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M3AUANLUVIAIA-1A (on-off)

(2.7)

u(t):{()% e(t)<0

100% e(t)>0
N13AUANUUD P (Proportional)

ult)=b+K .e(r)

W30 ult)=b +—Be 1) (2.8)
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MINIVAULUY PI (Proportional-Integral)
K,
ult)=b+ K elt)+ = e(t)dt (2.9)
I
N13AIUAULVY PD (Proportional-Derivative)
d
ult)=b+ K elt)+ KT, Ee(t) (2.10)
NIAIUANUDY PID (Proportional-Integral-Derivative)
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I, 79 Derivative Time

2.3 MIIAOATING KA

o @ oY

mMilaved Inaansonssiifuyesmas Mg uazay Tasveslnasivezegluvenie
' ' ° ':' Vv o 1 ' 4 A g Yo
goulla wudnaes with Wudu lumsgaamnsuvesInatinezegluvio insesilonldia
L b - ar [=) v W w 4 d‘l ar .{’,'
M3 lmamnsamivldaealszanie Jadsmamsiva dudasasimsina Fuaiesiana
o ) d o = o = @ @ e
asnilszamlsznevdan  ginsalyugivazginsaindoni  ginseilgunivedudaiuves
Tna wasilvifalfisoduvesvalugduuudn 9 wu wamsulfounlameanudu
ANTEU  WaAvenwd  uiamamsmilsnimalddh  qunsalgugiindonlsldud
= o ar = o a o
1195 IANNNGY (head flow meter) 130151AB3 (rota meter) HtAD3 IAoAI 1N IMauVVMDT
o @ ' = . = o
11.!13’ (turbine flow meter) umas’:}ﬂﬂmmﬁ"lwmmmmmaﬂ (magnetic flow meter) HIADTIN

ar = q d = = o - w
8931M3 IMauuVgans1 Iwiin (ultrasonic flow meter) uazdy 9 gunsainAvgiimihinguy



11

waziasmi ldnngunsaitlgugiilihmse s duiin niemuguldazen gunsaimaegi

9 =) o 1 s 9 e a Y 3 o’ o o £
laun nawaiinmeiuuuie 9 nlsgnugunssigugiistianiu q dudawa Anfuiin

9 L

ar o ar

doe I 400N M0oaNNae uazdiudaanu Msindniims inaswszveniiums
ar = d‘ 1 o ) " ¢§ Y 1 1 A’ ]
Jadsmnaveslnai lnarugadadenitonm dwesluaszdeslnasdudenios mivves
L
msiadlugnnatiuasdednii uisunaaourewi wievenithnimmindemionm wu
a @ 1 a o = a @ ar { ' - ¢
nlandudetuil wiodudeta e TasdnAmsiadasims nanlfusiuoesAmbueilnsel

o

Ugugil waziidadauazdadyaIunuAuuAn@e (differential pressure transmitter) AU

o

=

a
o a w - 1 i gy T ' ar S
uanawaiugnseindugil dasms Inanensideiluimidndonar wu 10 fudedalug

MIINDATIN 3 AU VA MG IMANFT
'S 1= @ @ ar 1 -t 1 = Y A 3
gunsallgugiivesmsiadnins Inauuuanuduimnais Tegvaissiialiidenld
] ' a (=1 =S : = 4 (] o o
1w urueadvas viooaiugs Tatieanda 1ludu (7, (8] Taviukuoo3Hanzgaii l14inn

< dd oA A a1 a0 w ~
214 80 Lﬂﬂﬁl“h"uﬁ Luﬂﬁil1ﬂ3Jﬂ’J’11!l111J'I$ﬁ1Jllazf]iuﬂ'ﬂdﬂﬁﬂ'l\! 5) ﬂﬂ’ﬂﬂduﬁ'ﬂﬂuﬂﬁwﬂ 2.1

aq ¥ 1 o ° @ o a - = = &

muyd Iviefszuniinisiadainis Inaidludazii 2.0 9maudves Bemoulli F

dhninadismaniynada adnvesuaiinauuvadueienas ifiusadoanu wauan
{ voo&

UD3 Velocity Pressure head 149% clevation head 9£AINlunnyaueIns Famninmowily

v
aums lanadl

V P v P
Lot At — =7 $=2=4 2 (2.12)
250 Y 2gy

d' - 1 )
e Z, AeAnugInatmoaudh
- < v B
v, Aannusivevod lnadmdh
-~ ar ey~ g 3 V
P, Aonnuauanagnaam lnamh
Z, ABANUFINANNOATUDN
A =] ¥
v, Annnusiveved lnadiuenn
A o a o ¥
P, Aoanuauaingnea lnasen
- v £ '
g ABANMIULDININUTI TUuo9veelan

¥
7 Aomindunizvesved lna



12

-:i Y oY o a a o 1 — Yo o o 1
MINN 2.1 voaveidvvesgUnsaigugiiviadienilFiadasims lnanuuanusuuandis

o =
Tatowmda

Uszansamlunisdalndifes

s

nu

gunsaigugi oR Yoidy
1. 1M1 . anuAugydoga
= n’: =1 d. 3
2. Annansenanlasulaae . asuvuassluves lvanoe:
UHUOD S ey nosegnthnmadve sy
a W ik it
ooy lunenaanslunuueu
3. mdudszansmsdeinuldde | 3. desldwiunlandszneune
4. lidnusoszuNanisnaasy
"y L v ' ] a
1. higosldndunlau SN WHL DD Wy
i I~ Pl [ ar 1w 1
2. S1IgANIIMADAALTSLAT - AU BN ULAY

2030 lunsainauause

TumsIamidu

. MAevalaanuauLanfI0en

Tild¥aesinsnnusedas=sa

3

‘Hﬁﬂﬂlgl‘u‘il‘i

. AmAugEnieuiga

- umsssnadannuaulusaies

¥
w:ud.

. Noasana i dunga

¥ iavedmaniiesuvivasy

Yuoglaa

9 ar ) - 1 9
: ’sTWTmGI‘]mUﬂmthluuﬁm

wiau

dulszansmsaariun 1dae

. TIRUINS

» [l
hmipwnuazvinalugiige

Tuyssaginsai)guniinim

NSIANINY

P =1 ] ar " 1w r:: 4
nngdi 29 wmuhszduanugnaeiunsd v uazeen uaziies

v
nnves naduriiadordy duiuaums 2.12) Woulmidy

(2.13)



13

L ~ 1 .i' - Y o 3/ 1o
nnnguesamsaugad Ysmmvesvan lnarkuiuinihaala 9 luduneden
s 3 1 w : = Y £ ] = Y [T -
AUITADIUNINY AJHU 1]smmms'[ﬁamu‘nu'umuaasﬁmﬂmmmuﬂmlsmmms"lnama

Vv
¥OIUHUDDINY mﬂzn::ﬁu%:'lﬁ’

AV, =AY,
o AV
Hio V, =—= (2.14)
A

VINAUMST (2.13) uag (2.14) M1

(2.15)

o = = Ve =3 ag P o A
80513 InaFalnes Q) vhnuanuisvesues Inagudsuiunnhaanvesna

i '
Tnaru A1TuonIms IManyeivedtrHusesiano

O=4V,6 =4,

o o

(2.16)

iiio AP = PP, uoe ﬂ:i:i

Upstream Downstream
connection connection
& 5
PO
F l ow t\\\\\\\\\\\\\\‘
z Z

'\\\\\\\\\\\\\\.\\\\\\\\\\\\\\\\\\\\'\\\\\\\\\\\\\\'\\\

g:. ¥ =, Ao a ar
3Un 2.9 wneeTsNivasaianNuAY



14

Tumalgid dasims maniunsedentesniidasims lnamanguiluaums
v v Ed
(2.16) WesnnRamsgadennanudeaniy m3lvau wazdy 9 Aai deama
o o < T T~ A4 99 Vo S 9 oa e a o §o ¥
duilszansondmiangauield 1adasims nafiuieds  FuSonhdulszdnmadeinu
(coefficient of discharge) A1dusza@NTMIdwu lANIINMINATOUTIAYDD FiAvYDI

uAueBIHY 9ATALITIALLANAI 1AZ$UIUSETUAA (Reynolds number) AN AUMT (2.16)

azrﬂu

(2.17)

Q = KyAP (2.18)




UNN 3

wladengil

3.1 nanh

Mffﬁanml'lﬁ'nnﬁw'liJﬂT'unﬁ‘l%’muatiwﬂ*i'wwanmaﬁ'mTmﬂumﬂn insoaiioda
msmugulugamnnssy uaznesdioaniiie °Im1us~numnﬂuuu mardongilgmirly
l¥nuguanussevewemesifiudnnann ﬂ'nmﬂiammnamasmﬂmnﬂnma
wladenguikamsnaguanmafian1izneia 0.002% ~ 0.008% wlzrdenguiviausm
ﬂuﬁwaaﬂﬂﬂauTmammnﬂm‘lﬂ”hrmnﬂumwuﬁﬂwmauﬂnwuamas Fuilunis
Uimlgemsiauvesnsaunuanug se e usniiniones [9] uenanii wadengll
uqnﬂu1“lﬂﬂﬁwqmn“!asﬂmquamﬂﬂmmm [10] Tasiusandusianuguuuy PID Fades
wdsugamaiiifunnuisow NAMTAILANIIITDARRMURNY R0 Idoe 930
asa~ﬂ1wﬂwmﬂwfmnzmmnmagiuma 0.1 ssria@iane iwadongdannsauienn’ld
il 4 wiia [17) fie aionlafengy (LPLL) nmadnendvneanladongl  (DPLL)
poadIneamiongll (ADPLL) ;mq,cnaﬂu'mvlﬁﬁangﬂ (SPLL)

3.2 Alesladengl (LpLL)
Mﬁﬁaﬂqﬂsﬁum?mﬂaﬁﬁﬂﬁﬁ’tytymﬂﬁammauﬁnﬁ"’mwmwﬁa Fadayann
ramwmmnsnm‘lﬁmamwsm (@ulaslum) mJfft‘yfg'rmauwﬂmammmmmm*nﬂa (3]
wardenguitussumyed Tasssun mwwmmqn”lwﬂ'J‘mumnmmﬂﬂs.,mmﬂmamwmu
Mﬁmaaﬂﬁnmuaawqﬂ arivivadanguisznoudaoninasesuila manseagql uay

@ d
'N‘ﬂiﬂ']L'lJﬂﬂ']']llﬂﬂﬂﬂﬂ'JUﬂlJﬂ'30115\1?!11 ﬂﬂllﬁﬂﬁiuiﬂ‘ﬂ ™ fl']ﬂﬂi')iﬁ]ﬂlﬂﬁ‘"ﬂdmuﬂﬁ

Mﬂaaﬂaﬂmwmmﬁumaﬂmﬁmf,umauwmaNaqmJﬁmmmmmwmmawsmmﬂmm N
o -

QNAILANAIBLS T Taei 7 hdyanmdess v seihudyaiundumoiitnug
Wy o luvae ﬂfrmmmsmm!mm'msmmﬂmmnmﬂmummmmmu v i
Fyananduasoy Hsaﬂmmmmnauuwﬁummﬂ"lﬂwmmmmmu o, luanzien
AA @, W @, Fafu ﬁmmmmmm v, ¥03maasnsumasznoudindiuiiiy
TWnszuamss (do) m«ﬂuﬂﬂmuTﬂoﬁimmamﬂmﬂmaamwﬂﬁudauﬂ;i‘lu"lﬂmmnﬁﬁu
d'd o 3 c:’ W ::;-: T - - 4

(ac)  NuUANUOIFILBTADIYNNITBINA TAI9INTBIR NS L Tumseenuuudiiles

'~ 1 ) d. ; L] o Qs & d = n’: = -

maaenguaaumnz 19 esnsosnnuidiusuguming FzUNIVUWITFWLazuon v

Aaznaae 1



16

Voltage
controlled
oscillator

Phase
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Tsupsunlylumanaaes vesmnuguinannseuansmuazllsunsuld (SLPC-151+E)

1 LD k01 ; k01 =0.000

2 LD AlZ ; setpoint

3 CMP 781=1ifA12 <k03

4 GIF 17 ; Jump if S1=1

5 FDFX1 ; process variable (PV)

6/ LD Al2 ; setpoint value (SV)

Tt 28V - BV

8 ABS ; errer (e)

9 41D k2 ; k02 =0.100 (preset value :g )
10 CMP ; S1=1 if error < 10% of maximun flow rate
K (GIEL20 ; Jump to P controller if S1=1
12 €~ X1 ; PLL control mode

13=81 Y2 ; to input V/F converter

14 1D X2 ; output PLL

158F Yl ; manipulate value (MV)

16 GO 27

17 LD k03 ; set initial value of PLL

18 ST Y& ;to input V/F converter

19 GO 22

20 LD X1 ; process variable (PV)

21 8T Y2 ; to input V/F converter
22-FED X1 ; process variable (PV)

23 BSC : PID function

7o ; manipulate value (MV)

25 ID Al2 ; setpoint value (MV)

26 5T-Y3 ; to recorder

27 END



MANUIN V.

@ MOTOROLA

Phase-Frequency Detector

ELECTRICALLY TESTED PER:
5962-8780301

This device contains two digital phase detectors and a change pump
circuit which converts MTTL inputs to a-dc voltage level for use in fre-
quency discrimination and phase-locked-loop applications.

The two phase dete¢tors have a common input. Phasa-frequency
detector 1 is locked in (indicated by both inputs high) when the nega-
tive transitions of the variable input (Vi) and reference input (R1) are
equal in frequency and phase. If the variable input is lower in frequency
or lags in phase, the U1 (up) output goes low: conversely the D1
(down} output goes low when the variable input is higher in frequency
or leads the reference input in phase, It is important to note that the
duty cycles of the variable input and the reference input are not impor-
tant since negative transitions control system opaeration,

Phase detector 2, on the other hand, is ioeked in when the variable
input phase lags the reference phase by 90° (indicated by the U2 and D2
outputs alternately geing low with equal pulse widths). If the variable
input phase lags. by more than 90°, U2 wil} remain low longer the D2,

input and the referance must have 50% duty cycles,

The change pump accepts the phase detector outputs (U1 or U2
applied to PU, and D1 or D2 applied to PD) and converts to the fixad
amplitude positive and negative pulses at the UF and DF outputs
respectively. These pulses are applied to a lag-lead active filter, which
incorporates external components, as well as amplifier provided in the
4344 circuit. The filter provides a de voltage proportional to the phase
error,

Mput Lpading Factors Ripy: - 3

Ouitgut Loading Facter fpi B = 30

Total Power Dissipation - 85 mw tyipkg
Propagation Dolay Tine = o0 ns Wp

CHANGE PUMP

|
. Military 4344

L
; MPO |
’f i

l_" S

o
AVAILABLE AS:
1) SMD: 5962-8780301

. 2)B83C: 4344/BXAIC
X = CASE OUTLINE AS FOLLOWS:
PACKAGE: CERDIP: ¢
CERFLAT:
Lee:
*Call Factory for Iatest update
PIN ASSIGNMENTS
FUNCTION | Dit RLaTS SURN-IN
{CONDITION A)
A 1 1 Yoo
i) | 2 Z Vee
v 3 3 ver
25 4 4 Ve
UF § 5 GND
o2 8 8 GND
GND 7 | GND
outsuT 8 3 Voo
A 9 3 GND
DF 19 10 Vee
D i 1 GND
uz 12 12 Voo o
Ut 13 3 Yoo i
Yok 14 i et
|

BURN-IN CONDITIONS: |

VEe =50 V MING.O V MAX

AMPLIFIER

GuTPYT
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MPG4344
LOGIC DIAGRAM PHASE DETECTOR
L n The phase detector portion of this device is constructed using low and
10 13 high-level gates interconnected as shown by ths logic diagram.,
L f1 ut
10 prasE O
=92 ;
¥l DETECTOR 0} PU UF
3 O 1 02 40 O 5 AMPUFIER
CHARGE A
PUMP so—D—oa
— e ;7 o OUTRUT
PHASE 1 —O 10
FREQL
Vi o1 DETECTOR | oy oo = PINM
6 e r LS &
uz
”
0z
§
LOW-LEVEL “NAND” GATE HIGH-LEVEL “NAND™ GATE
vee
1 =) o
L =P
- = . b
v L o
g: : Sk 212¢
IL <
w3 43
] | 20
o—.._.
A 1k

#Diode used only whean input is connected to extesnal point.
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MPG4344
-
5 Test Condition
bol P
! Sym arameter Limits Units intass O it § )
§ +25C +125°C -55°C
Static
| P . Subgroup 1 Subgroup 2 Subgroup 3
Min | Max | Min | Max @ Min | Max
£
§ Logical “1” Vee =« 45V IgH = - 1.6 mA,
S Output Voliage i G = Y ML= 11V or 08V +125)
! Logical "0 Voo = 45V, lgL = 20 mA,
{Vou Output Voltage 0.4 94 04 1 Vv =18VarZove 1250,
Logical “1"
(¥ IRt Chifrent 120 120 120 wA  |Veoe =55V, Vg = 24 V.
Logical “1" . 12
IHH TRkt Clirrand 40 40 a0 WASLIVCE = 55 V. Vi = 24 V.
Logical “1" :
3 input Current 5.0 5.0 5.0 BA Ve 50V, Vigy = 55V,
{s Logical 0" 5 p
i hisi Cuain -438 4.8 “48 | MA Ve = 5.5ViVy = 04V.
5 LOQH:&’ uo-l . ; 4
it Input Voltage -18 =16 181 mA |[Voe = 55V, V)L =4
" Input Clamping =18 v Vge = 45V, IgL = - 18mA,
ic Diode % other inputs are.open.
Logic 1" ; { ~ 3
Vg Output Voltage 0.5 1.6 0.4 16 v Vep =45V, iy = - 1.0mA
Logical “0" VeE =45V, gy = - 1.0mA,
VEH ' input Volage . b e il Yo [V = 11 Vor 08 v @ +125°0),
e Input Current 40 40 40 | mA |Vce =50V, other inputs are open.
Short Circuit - g
los Qutput Current =200 -85 | =20 |/ -65 | -20 | <65 | ‘mA [VoC S0V, VN = GND.
Logical 1" Vee = S5V, 1a = 2.0 uA,
1 !
o Input Voltags 0.8 10 A MA 1 other inputs are open.
VEg = 50V, Viy = 5.0V,
i :
OLK1 Input Current 250 250 250 pA Y other inputs are apen.
| oLk Input Current 120 120 120 wA_|Vee = 55V, VIN = GND.
‘OLK3 | Input Curreat 5.0 50 50 | pA Voo = B5V Vg =24V,
Lk Input Current 10 mA Ve = 55V Vi = 55V
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AMAHUHIN A.
ar c; U v
mmugunansosaaimnuezldsunsnld (SLPC-151+E)

N A1 wasenmdumihvesiinuguiansouaasauas Isunsuld (sLpc-

é 9 ar d'l = o "
151*E) 3 lgauanwanuuvaalamaoun lunsuaasmainys 1ssauazauthvine

¥
-1

a A ad ' ' = Vo
AN uwFvesniuazaIvlizneuangvesndugulugii a. 1ads

Nar
‘= 100 AL 11
E— O EAIL lamp {red)
" = ALM
PF lamp Q - 80 ALARM lamp (vellow)
B
s _D =
function key - =
{PF key) =60
[ T W
= |
=] ser
VE S
| =
20 = Setpoint up/down kaeys
4o |v
Opaeration moda - 3
wransfer switches %:wu =_ \\ \h\“amoini index (blue)
[ e

. s H
(ocl OA] [Ow] \\Mr-mm pointer [red)

' tretbvn Loseebvnn )

|- Qutput indicator
- >
Outpul memaory index / © %—-_‘__ ]
/" e Manual operation lever

Control valve action labe! (opan/close marks)

3 a1 mdumihvesdamunuianisouaaniuaz 1suasuld (SLPC-151+E)

e FAIL lamp 9207010897707 1 IMAANAIA
L A:l o @ - d; a:i o 7 - 4‘]
e ALM lamp dwanulonadyana@oumuidou lviidmua’ld uazeznsznSuiile
uumanstlesnudoyagayvionua
» Programmable function key (PF key) #111500 M0 I1UZMS nARE 14210 user program
* PF lamp mmm"lﬁﬂ'hw%ﬁu"!ﬁ’ﬂm user program
» Measurement pointer 1¥uaasmvesdalsnszuiums

« Setpoint index 1F1terAIn1voIA N MY
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v
o Setpoint up/down keys l¥d@wmivdiuauihving mansovanldnainue M
ad Wy ad A 1
(manual) A(auto) Nafd A tWeruAuthvue uaznafd v weansuthving
o 4 o
e C/A/M mode transfer switches @1M15AI0N IHUANMITHIIUNABINS [AUMINARE
4 ia 1 ar o "
Tnuandesns uaznaen IMndnegiuAdezaing
v o o = a a
« Output indicator 1Huanmvesdyanauemiyaniunszue 4-20 Haauoui
) s ar . a ar
* Manual operation level 1¥dmivdSumdganaeminavosinuguluinue M
" W o :
TauTon lmedoszilumsaamdganaenive v Ton lunmavnesiiums
uAF YA MNA
- =g -q a1 o o ar P
i a2 naasnddngnlslumsusasmzlsummninefussiniuguiiainia

uaasmaz 1sunsuld (SLPC-151%E)

:(:;I:::n:?“s:;tmg inhibit/ Ot ation/reverss

\ action selector switch

2N .

LY

PROGRAMMABLE CONTROLLER :
TUNING  ACTIOM
syt 800 ’ et =

- rypg— b parTa ————

Display\

e

BATCH NON- PH
( EN SAMPLE  LINEAR N
—

000

oL wy
L M H PLD
vt ML STC

L (e

XN
YN
SCALE

Cover for SPRG con-
nector and ROM

F,’HOM socket

Keyboard < ‘!,
DE ALARM

N iujm]
3

[ lls% EI:; b |

]
J

_-SPRG programmer
connector

s A

L)L

-

PROGRAMMER

3 a2 Adaeqvesdiniquitenusonansainz Tsunsu'ld (SLPC-151+E)

ar a 1 - = o
» Display arassasiadeyauazavesdoyanilousnnniduesa
o [ i = o a 1 4
» Keyboard 1¥dhmivilounmsifimes uanwaznldoumidoya uazous anumue

H = d d‘
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Keyboard Type Number T Display/Setting == 3 Default
Display (TYPE) (N) Name — Description Range Unit | Setting Valne
EN EN 1to 5 E register -800.0 to 800.0 % x -
Gl lto I5 Cl register 0/1 - x -
DN l1tol5 D register -800.0 to 800.0 % * -
Co 1to15 | CO register 0/1 - S -
BATCH Control parameters for PID with
batch switch
BD 1 Deviation setpoint 0o 100.0 % o 0.0
BB 1 Bias value 0to 100.0 % O 0.0
BL 1 Lockup width 0to 100.0 % (@] 0.0
SAMPLE Sample-and-hold PI control
parameters
ST 12 Sample times (periods) 0 to' 9999 sec (@] 0
SwW 1.2 Control times 0109999 sec (o) 0
NON- Non-linear control or 10-segment
LINEAR function parameters
GW iz Non-linear contrc!: dead band width 0.0 to 100.0 % O 0.0
GG 12 Non-linear control: gain 0.000 to 1.000 - (o] 100.0%
F l1to 1l 10-segment line segment function 0.0 to100.0 % o)
G ltoll output setpoints
H Lto1l Arbitrarily (Input deflection points) Linear
1 Ttoll -segmented (output setpoint) setting
L ltwoll ling-segment  (Input deflection points) | =25.0 to 125.0 % (o] of 0.0to
M 1to 1l function (output setpoint) 100.0%
PN PN lto8 Computational parameters Engineering - (o] 0.0
unit display
9tolé Computational parameters -800.0 to 800.0 % o 0.0
20t029 | Program setting (time) 0 to 9999 sec o] 0
TN "IN 301039 | Program setting (output value) 250t0125.0 % e 0.0
PXN 1to 16 Temporary storage registers -800.0 to 800.0 - x 0.000
1.2 Adjustable set-point filter 0.0 to 1.000 - o) 0.000
PYN parameter ot
1,2 Adjustable set-point filter 0.0  to1.000 - o 0.000
PZN parameter 8
1,2 Not used - - - *
PH PH 1.2 Process variable: high limit alarm Engineering units - o) 106.3%
setpoint using SCALE
PL PE 12 Process variable: low limit alarm Engineering units - O -6.3%
setpoint using SCALE
DL DL 1,2 Deviation alarm setpoint Enginegring units - 0 100.0
using SCALE
VL VL ) Velocity alarm: MV% change in Engineering units - (o] 100.0
time VT using SCALE
vT vT 1,2 Velocity alarm: Time duration 1 to 9999 sec @) 1
MV MV } Manipulated variable -6.3 to 106.3 % (o) -
MH MH 1.2 Manipulated variable: High limit -6.3 to 106.3 Y% e} 106.3%
setpoint
ML ML 1,2 Manipulated variable: High limit -6.3 to 106.3 % (o) -6.3%
setpoint
STC - STC mode designation - - (0] 0
P.LD PB 12 Proportional band 6.3 to 9999 % o 999.9
TI 1,2 Integral time 1 to 9999 sec o 1000
STC ™ 1,2 Derivative time 0 to 9999 sec o 0
IP to GM STC parameters = - o
PV PV 1,2 Control: process variable input Engineering units - *
value using SCALE
SV sV 1,2 Control: setpoint Engineering units - O
using SCALE
DV DV 12 Control: deviation value Engineering units - x

using SCALE
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Keyboard Ty Number o Display/Setting : 2 Default
Display (TY]I:;Z) (N) Name — Description Range Unit | Setting Vadiie
XN XN lto6 Analog input register Engineering - x
unit display
YN YN lto6 Analog current output register Y1 Engineering % x
unit display
Analog voltage output register Y2,3 Engineering % x
unit display
Auxiliary output registers Y4,5.6 Engineering % x
unit display
SCALE HI 12 Control module PV/SV engineering -9999 to 9999 - (o] 1000
units display 100% value
LO 12 Control module PV/SV engineering -9999 to 9999 - o 0
units display 0% value
DP 12 Control module PV/SV engineering 1 to4 - o) 3
units display decimal point position
DI DI 1to6 Status input 0/1 - x
DO DO L'to16 | Statusoutput and internal status 0/1 - x
MODE MODE lio5 Operation mode - - - -
CHECH CHECH Self-diagnosis: code display cause
of fault
ALARM ALARM Process alarm: : code display cause
of alarm
STALM STC alarm: code display cause
of alarm
N Item numbers change (The type
" number (N} is change)
A Data increase setting
o Increasing the setting speed ( [6r [
o are pressed simultaneously with ¥ )
A 4 Data decrease setting
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ABSTRACT

This paper presents the flow control system using the
phase-locked loop technique in cooperated with PI
controller. The PI controller is utilized to pull the flow rate
of the system into the phase—locked loop locking range
and the steady state flow rate will be controlled later by
the phase-locked loop. An experimental system is
implemented to evaluate the performance of the flow
control system using the proposed control method. The
experimental results in controlling the system in the
laboratory show that the overshoot is approximately 10%
for the 50% step input of the maximum flow rate and the
steady-state error is smaller than #2%. The experimental
results also indicate that the effect of load disturbance is
rapidly rejected.

1. INTRODUCTION

In the industry, most of plants or processes are type 0 with
three to five first-order lags or one first-order lag plus dead
time and the process variables of most systems to be
controlled to meet the desired performance are flow, level,
temperature, pressure, speed etc.[1]. One of the popular
conventional controllers with well-tuned parameters to
match the plant characteristics is proportional-integral
controller (PI controller) while proportional-integral-
derivative controller (PID controller) is comparatively less
used [2]. On the other hand, the phase-locked loop (PLL)
technique has been extensively applied in the fields of
telecommunication, instrumentation, control system, and
multimedia apparatus. It is also known that the PLL
technique gives the result of controlling the system
accurately because it uses the reference frequency from the
crystal-based clock generator. It has been reported that the
closed-loop speed control of ac induction motor drives
contiolled by PLL technique gives the steady-state speed
regulation on the order of 0.002% ~ 0.008%(3],[4]. The
PLL speed control of induction motor drives incorporating
a fuzzy logic controller that improves the performance of
induction motor speed drives has also been reported [5].
The PLL technique, moreover, can also be applied together
with PID controller to control the temperature of the water
bath by converting the temperature to frequency and the
overshoot and undershoot of the temperature response are

0-7803-5731-0,99810.00 ©1999 IEEE

greatly reduced, and the error in the steady-state is within
0.1'C 16}

This paper presents the application of utilizing the PLL
technique to. control the. flow rate of the flow control
system. Henge it is required to convert the flow rate to be
frequency. The flow rate is first converted to be differential
pressure by an-orifice plate. This differential pressure is
then converted to be voltage by the differential pressure
transmitter (D/P cell) [7] and the converted voltage is then
converted to be frequency by the voltage to frequency
converter (V/F) [8]. Since the PLL synchronization will
lose when there is a sudden change of error and the pull-in
process for PLL tends to be slow which will cause the
settling time (t,) of the controlled system too long, the PI
coniroller has been introduced. = Hence the PLL in
cooperated with PI controller is obtained. The PI controller
part is first used to control the transient state in the manner
that when the steady state error is less than +2%, the PLL
control will be automatically switched to control the
steady-state response. The parameters of PI controller, i.e.,
the proportional gain (K,) or proportional band (PB) and
integral time (7;) have been tuned from the reaction curve
of the open loop flow process by Zeigler-Nichols tuning
method [9].

The experimental results in controlling the flow process in
the ‘laboratory show that the response of the controlled
system has percent overshoot (Po) approximately 10% for
the 50% step input of the maximum flow rate and the
steady- state error (ey) is smaller than = 2%. The
experimental results also show that when the load
disturbance enters to the flow control system, the PLL in
cooperated with PI controller can maintain the stability of
the system and the effect of the load disturbance can also
be fast rejected.

2. SYSTEM OPERATION PRINCIFLES

The block diagram of the flow control system using PLL
technique together with PI controller is illustrated in Fig,
1. The current to pressure converter (I/P) is employed to
provide a variable pressure to drive the control valve at
the desired flow rate. A D/P cell is used to measure the
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Fig. 1. System block diagram of the flow control system.

differential pressure from the orifice plate mounted on the
pipeline of the flow system. This differential pressure is
served as a flow feedback. The set point and feedback
flow values are represented by voltages Vgp and Vg,
respectively. The PI confroller or PLL controller is
employed to control the flow rate through the IP
converter according to the voltage error (Vsp— V), which
is measured and computed by the programmable
indicating controller (SLPC-151*E) [10].

In Fig. 1, when the voltage error (€) is equal to or larger
than the specified preset error (g), i.e;; | Vsp— V5| 2 &,
the PI controller with well-tuned parameters will be
active. When (Vgp — V§) 2 ¢ is detected, the control valve
is commanded by the PI controller to accelerate toward
the higher flow rate. While in the case of (Vy = V) 2 &,
the control valve is then commanded to decelerate. When
| Vsp = Vi | < g, the flow rate will automatically be
controlled by PLL mode.

Fig. 2 shows the system operation flow chart of the flow
control system. When the flow rate error is less than the
preset value g, the controlled system switches to the PLL
operation. The voltage error (Vsp — Vi) which corresponds
to the flow rate error is periodically sampled and
computed by the programmable indicating controller
during the control valve operation. When the sampled
error is equal to or larger than the specified preset value,
the control'ed system will switch to PI control mode. The
flow rate will be then increased or decreased toward the
PLL locking range. When the PLL mode is operating, the
feedback voltage (flow rate) is converted to frequency (fg)
by the V/F converter and counter modulus N. This
frequency must be synchronized with a reference
frequency (fy) generated by the crystal-based clock
generator, The PLL operating mode will be described in
detailed in the next section.

3. PHASE-LOCKED LOOP OPERATION

The block diagram of the flow control system operating in
the PLL mode is illustrated in Fig. 3. It composes of a
clock generator, a phase frequency detector (PFD), a loop
filter (LF), a programmable indicating controller (SLPC-

—-I Input reference flow rate (Vsg)
'

| Feedback flow rate (Vs)
T :

Calculate error (¢)
e=Vg - Vy

No
| PLL control J I PI controller

V/I converter

I/P converter

Control valve

Fig. 2. System operation flow chart.
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Fig. 3. Block diagram of the phase-locked loop flow control.

151*E), an I/P converter, a control valve, a D/P cell, a V/F
converter and a counter modulus N. The combination of
an I/P converter, a control valve and a D/P cell is a flow
process. The D/P cell converts the flow rate of the flow

‘process to be the voltage in the range of 1-5 V. The output

of the D/P cell is fed to V/F converter so the frequency is
altered according to the voltage range. The circuit diagram
of the V/F converter with a chip IC No. LM331 is shown
in Fig. 4 [8]. The combination of -a programmable
indicating controller, I/P converter, control valve, D/P
cell, V/F converter, and counter modulus N are used as a
voltage-controlled oscillator (VCO) block in the phase-
locked loop [11].

The feedback pulse train at frequency fr from the counter
modulus N is compared by PFD with the reference pulse
train of frequency fx from the crystal-based clock
generator. The error signal from the PFD output is passed
through the loop filter to-obtain analog voltage V4. The
SLPC-151*E receives the analog voltage Vg4 from the LF
and converted it to current (4-20 mA). The current is
converted to pressure (0.2-1 kg/cm®) by the I/P converter
and fed to the control valve, so that the flow rate will be
altered to reduce the frequency error between fy and fp.
The voltage V is varied until the two signals at the PFD
inputs are equal in both frequency and phase. When this
happens, the loop is locked and the flow rate of the flow
control system is perfectly synchronized with the
reference frequency.

? 2V

G I - LM33
1

Fig. 4. Circuit diagram of the V/F converter.

In order to study the stability of the PLL system in Fig. 3,
the feedforward transfer function G(s) and the feedback
transfer funetion H(s) of the Fig. 3 will be derived.

The flow rate of the flow process needs time to travel
from the input to the output. The time is known as the
dead time L. The open-loop response of the flow process
measured at the output of the D/P cell when the step input
is-applied to_the I/P converter can be obtained from the
experiment. The model is found to be a first-order plus
dead time model. Hence the model of the flow process can
be represented by (K, € /(1 +s7), where L is the dead
time, 7 is the time constant and K is the fixed gain. The
model for PFD can be represented by Ky , where Ky is the
constant gain of PFD. The active low-pass filter can be
represented as (1 + sK) / $Ky) , where K7, is greater than
K7y and both are the RC. time constants [12]. The
programmable indicating controller (SLPC-151*E) can be
represented by Kyp (1 — €*7) / 5, where T is a specified
time interval over which the analog voltage V, from the
LT is sampled, Ky is assumed to be represented by the
constant gain of the programmable indicating controller.
The transfer function of the feedback path Hfs) from the
output of the D/P cell to the counter modulus N is
represented by Kyr/ N, Where Ky is the gain in rad/s/V of
the V/F converter and N is the frequency divider.

Then the transfer function of G(s) and H(s) can
respectively be obtained as

(1+ SKTZ)e—"L _ A e

CH st K.
(ke Kok oKy (6K, N1 +s7) s @
and
K
H(s)==2
) == @

Hence the open-loop transfer function of the PLL system
is :

KKK Ky (145K M1-e™")
GlaHle)=——5 P T
®



Apply Z transform to (1) and (3), then (4) and (5) are
respectively obtained as

(A12+Ao) b
Glz) =K -tz 4T
(z) (z—l)(z—c) A ” @
and
KBy {Az+d) i
G H & W' 1 0 3 T
(z) (z) N (z—l)(z—c) z, (5)
where
KdeKA.DKTZKp
Kt :
—a+b+ac—bc+abT
4 = = '
b
a-b-ac+bc—abeT
4, = 7 4
b
and where
a=—1—,b=l,c=e"’r.
Ko T

The closed-loop transfer function from the reference
frequency fx to the feedback frequency fi- is

G(z)
M(z)= 17 GLHG) (6)

Substituting (4) and (5) into (6) yields

@)

M(z) = K(Alz + AOW)r

SNt o s 5 A

It can be observed from the above analysis that the various
design parameters can affect the system stability 'of the
PLL operation [5] including the dead time of the flow
process. It is known that the long dead time can severely
affect the stability of the control system. In the case of the
small dead time is considered, the system stability in the
PLL mode is affected by the sampling time T once the
type of the loop filter and other parameters (K, Kip,, K, ,
Kyr,..., etc.) have been chosen.

4. IMPLEMENTATION AND EXPERIMENTAL
RESULTS

The structure of the flow process in the laboratory to be
controlled by the proposed PLL in cooperated with PI
controller is shown in Fig. 5. The IC chip No. MC 4044
(Motorola) is set to function as the PFD and LF. The
programmable indicating controller (SLPC-151*E) is
programmed to operate as a PI controller whenever the
condition | Vsp — Vg |2 € is true, and also programmed to
receive the voltage from the output of the LF when PLL
mode operates.

Vi

Vi

CV: Control valve

Vi @ Load disturbance valve
FT : Flow transmitter

FC : PIPLL control

Fig.'5. Structure of the flow process

In this experiment, the 50% of the maximum flow rate of
the flow process will be set as a reference flow rate. At
this flow rate, the D/P cell is calibrated to give a voltage
of 3V. When the PLL is in the lock position, the frequency
corresponded to the flow rate is 3,731 Hz. The specified
preset. value € is 2% of the reference flow rate, the
sampling time T is.0.2 second and the counter modulus N
is set at N=2:

Fig. 6 shows the results of the experiment recorded by the
recorder model 4 R.180 (Yokogawa). The speed of

recorder is set to be 10,800 mm/hr, which can assure the
accuracy of the results. The distance between the pen
recorder that records the response and the other pen
recorder that records the reference signal is 6 mm.

In order to obtain the desired system performance, the
proportional gain K, or the proportional band PB and the
integral time T} of the PI controller are first tuned from the
flow characteristics by Zeigler-Nichols tuning method.
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Fig. 6. Experimental results: (a) open loop response, (b) closed-loop response using PLL in cooperated
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disturbance for the system using PLL in cooperated with PI controller.

Hence from the open-loop response of the flow process
shown in Fig. 6 (a), it is found that the process gain, the
dead time and the time constant which will be the
parameters for the tuning formula are 1.38, 1 second and

1.33 seconds respectively. Since the dead time L = 1
second, the process could be considered as a small dead
time process. After doing a fine tune of the proportional
band PB and the integral time T; obtained from the tuning



formula, the proper proportional band and the integral
time are 70 % and 2 seconds, respectively. The PI
controller using these two parameters will give the system
performance as desired.

The response of the flow control system using PLL in
cooperated with Pl controller (Fig. 6 (b)) has a
considerably desirable performance. That is, the rise time
t, is 2.33 seconds, the percent overshoot Po is 8%, the
settling time #, is 8.67 seconds and the steady-state error
ey, is less than 2 %. Compared to the response of the flow
control system using only PI controller (Fig. 6 (c)), both
systems exhibit almost the same results. However, the
small oscillation in the steady state is encountered when
the PLL control is employed as shown in Fig. 6 (b).

Fig. 6 (d) shows the response of the flow control system
disturbed by the load disturbance. When the valve V, is
opened, the flow rate drops to 39% of the maximum flow
rate. Hence the selection of control modes switches to the
PI controller. Therefore the controller will rapidly pull the
flow rate up to 50% of its maximum flow rate within 8
seconds before the PLL control is repeated again. The
control signal of the programmable. indicating controller
(SLPC-151*E) is also shown in Fig 6 (d). It is found that
the control signal increases rapidly to bring the disturbed
response up to preset value, which means that the PI
controller is operating. The vertically dropped control
signal means that the selection of control modes switches
to PLL control.

5. CONCLUSIONS

The flow control system using the PLL in cooperated with
PI controller has been proposed. The PI controller is used
to control the transient state while the PLL technique is
used to control the steady state. It has been shown in this
paper that the PLL technique can be properly applied to
control the flow rate of the flow process by converting the
flow rate to frequency. The acceptable performance of the
flow control system using the proposed PLL in cooperated
with PI controller can be obtained. It is also shown that
when there is a load disturbance entering to the flow
control system, the effect of the disturbance can be
rejected by the co-operation of PI controller and the PLL
control, and the system remains stable.
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Abstract

This paper presents the flow control system using
the phase-locked loop technique incorporating P
controller. The P controller is utilized to pull the flow
rate of the system into the phase-locked loop locking
range and the steady state flow rate-will-be controlled
later by the phase-locked loop. An experimental system
is implemented to evaluate the performance of the flow
control system using the proposed controller. The
experimental results show that the overshoot is
approximately 15% for the 50% step input-of the
maximum flow rate and the steady-state error is smaller
than +2%. The experimental results also indicate that the
effect of load disturbance is rejected if the flow rate error
due to the load disturbance is less than the preset value.

1. Introduction

In the industry, most of plants or processes are type
0 with three to five first-order lags or one first-order lag
plus dead time and the process variables of most systems
to be controlled to meet'the desired performance are flow,
level, temperature, pressure, speed etc.(l1]. One of the
popular conventional controllers is proportional controller
(P controller). However, the steady-state error of P
control system will occur if the plant or progess is type 0.
On the other hand, the phase-locked loop (PLL)
technique has been extensively applied in the fields of
telecommunication, instrumentation, control system, and
multimedia apparatus. It has been reported that the
closed-loop speed control of ac induction motor drives
controlled by PLL technique gives the steady-state speed
regulation on the order of 0.002% ~ 0.008%. The PLL
speed control of induction motor drives incorporating a
fuzzy logic controller that improves the performance of
induction motor speed drives has also been reported [2].
The PLL technique can also be applied together with PID
controller to control the temperature of the water bath by
converting the temperature to frequency and the
overshoot and undershoot of the temperature response are
greatly reduced, and the error in the steady-state is within
0.1C [3].

This paper presents the,application of utilizing the
PLL technique to control the flow rate of the flow control
system. Hence it is required to convert the flow rate to
frequency. Since the PLL synchronization will lose when
there is a sudden change of error and the pull-in process
for PLL tends to be slow which will cause the settling
time- (t;) of the controlled system too long, the P

controller is introduced. Thus the PLL incorporating P
controller is obtained. The P controller part is first used to
control the transient state in the manner that when the
error=is._less than +20%, the PLL control will be
automatically ““switched to control the steady-state
response. The“parameters of P controller, i.e., the
proportional gain (K.).or proportional band (PB) has been
tuned” from-the reaction curve of the open loop flow
process by Zeigler-Nichols tuning method [4].

The experimental results show that the response of
the controlled system has percent overshoot (Po) about
15% for the 50% step input of the maximum flow rate
and-the steady-state error (e,) is smaller than % 2%.
Furthermore, when the load disturbance enters the flow
control system, the PLL.incorporating P controller can
maintain the stability of the system and the effect of the
load disturbance can also be rejected if the flow rate
error due to the load disturbance is less than the preset
value.

2. System Operation Principles

The block diagram of the flow controal system using
PLL technique together with P controller is illustrated in
Fig. ¥: " The current to. pressure converter (I/P) is
employed to provide a variable pressure to drive the
control valve ‘at the desired-flow rate. A differential
pressure transmitter (D/P cell) is used to measure the
differential pressure from:the orifice plate mounted on
the pipeline of the flow system: This differential pressure
is.served as a flow. feedback. The set point and feedback
flow values are represented by voltages Vgp and Vi,
respectively.” The P controller or PLL controller is
employed to control the flow rate through the I/P
converter according to the voltage error (Vgp — Vi),
which is measured and computed by the programmable
indicating controller (SLPC-151*E) [5].

In Fig. 1, when the voltage error (e) is equal to or
larger than the specified preset error (g), i.e., |Vgp— V| 2
g, the P controller will be active. When (Vgp— Vi) =€ is
detected, the control valve is commanded by the P
controller to accelerate toward the higher flow rate.
While in the case of (Vi — Vsp) 2 &, the control valve is
then commanded to decelerate. When |Vgp— V| <g, the
PLL mode will automatically control the flow rate.

When the flow rate error is less than the preset
value g, the controlled system switches to the PLL
operation. The voltage error (Vsp — Vi) which
corresponds to the flow rate error is periodically sampled
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and computed by the SLPC-151*E during the control
valve operation. When the sampled error is equal to or
larger than €, the controlled system will-switch to-P
control mode. The flow rate will be then increased or
decreased toward the PLL locking range. When the PLL
mode operates, the feedback voltage (flow. rate) is
converted to frequency (fi) by the V/F convertcr and
counter modulus N. This = frequency  must be
synchronized with a reference frequency (fp) generated
by the crystal-based clock generator. When this happens,
the loop is locked and the flow rate (fp) of the flow
control system is perfectly synchronized with fi.

The PLL mode, which is the part of .the block
diagram of the flow control system, is illustrated in a
marked part of Fig. I. The combination of an /P
converter, a control valve and a D/P cell is a flow
process. The combination of ‘a SLPC-1S1*E, /P
converter, control valve, D/P cell, V/F converter, and
counter modulus N are used as a “voltage-controlled
oscillator (VCO) block in the phase-lacked loop. [6]. In
order to study the stability. of the PLL system in Fig. 1,
the feedforward transfer function G(s) and the feedback
transfer function H(s) will be derived.

The flow rate of the flow: process needs time,
known as the dead time L, to travel from the input tothe
output. The open-loop response of the flow process
measured at the output of the D/P cell when the step
input is applied to the I/P converter can be obtained from
the experiment. The model is found to be a first-order
plus dead time model. Hence the model of the flow
process can be represented by (K, e*Y/(1+s ), where L
is the dead time, 7 is the time constant and K, is the
fixed gain. The model for PFD can be represented by Ky,
where K, is the constant gain. The active low-pass filter
can be represented as (1+sKr:)/sKr;, where Ky, is greater
than Kp and both are the RC time constants [7) The
SLPC-151*E can be represented by K (1-¢*)/s, where
T is a specified time interval over which the analog
voltage V, from the LF is sampled and K pis assumed to
be represented by the constant gain. The feedback
transfer function H(s) from the output of the D/P cell to

the counter modulus. Nuis represented by Kyvel N, where
Ky#is the gain in rad/s/V and N is the frequency divider.
Then G(s) and H(s) can respectively be obtained as

(14 sk e 1= 1)

G5 = K K. 5w
(5) @ b (.s'K,,)(l+sr] s

and
H(s) = LT (2)

and the open-loop transfer function of the PLL system is

Gls)Hils)= AR i b NE€) O
N s Knll#s r)

Apply Z transform to(1) and (3), then (4) and (5)
are respectively obtained as

G i e 4 @)
(z=1)z-c)
and
RO ARV (5)
N (z-1fz-¢)
where
“KuK‘mKr:K,-, _—a+b+uc—bc+ab7‘l
& Kyt T b’
a—-b-ac+bc-abecT
AD = = L
b-
and where
a= l .b=-l-,c=e"""
Kea T

_. Gz (6)
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Substituting (4) and (5) into (6) yields

KAz +d,) (7)

.M(:)= - 1%
2T(z=1)z-c)+ _Ni(A': +4,)

It can be observed from the above analysis that the
various design parameters can affect the system stability
of the PLL operation [2] including the dead time of the
flow process. It is known that the long dead time can
severely affect the stability of the control system. In the
case of the small dead time is considered, the system
stability in the PLL mode is affected by the sampling
time T once the type of the loop filter and other
parameters (Ky. Kip Kp, Kyr...., etc.) have been-chosen.

3. Implementation and Experimental Results

The structure of the flow process in the taboratory
to be controlled by the propesed PLL incorporating P
controller is shown in Fig. 2. The IC chip No. MC 4044
(Motorola) is set to function as the PFD and LE [7}. The
SLPC-151*E is programmed to operate as a P controller
whenever the condition | Vsp = Vi | 2= € is true, and also
programmed to receive the voltage from the output of
the LF when PLL mode operates,

In this experiment, the 50% of the maximum flow
rate of the flow process will be set as a reference flow

CV : Control valve

V, : Load disturbance valve
FT : Flow transmitter
FC : P/PLL control

Fig. 2. Structure of the flow process.

rate. At this flow rate, the D/P cell is calibrated to give a
voltage-of 3V. When the PLL is in the lock position, the
frequency corresponded to the flow rate is 3,731 Hz. The
specified preset value & 1s 20% of the reference flow rate,
the sampling time T is 0.2 second and the counter
modulus N is set at N=2. The other parameters of PLL
controller are. K,=0.115, Kyz=7.814, K;p=1, Kr/=15 and
K7=0.01.

Fig. 3 shows the results of the experiment recorded
by the recorder model #R.180 (Yokogawa). The speed
of recorder is set to be 10,800 mm/hr. The distance

CTO14
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between the pen recorder that records the response and
the other pen recorder that records the reference signal is -
6 mm. :

In order to obtain the desired system performance,
the K. or PB of the P controller is first tuned from the
flow characteristics by Zeigler-Nichols tuning method.
From the open-loop response of the flow process shown
in Fig. 3 (a), it is found that the process gain, the dead
time and the time constant are 1.38, 1 second and 1.5
seconds respectively. Since the dead time L = 1 second,
the process could be considered as a small dead time
process. Since the PB obtained from the tuning formula
causes too large offset, the proper PB is chosen to be
60%: The P controller using this PB value will give the
acceptable system performance.

The response of the flow control system using PLL
incorporating P-controller (Eig. 3 (b)) has a considerably
desirable performance. That is, the rise time 7, i1s 1.33
seconds, the-percent overshoot Potis 16%, the settling
time f, is 6.67 seconds and the steady-state error e, 1s
less than £2%. On the other hand, the response of the
flow control system using only P controller (Fig. 3 (c))
has high offset (24%), high overshoot (53%), and long
settling time (11.67 seconds).

Fig: 3 (d) shows the response of the flow control
system disturbed by the load disturbance and the control
signal. When the valve V, is opened, the flow rate drops
to 43% of the maximum flow rate. The PLL control can
reject the effect of the load disturbance. However, if the
valve V, is opened and the flow rate drops below 40% of
the maximum | flow rate (below the preset value 20%),
the P control will be active. As a-result, the response
does not converge to-the preset value, which means that
the PLL ‘will never activate again. Thus, the response
cannot be brought back to the reference level, so a large
offset will occur.

4. Conclusions

The flow - control” system using the PLL
incorporating P controller has been proposed. The P
controller is used to control the transient state while the
PLL technique is used to control the steady state. It has
been shown in this-paper that the PLL technique can be
properly..applied to control the flow rate of the flow
process by converting the flow rate to frequency. The
acceptable performance of the flow control system using
the proposed PLL incorporating P controller can be
obtained. It is also shown that when there is a load
disturbance, which is smaller than the preset value,
entering the flow control system, the effect of the
disturbance can be rejected by the PLL control, and the
system remains stable.
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Fig. 3. Experimental results: (a) open loop response; (b) PLL incorporating P control system response,
(c) P control system response, (d) PLL incorporating P.control system load disturbance response.
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