTuevesszunlugin 3.3

y(1);

yﬁ

o

7

711 33 waneuauBIVEITTULAILNY

o

¥
1. foudunnuvuiuiulaldduszuudrouenddyavmamiidu A uazifudin

HaneuaupIAIzll 3.3 uazAnnamimaumsveansmwaneuauss y(r) 11n

S, ot
y(r)=KA[l——]-re T _e "},120 (3.30)
T

o j d. ¥ o
2. MUININUN 4, LAZMAIAD p, YOI (1)

4= T[KA ~y(t)]dt = KAT(%M—%‘ B e'%‘sz (331)

Taoh y, = K4

3. MUIUNIAIANIGAD (Time Constant) Taormuali 4, = 2k4r 921d

A
o (332)
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i KG) |— o) |-

310 3.4 vdenTlaezunsuvesszuunuauileundy

wsanszuumuuiloundudagy 334 Tavfiaumsues G(s) eglugduvummaumsi

ar o -~
3.33 mmuguithuuuinle

G(s)= - —;n=0,1,2,... (3.33)
(rs+l)
dmsudnuguuuui lesauya iy
1
K(s)=K,|1+— 3.34
(S) P( T;S) ( )

winwoulegluzivesaunsi 3.35

+1/T +
K(s)=K,> S/'=Kpssz (3.35)

il z =y, msudlymuitefezmamsilinesvesszuuiemsman K, 1agn3193 1590347
ARuiidImMY —y7 é'mr1'lﬁ'ﬂ1nmﬂa’fnqy§1jmmuﬁusmnﬁmiwinuﬁmsmwmgﬂfi
3.35
1 idlenedTsvesianaugu (-7) sgvinganuiianudumis Inaveanszuiuns
(T, >7) Aagilii 3.5() HOIADUAUDIVD9521UNTBVYAIZ0Y 11U THNA Under damped
iesnniiimaiuvesszuy
2. nﬁmn%i‘ivmﬁ%muau (-y/7) AdumisdoasusudumisInaveanszuums
(T, =7) Aaq1lii 3.50) HAADUAUBIVDISY VU NIBUTAVz Y U Inua Critical damped
Lﬂﬂﬂ’{nfhé“ﬂﬂmwmuww‘i'aﬂ'mﬂu K, Wuufszdanai Ifnanouauesves
szuunsevda lufaa iy
3. n.ﬂmw‘ﬂs'ﬂmﬁ'aﬂmf}u (-y1) WegmisdrovesdumisTnavesszuy dagd
3.5(c) HanBUAUBIYDITTULNIBUTAvzeg1uTHUA Critical damped 115U
MIVOWVDIINIVAN K, HaABUTUBIVEITzUVIseuTa liiRamaiu udiile
Ansannnmuduvessinluguii 3.50) nﬂaﬂi"uﬁm"ﬂﬂmiumuvmﬁjﬂmqu K

P

i d ” 4 ;
T/ Iwassevilavesszuvii Temandeuiidh IndunuSuanm (imagine) 393 Toma
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o = o ' P ) =2
winldszuy liadosnm1duazeshlfszuniidnaing (Time Constant) gadany

minszuudda

s Im( p)

3N 3.5 mimaTwauazdlsvesdmuguitleuumadusin

naannn N Inanazdlsvesiinugutn W luszuuudns 1dnswdmlef s suves

_C(s) o;
Tisgn R(s) s*+2w,s5+0] (3.36)

e o, = KK, [r waz ¢ =1/(2KK,) msmawes &, mhidszuudiegluTnuaves
g ' o ¥ 4 ) ' '
Critical damped WM 1ANIN K, =1/(4K) uadud &, WTAunnndm3edeond 1/(4x) v
I3 ¥ A o - 1 "
¥ l¥szuvegluTnun Underdamped %30 Overdamped Faazviliwaneuauosvosszuuiiadnfe

11U (Over Shoot) Mwea ¢ Jagminnldlumsmamjuiulddaaunisii 3.37
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P.O.(%)= exp[\/%]x 100% (3.37)

i o o o ' o & o '
nnaunsi 337 immanudniussznin K 01 5 i1 5= P.0.(%)/100 tazazyh i

MnsamIm K, 1aenauns 3.38

2
1 b3
K, =—/|14+| — 3.38
’ 4K[ (MJ ] (3.38)
ANy 1 4 P a o @ ~ Y o A o
NN lAnandeseaziBuavesmsmiiinesvesdanugui lodau35ms 193 1o
) ' ) a a ) ' 2 ad a o
muguidimis 17 Taolimguimadusindungae anseagdiuaeuismsmmsiiines
ar YV oa d”
YoaiIn AL 1A
»
1. floudumnuvviuiulaldduszuudroueulagavinammiiu A uaziuiin
HANBUAUBABINNN (1)
o U i o J d' H
2. MM y, (ManEAIRIves y(r)) wasmiwui 4, voa3n 3.3
3. MYUAR integral time INAUMS T, = 4,/(2y,)
4. MvuamiGuduvesmisasimsvowdinivgulaeh 1) &, = 4/(4y,)  dnu

HanoUauBIvedszUY TulmWuiu uay 2) K,=A[1+(x/ns)' | [4y,) iy

=1

HAADUAUBIVOINTTUIUMITAUAINIAUNY 5x100%

333 nq‘uﬁvaq Ziegler-Nichols
- s o = Yy o <
NIZUIMMIUAZMIAIVANUVUR oA Aagilii 3.6 uaasliiiunmudenlaozunsuves
o = = A -
NTTUIUMIUAZAINIANUVUA 10R FaninTumanandinemani veeanszuIUMIaIWIT0
a M Y o 5 &2 o Yt 9/ a ad 1 A ' = [ 4 o
a5z 1A dniuiath )18 19maiindimseenuuudieg  iemisimisiime fuoeia
§ - o o 4 1 @ 1
munuiaunse laneuuesvsszuuMURUTnumiAgideImsia lurndnzdang uas
"o ' -4 = = a w 9 o v
anazegaa od19lsnawlunsdivesnszuaumshianugudeon sirldnisur Tuaania
adiamaasveenszuumsinldnn Sadswaldliannsa 1955 msSinsed lumanndinsnans
é ar = = = g a n§ o A
VDINTZUIUMINOMTDOALVUANIVANUUUT 1@ 14 15133d09ru THeITnenisnaasaiie

" - 4 o @ ' a 1 ::'
HINTWITTUADIVDIAINIVAUAIN ilzﬂﬁ'l')ﬂQﬂEﬂﬂu

Y

= S

I

R S) g 1 Cls
( KP(I+T—+7:,S] > Plant ()=

1 o & o <
7N 3.6 szuumuguileunduiiedniununiluuuyiled
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-y o A
nIzUIUMIVBINITIinMINIlinesvesdanduguie I pauiAvesnanevaues
=] d a ' o 1 a ¢ o - ~
W lmudesmsiiu Sondn msd5uamisiline5@anIunu (Tuning Controller) Tt Ziegler g
Nichols Idvinauenglumsiivamsiimesdrniugu uuuiled muoianglumsmia

é ad { ] ! o 5 ar
K,L,7) mﬁ‘lu'JﬁmamsmamﬁmmwmauauENvmszumiaﬂtgmﬁm]mmmuuu"lﬂ

P’
(Unit Step) W3omwes K, nlFlumssnnaummmsiiineivesdaniuguitlod 5veq Ziegler-
1 ¢ o a 7 '
Nichols 1u35#iiv/ss TemiedraunTavmmzlunsain Tuaannadiamanivesnszuiums
1 = o = . . ¥
ansam Id Tasimvesmsiiines (k,, 7, 7,) 11491035909 Ziegler-Nichols fiamsald
o 1 = ¥, o |
sruyannsmhauldediiiiadosnm udeiielsinw nareuauesvesszuuovETimAY
4 " .:: o Y w :‘, " - o A Qs % .
wnanmnoeniuld Aniuavesmsiines (x,, 7, 7,) 11491035909 Ziegler-Nichols
Suthudesiimalivudsmeonduiielidnanevausadadesms dmiunuisuezlddniugy

5 - ot - : - ' '
uuuitle myzasiumaunsoielszygna 19mauves Ziegler-Nichols 18 Tavi lii'l&ma 7,

- N0 Ziegler-Nichols Tumsmamnniimesvesanuguitlen

mMsmmmsiinesvesiinuguitled Taoldngues Ziegler-Nichols 1 2 S3dauriu

B0 157192 MININANBINHAADALBIVEINTTYIUMITHTARBBUNNUUL YU T8
drfiuaaalugiii 3.7 Snszuaums hifidwdszneuvesdsufinmuazsinidedon (complex
conjugate poles) & ImanouauB T TR s #3137 Taotunoumsnansuiten iy
TR s f:mmsnm'lﬁ'ﬂmmsnﬂam{lauﬁuwm‘?’uﬁu"lﬂlﬁﬁumzummsa‘%w%amnms

10DINTLUIUNS

\j

s

31U 3.7 wanevauoavesszuuniidnuuzithuduld s
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pudnyuzvouduInsgli s 'ﬁmmmﬁmuﬂamﬁ’ﬂym Taomnsii 2 #adaeiu Ao m
11290901 L (Delay time) HaZA1981A937 T (Time constant) Aamnsimaesauison 18laoms
@1ndY Tangent line z MIUATURAEINTAT s 1AZMIAI1AGAYDY Tangent line AULUAUNANIAE
WuAs c(r) = k Awaaslugyl 3.7 namledfenduveanszuiums c(s)/u (s) munsodszana

LT o & A < 1 o :?
11199111;‘1]11?]05::‘U‘.Uﬂuﬂuﬁudﬂuwwﬂmmmuwnm AU

C(S) B Ke™™
U(s) Ts+1

(3.39)

o " Y 4 ar e o
Ziegler-Nichols 1atnauamvesgamsifiinesvesdanuguii lod (K,, T, 7,) 1383

uaaalumisa 3.l

AT 3.1 AMITHIAIMIITINDIVOI Ziegler-Nichols TavTBmInimansuamiovesdunnuuy

»
o a

vuriu'la G5usn)

¥HAYRIAINIVAN K, g 7.
T
P I ) 0
T L
09- =
PI L 03 0
T
PID 1.2 T 2L 0.5L

Y o U

a o @ - = =) 1 9 o o o o
AWIBMIMIANMNIADTVIRINIVAUH 1oA TavTsusniine Id nsnudesWarduvessds

E 4
AIVAY A

Gc(s)=Kp[l+%+7;s]

L

T 1
=12— —+0.5Ls ;
= (l + T + ] (3.40)

2
(s+—i—)
=0.67 ———

5

& < " ow ay ad - = o = aasi ¥ o o e
Fovmruldndnuguitlednesnuuui Inaegiyaduiiauaziia 11 s fuaonai

s=-1/L

" ¥
ihaes zimuald 7 =« uaz 7, =0 iminhimsnuguszuudaengAnssuves

MmufuUUUFadIoIet1ufuIAIzl 3.8 nazhimaiium k, 91n 0 sudeAingd k. s
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@ { o A ' ) o
lﬂuﬂ‘laﬁi1”U1Uﬁ“11ﬁﬂﬂﬂﬂﬂﬁuﬂi“lﬂﬁizllllﬁuuﬂﬂ\?ﬂ'ﬁuﬂ')‘aullﬂﬂﬁluﬂq ﬂQEﬂ 3.9 (¥n1n

HanoUaAUBIvesz UL T MIWITouaAINISUA I LAY Mlaz T nsuasa K, Tuimlad

4 ] ° U Y o a ] =t M‘:
A SZ'I_IU'IJ'LI931Hﬂ'1ﬂ15ﬂ'1"I'Iﬂ'l';Wl'Iﬂ'l'ﬂ'l‘i']lllﬂﬂi'IJ'ENﬂ'Jﬂ'J'UI':INw10ﬂ15’1910'1‘511)

r(t) 4

31 3.8 szuunugugla Tasdmuguuuudadiu

Plant

(),

31N 3.9 Mmsundsednaeiiosdlonunm 2,

1INAIVOIBATIVOIWINGA K, HazAINIuNaIINgA P, Ziegler-Nichols Tdinausisnms

1 - L4 ar = =
'H"lﬂ1“15111&?1651]8#?!’3?1']1]?]”7!10?! (KP, f 5

7,) PBaweaaslumse 3.2

a 4 a . . ot o = a
AN 3.2 NHNMITHIATNITININDTUDI Zlegler-Nlchols'IﬁU’)ﬁﬂ'liH'li]ﬂﬂ'IlmU’Jﬂﬂﬂ K,

a a ot
LASAUININGA L, (75N 2)

¥HAYBININIVAN K, ¥ T
p 0.5K,, o 0
1
0.45K —P
PI o 12 e 0
PID 0.6K,, 0.5P, 0.125P,
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¥
=1

an ' a o o AN A o o 3 s o o o
ﬁ’w’l‘ﬁﬂ']iﬂ'lﬂ‘m'l'J'1ULﬁﬂi‘llﬂWl’Jﬂ'J‘iJF]!J‘ﬂﬂﬂﬂTﬂU']ﬁ‘lﬂ 2 'I-Wﬂ.ﬂ nnmﬂasﬂeﬂw‘umm

¥
AIVYY ALl

Gc(s)=Kp(]+TL+7}s)

i

=0.6K,, (l = 51 +0.125PW5J (3.41)

P

2
4
s+—
PN
=0.075K_P, > —=2_
5

¥
] Ld = or o

& <] Vow = aa - A aasy ¥ =
Favznu landnuguit ledneenuuuii Inaegiyaduiiauaz i 13 1vuaeedai

s=—4/P,

2

Wedei 3.1 Winsanszuuniuguiineasiazy 3.10 Mnawguitledluszuuaiugy 6, (s) @

3
ns eI NanTuA Ll

G.(s)=K, (1 +%+1;SJ (3.42)

g G.(s) s(S+l;(S+5) C(S)‘;

PID Controller

Ui 3.10 szvumuguuURloR

[ 4
luiitiswsimsmmniinesvosdinaug (K,, 7, 7,) Tau3515904 Ziegler-Nichols
y ' 1 1 - 1 )
VIMIUITIINITATINADUHAADYAUDIVOITZUUAIUAN NTMWARUMINNT 25% H30'l N
i ° @ ' - d [ = = 1 1a 0 " A
nnnezinslivusamsiimeivesdaniuguii ledsundiee Idnaneuaussiiiauiuaiy
¥
ABINTS
o o o -1 L ¥ da a
nansumeilinsuvesnszuaumsisezmu ld1nszurumsdszneudsonnd suiin
=2 A ) ' a o w a“p an ) N -
s YadenlEmsmimimsiimesvesdaniunui 1od 1ao35msvea Ziegler-Nichols It 2

A ° 4 ar &2
U fmuald 7=o uaz 7,-0 w19z ldnsmmledlanduvesszuuniuguasila il
AWMAY

C(s) K,

R(s) s(s+1)(s+5)+K, (3.43)
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' - A A Q2 & A w A e q W
MUY K, NUouwaveInNuTadesnMesszuy Fuiluminmsnsiversivi ke
A ' ' 4 ¢ e
ADUAUDIVDITZ VLIS UUAAINITUNIWVVADIL DI a1150M1 14 laonaaiadosninue v

(Routh stability criterion) AUMIAWANBULYBITZUUAIVAUIA ARy
s' +65’ +55+K,=0 (3.44)

¥ =|'. - L4
nntwsansohaumn 3.44 ldadailuasiady 1aaail

s 1 5
s? 6 K,
. 30-K, (3.45)
s
6
s° Kp
@ s T o " a a ad o Y] a4 a
‘B'lﬂﬂﬁfllliﬂ'llﬂ\‘lﬂ']i']\‘ll%"m WNDNMM KP =30 lﬂuﬂ"lﬂﬂ‘ﬂ'llﬂ’lﬂ’lﬂim‘ﬂﬂﬂﬂ‘581]1“31“’(1

1 " 4 o z 1 y 4 o
MSHNINDU1IABIIDY A4UUA K, =30 lﬁﬂll‘lﬂuﬂ‘l K, =30 m“luﬁnmsqmﬁﬂvmzmmizvn

muueta w14

5 +65* +55+30=0 (3.46)

y 1 4 L] 1] 1 4 ] (-]
NUUNINITHIAT ANNDVOINSIUNNBIABIIB Tasmsunumdials s luaums

@

AUANYULVBITZVUAIVANNDAAW jo 9214

(jo) +6(jo) +5(jo)+30=0 (3.47)
-
30
6(5-0%)+jo(5-0)=0 (3.48)
4 ' - ' v ' 4 o ¥ a =
weudaums IdmaNudvesnsunisedisdenier o =5 AaiumaIunaInnga s9il
ANNIAY
p=2E_ 2% _ 1809 (3.49)
o 5
P U = (4 o d’
NNANTIN 3.2 AusamAnEees K, 7, 7, Tddail
K, =06K, =18
T, =05P, =1405 (3.50)

T, =0.125P, =035124
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3 ¢ o o = A 1w
niuesansuvesdinrugui lod Taumy

1
G‘c(s)=Kp(l+E+7;sJ

L

=18[]+1 +0.35|24s] (3.51)

405s

_6.3223(5+1.4235)’

5

o

o d Y a o o & aas ? ' -
wedungiiuldndniuguil Inanyaduiianasig 1 duaoaniogi s=-14235
vdenlaezunsuvosszuunaasfazy 3.1

¥ o o o o o
U'LIFIE]'[]J151ﬂ3ﬂ1ﬂ15ﬂ1ﬂﬂﬂﬂﬁﬂuﬂdﬂﬂ\'ﬁz‘ﬂﬂ Gluﬂ?ﬂlﬂ'ﬂ51Nlﬂﬂiﬁﬂﬂ‘ﬂu'ﬂﬂﬁﬁz'ﬂu

AuAuta AUy

C(s) 6.3223s* +185 +12.811
R(s) s'+65’ +11.32235" +18s+12.811

(3.52)

R(S) + ‘6.3223(s+1.4235)2 #). C(s)}
s(s+1)(s+5

- §

PID Controller

" ap as ot
Ui 3.1 vdenTlaezunsuvesszuuaruguuuui loAdeoonuunTav3s Ziegler-Nichols

(LUVUh 2)

o 4 = L4 [ =] o o
UBNIINMIAUIUNIANMININDTV0dIAUAN TasiTmsmuiudloiiondusds
) ' ° et & o
#1150 19 T15unsu MATLAB mgaslunisdiuan 189nde a0 ldis1amsosiuuma
' - vy A s X o o ' e ' - ° Y oA
ANI51TA05 1a91030 15201 uazdalinnuutudinaimsmsisiuindleile Taoldsunsy

MATLAB (5181313 0HIHAABUAUDUD5zUUAILANNTA TannTda Tdsunsuasien 3.3

f13149 3.3 MATLAB Program

e Unit-step response -=-=------
num= [0 0 6.3223 18 12.811];
den=[1611.3223 18 12.811];

Step(num,den)

Grid title(‘Unit-Step Response”)
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o 2 "l oa ° °
HampUAUBIYBIsZULAILAUIzITUAIgY 3.12 Fennamanu 62% vhldindeshms

Wunasnmsitimesveadaniuguii led ieasdmjauiudanan

Step Response
18

Amplitude

Time (sec)

i = ) z o
31N 3.12 HanBUAUBIVBITTVUMIUANULLN loAreBuYMIUUTLLY 1A

Unit-Step Response
T —— : I 1 T : T I I
1 1 | 1 ] 1 1 1 ]
1 1 Ll I 1 ] ] 1] 1
1 I 1 | 1 | 1 1 ]
v e S iy s sl SRS SL Sl SO
d X ¢ & & 1 0 4 1
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clear all;

cle all;

gﬁ******************#*******************#**#****#******t****#t********t**l#*
96*******************t*******#***********#**#*************t*##***********#**
% Parameter of Process To Open Loop Transfer Function

O % % 3 3k sk 3k e ke sk ok ok sk ok ok sk sk s ok ok sk ok sk ok ok 3ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok ok ok sk ok ok ok ok ok ok 3k sk ok ok sk ok ok ok o sk ok ok 3k 3k 3k 3 ok ok ok o ok oK
A=66.25;

a=0.1963;

k1=2.88,;

k2=2.588;

g=981;

betal=0.7273;

beta2=0.5402;

betaX=0.3948;

h1=6.75;

h2=2.35;

dH=h1-h2;

gﬁ****k*#********************#*********#********#*****************#********

% To calculate T1, T2, T12

D T T T T T
T1=A/(betal *a)*sqrt(2*h1/g);

T2=A/(beta2*a)*sqrt(2*h2/g);

T=A/(betaX*a)*sqrt(2*dH/g);

96******#******************#‘**‘***********t*******#*****t***#********t*****
% Ti find G11(s) G12(s) G21(s) G22(s)
96***************************************************************‘**#*******
numl=kI1/A*[1 (T+T2)AT2*T));

den=[1 (T1*T+T2*T+2*T1*T2)/(T1*T2*T) (1/(T1*T2)+ I/(T1*T)H1/T2*1))];
G11=tflnuml,den)

[z1,p1,k1]=tf2zp(num1,den)



num2=[k2/A/T];
G12=tflnum2,den)
[22,p2,k2]=tf2zp(num2,den)

num3=[k1/A/T];
G21=tf(num3,den)
[23,p3 k3]=tf2zp(num3,den)

numd=k2/A*[1 (T+TDAT1*T)];
G22=tflnum4,den)
[z4,p4 k4]=tf2zp(num4,den)

D1=G21/G22;
D2=G12/Gl11;

% To find gl(s) and g2(s) by decoupling method;

% To find gl(s)

w=(T1*T+T2*T+2*T1*T2)/(T1*T2*T);
x=(T+T2+T1)/(T1*T2*T);
y=(T+T2)AT2*T);

z=(T+TDAT1*T);

pa=(k1/A)*1;

p3=(kl/A)*(w+z+y);
p2=(kl/A)*(x+w*z+w*y+z*y-1/(T*2));
pl=(kl/A)Y*(x*z+x*y+w*z*y-w/(T*2));
pO=(k1/A)*(x*z*y-x/(T"2));

q5=1;
q4=(2*w+z),
q3=(2*x+2*w*z+w"2);

q2=(2*x*z+2*w*x+z*w"2);
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ql=(2*w*x*z+x"2);

q0=(x"2*z);

num5=[p4 p3 p2 p1 p0];
den5=[g5 g4 q3 q2 q1 q0];

gl=tf(num5,den5)

[z_gl,p_glk gll=tf2zp(num5,den5);

e=(T1*T+T2*T+2*T1*T2)AT1*T2*T);
f=(T+T2+T1)AT1*T2*T);
g=(T+T1)(T1*T);

h=(T+T2)AT2*T);

mé=(k2/A)*1;

m3=(k2/A)*(e+h+g);
m2=(k2/A)*(f+h*e+g*e+g*h-1/(T"2));
ml=(k2/A)*(h*f+g*f+g*h*e-e/(T"2));
mO=(k2/A)*(g*h*f-f/(T*2));

n5=l1;

n4=(2*e+h);
n3=(2*f+2*h*e+e"2);
n2=(2*h*f+2*e*f+h*e"2);
nl=(2*e*h*f+{"2);
n0=(h*f"2);

num6=[m4 m3 m2 m1 m0];
den6=[n5 n4 n3 n2 nl n0J;
g2=tf{numé6,den6)

[z g2,p g2k g2]=tf2zp(num6,den6);
gl_m=minreal(g1)

g2 _m=minreal(g2)
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Abstract:

This paper presents the approach to design the 2-DOF PI controller with Decoupling for a Coupled-Tank two-input

two-output process. The structure of controller design can minimize several undesirable influences from an interaction in TITO
Process. The decoupling controllers transform TITO plant transfer function models into SISO form so that 2-DOF PI controller for
each SISO model can be designed by Root Locus Technique easily and efficiently. The results from decoupling and controller design

can be illustrated by experiments.

Keywords: 2-DOF PI Controller, Root Locus, Coupled-Tank Process.

1. INTRODUCTION

Many systems in chemical and process industry are
two-input two-output (TITO) process which have cross
coupling between process inputs and outputs. To
compare with single-input single-output (SISO)
counterparts, TITO processes are more difficult to
control due to the existence of interactions between
input and output variables. Generally controller design
for TITO process applies from two theory methods.
First method is modern controller design which uses
centralized controller to satisfy response specification
but it still has some difficulty in starting control system.
Second method is classical controller design which uses
decentralized controller such as simple PID controllers
but controllers’ parameters is still complicate for
evaluation. In this paper, we experiment a classical
controller design on coupled-tank interacting (TITO)
process that has several undesirable influences from an
interaction between two tanks. Our method performance
is extended to the decoupling controllers which
transform TITO plant transfer function model into SISO
form so that 2-DOF PI controller for each SISO model
can be designed by Root Locus Technique. Prefilter is
used for a performance adjustment. The advantage of
using decoupling controller for coupled-tank interacting
process (TITO) is transforming TITO transfer function
to SISO form and ability in minimizing the influences
of interacting. Therefore, the calculation of PI controller
parameters becomes easier and more efficient.

The paper is organized as follows. The next section
gives details about coupled-tank process. Section 3
explains a control design method. Section 4 explains an
implementation controller. Section 5 shows experiment
process and results. Finally, conclusions are given in
section 6

2. COUPLED-TANK PROCESS

Consider the coupled-tank two-input two-output
process in fig.1. The target is to control the level in two
tanks by the inlet water flow from two pumps. The
process inputs are u;(¢), u,(¢) (input voltage to pumps)

978-89-950038-6-2-98560/07/$15 ©ICROS

and the outputs are A (t), 4 (f) water level in tank 1

and tank 2 respectively.
O, G

I
1

Fig.1 The Coupled-Tank Process.

The nonlinear plant equations can be obtained by
mass balance equation and Bernoulli’s law. After
linearization process, we obtain the linearized plant
equations as (1)
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Where A is the cross section area of tank 1 and tank 2
(cmz) , a is the cross section area of outlet hole of tank
1, tank 2 and cross section area of jointed pipe between
tank 1 and tank 2 (em’), S, is the valve ratio at the
outlet of tank 1, A, is the valve ratio at the outlet of
tank 2, A is the valve ratio between tank 1 and tank 2,
h,hy are the steady-state water level of tank 1 and
tank 2, g is the gravity (cm’/s) and kj, k, are the
gain of pump 1 and pump 2 (cm3 [V es)

From the linearized plant equations (1) can be
transformed to the equation as (2)

[h.(s)} : [Gn(-’) Gu(s)][ul (s)] -
h(s)] | Gauls) Gu(s)|[u(s)
Where transfer matrix G; () has the value as following
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E,E are the steady-state water level of tank 1 and
tank 2, 7, is the time constant of tank 1, 7, is the

time constant of tank 2 and T,

between tank 1 and tank 2 .
According to transfer matrix G,j (s) in (2), (3), the

622 (S) =

E'E

is the time constant

transfer functions of coupled-tank process are second
order form which have the cross coupling between
process inputs and outputs. The decoupling controllers
are required for minimize the effects from cross
coupling and transform TITO plant transfer function
model into SISO form.
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3. CONTROLLER DESIGN METHOD

In this section, the controller design is divided by 2
parts. The first part is Decoupling Controller Design.
The second part is 2-DOF PI Controller Design which
have the details as following.

3.1 Decoupling Design
In Fig.2 shows the plant transfer matrix Gy(s) that

has the cross coupling between process inputs and
outputs. Because of the interaction between processes,
the control design needs the decoupling controllers to
minimize the cross coupling effects.

The decoupling controllers consist of two decouples
(dyand d;) The purpose of using decouples
(dy and d,) is to decouple the multivariable system.

This can be done by choosing the following transfer
functions for decouplers:

Ris) .,‘ o u e U, .
] &S 3 _l . v ! G, > ”:(:)
' +
Gy
‘Gn
% N ey PO L
Plant

Fig. 2 (TITO) process with decoupling controllers

Gy (s)

Gy (s)
Gy(s)

dy(s)=
1 (5) G\ (5)

dy(s) = 4

If expression (4) holds, cross-interactions between
inputs u, and u, an outputs & and h, do not
exist. In this case the process outputs are:

hy(s) = C\(5)g(5)ey (s)
hy(s) = Cy(s)g;(s)ey (5)

where [6))]
£(5) =Gy (5)—d,(5)G), ()
82(5)=Gyy(s)—-d, ()G, (5)

After the decoupling design, we get 2 SISO transfer
functions of plant g, and g, which are used for PI

controller design C, and C, respectively.

3.2 Two Degree of Freedom PI Controller Design

The control system structure fig.3 is 2-DOF PI
controllers in form which consists of PI controllers
(C,C;) and prefilters (F, F;)
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Fig.3 The block diagram of control system

The 2-DOF PI controllers are designed by Root Locus
Technique which can be applied as following step.

After defining the characteristic of transient response
(Percent Overshoot P.O.) and steady state response
(Settling Time) we start with step1

Step 1 Finding the damping ratio: { and under damped
natural frequency @, by considering the characteristic
of transient response and steady state response from the
equation (6)

P.O.=100-¢"V'¢" 04 (2% = 4/ ¢
Sq =—ca, ija’n \'1_4'2

Step 2 Finding the summation of angle at s, of the

(©6)

open loop system G, (s5)G,(s) by graphical method or
arithmetical method and then consider the essential
angle of Z(s, +zc) in order to the summation of
angle will be being according to the system condition

(M
Z(6,+6,)+X6, =—(2k+1)x, k=0,1,.,n (7)

Step 3. Finding the gain K_ of the controller by
using the root locus technique.
1

Kc = st 2Tt s o

IG (SJ)H(SJ)I

Step 4. Substitution all of the parameters in the
equation of controller.

Step 5. Plot the root locus of G (5)G,(s) in order to

(3)

confirm that the root locus passes the defined point s,

Step 6. To obtain the satisfying response and
minimizing overshoot by inputting step signal therefore,
adding the prefilter controller as shown in equation (9)

zC
5+z

¢

G, (s) = ©

4. IMPLEMENTATION CONTROLLER
In this section, the implementation controller consists
of coupled-tank process, experimental controller
hardware and software which have the details as
following.
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4.1 Coupled-Tank Process Apparatus
Coupled-Tanks Process in Fig.1 consist of two 66.25

(cm?®) cross section area 18.5 (cm) height tanks which
have their own 0.1963 (cm’) cross section area of

outlet valve and interconnected valve between two tanks,
Each tank has gear pump which gives 2200
ml/min(Vdc) . For a level measurement apparatus, we

use two DP Transmitters which their output 4-20 mA
varies by 0-100% of level range.

4.2 Controller Design

According to Fig.1, The water level signals from DP
transmitters are sent to computer via interface card. The
controllers which run by Simulink software compare the
measurement signals to the set-point and calculate the
control signals to pump drive circuit via interface card
for succeeding in water level height control.

4.2.1 Hardware

Fig.4 Interface card is PCI-1711 Advantech which has
16 Analog Input, 16 Digital I/0 for A/D and D/A
transference with the sampling speed 100 kHz

Fig.4 PCI-1711 Interface card

4.2.2 Software

A Design of simulation and experimental controller
software done by MATLAB version 7.0. The Simulink
experimental software is shown in Fig.5.

Fig.5 Experimental Software

5. THE EXPERIMENT RESULTS

In this section, the experiment done by following step.
Step 1. To find plant transfer matrix G,j (s)

Step 2. To design decoupling controller model d,(s),
d,(s) and calculate the SISO plant transfer function
£(5).8:(s)

Step 3. To design 2-DOF PI controller



Step 4. To test controller performance and study plant’s
behavior.

The details of each step are described as following.
Step 1 To find plant transfer matrix G (s)

From Fig.l1 we obtained plant parameter as a
following table 1

Table 1. The parameters of process

A(em®) 66.25
a(em®) 0.1963
A 0.35903
by 0.45848
Br 0.38705
Table 2. The operating point of process
(V) 25
U (V) 2
h, (x10 % Range) 2749
hy (x10 % Range) 3.262
k(cm® 1V -5) 2.88
ky(cn® 1V -5) 2.588

According to the parameters and the operating points
of process in table 1 and table 2, this process can be
placed into the equation (3). It will be obtained the plant
transfer function as in equation (10)

G, ()= 0.043475+0.00124
(s* +0.054615 +0.0006032)

Ga(5) = 0.0004638
(s? +0.054615 +0.0006032)

G (5)= 0.0005161 49
(s +0.054615 +0.0006032)

G, (5) = 0.03906s +0.001019
(s* +0.054615+0.0006032)

According to equation (10), the transfer functions of
interactive coupled-tank process are able to illustrate in
the second order form which have two poles and zero
for G (s), Gy (s) without zero for G,(s), Gy (s) .
We used plant transfer functions as G, (s), Gy, (s)
G,,(5), G, (s) for designing the decouple models in the
next step.

Step 2. To design decoupling model d,(s), d,(s)
From (4) and (10) we designed decoupling controllers
di(s) and d,(s) for decoupling the interaction in
couple-tank process as equation (11).
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i (5) = Gou 00005161
PTG, 0.039065+0.001019 i
G 0.0004638
dy(s)=—2 =

G, 0.043475+0.00124

From decoupling models (11), it obtained new plant
transfer functions as equation (12)

&(8) =Gy, (s)—d, ()G, (5)
_0.0435" +0.00475’ +1.82¢-45” 2.86¢-65+1.58¢-8
s’ +0.145" +7.04¢-35> +1.75¢-4s? +2.08e-65+9.49¢-9

g,(8)= Gzz(s)‘dz (S)Gzl(s)
0.039s* +0.00435° +1.64e-4s> +2.57e-6s+1.42¢-8

" 8% +0.145* +7.3-35° +1.85e-4s +2.24¢-65+1.040-8
(12)

According to equation (12) we produced equivalent
models of g(s), g,(s) where all cancelling pole/zero
pairs or non minimal state dynamics are eliminated then
we got g,(s), g,(s) in a form of 17 order transfer
function as equation (13).

(572004347
&)= 1002608

0.03906
e 13
&:(s) s +0.02853 (13)

Step 3. To design 2-DOF PI Controller

In this step, the 2-DOF PI controllers which are
designed by root locus technique will be explained. The
process models which achieved by decoupling structure
as equation (13) are employed to design the controller
under this condition.

P.O.<5%, £ <40sec, e (f)=0 (14)

From the condition requirement, closed loop pole is in
the position as
Control loop g (s)
Control loop g,(s)
And then it is obtained
Control loop g,(s) : z,=0.103, K =48
Control loop g,(s) : z,=0.115, K, =4.8
Therefore, the feedback controller and prefilter
controller are able to be shown as following.

: s, =-0.1174+ j0.085
: 543 ==0.108 + j0.0995

4.85+0.4944 0.103
C(5)=——"=, F(s)=——r
s s+0.103 (15)
4.85+0.552 0.115
Cy(s)=—--"""=, F(s5)=
(%) s (%) s+0.115
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Fig.6 The Root Locus of Control System g, (s)
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Fig.7 The Root Locus of Control System g, (s)

Step 4. To test controller performance and study
plant’s behavior.

The test done by control the response of control
system g(s) and g,(s) at the set-point as the
details in table 3.

Table 3. Set-Point of Control System g, (s) and g,(s)

t=0s | t=100s | t=200s5 | t=300s5 | r=400s

2,(s) 2 3 - 4 -
£2,(s) 4 = 5 6

First, we tested the performance of PI controller and
2 DOF PI controller in control system without the
decoupling. The response results are obtained as Fig.8

And then, we tested the performance of PI controller
and 2-DOF PI controller in control system with the
decoupling. The response results are obtained as Fig.10

The results in Fig.10, Response of Control system
with decoupling, it is shown that the decoupling
controllers can minimize the overshoot influences from
interacting between two processes. The prefilters
Fi(s). F5(s) are able to minimize overshoot of

response from step input and interacting influence.

The transient response of the 2-DOF PI controller
with Decoupling has the percent overshoot not more
than 5 percent and the setting time is not more than 40 sec.
that is under the condition of control system design.
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. Step Response without Decoupling
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Fig.8 Step Response of PI and 2-DOF PI Controller

without Decoupling
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Fig.10  Step Response of PI and 2-DOF PI Controller
with Decoupling
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Fig.11 MV of PI and 2-DOF PI Controller with
Decoupling

To compare the results from Fig.8 and Fig.10 it is
able to explain that the control systems without
decoupling structure have the influence of interaction
between inputs and outputs of tank 1 and tank 2. The
transient response of control systems without decoupling
is over the condition of control system design at some
set-point

The Percent Overshoot (P.O.) and Settling time (z,)
of transient responses are shown as table 4.

Table 4.Transient Response of Control System at 300 s

1 (sec) PO.
2-DOF PI without Decoupling 38 7
2-DOF PI with Decoupling 35 2
PI without Decoupling 38 20
PI with Decoupling 35 10
6. CONCLUSION

The total in this paper, Design of 2-DOF PI controller
with Decoupling for Coupled-Tank Process is presented.
The experiment results are able to illustrate that the
decoupling can minimize the influences of interacting
in TITO process. Therefore the controller design which
can be done from SISO plant model becomes easier and
more efficient.
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