3.1

FwraNnsaluniingas
CHULALONGKORN UNIVERSIT;



3.2

) 5

(Pump)

(Holdup time, xH

22



FwraNnsaluniingas
CHuLALONGKORN UNIVERSITY

23



3.3

24

31

inflow

Outflow
Qout

31

(Tight level control)



(Critical unit)

(Averaging level control)

(Surge tank)

31

25



31

control)

Variable

(Tight level

(Averaging level control)

(Tight level control) (Averaging level control)

20-80%

26
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3.2

3.2

CO - Bias + Kce CO = Bias + Kce + —J edt

T O

COl = Kce CO = Bias + Kce + — fedt

X 0
C02 = e_A/Tp (COO) + (1- e AYTPQINO

Kc=A - =(l+lelKIn25)(25le,K)(K c0)
COO = C02 de
TIO

QinO = Qin 17 (L+lelK In25)(25leK)

CO= Bias + (C01+C02)

For |d<eb For |[d <eb

CO - Bias + Kce CO - Bias + Kce 4—--} edt

For | >eb 20
For |d>éb
CO = Bias + Kce+— (e + eb)dt
X 0 CO = Bias + Kce + —J edt
X1 0

2>



CO = Bias + Kce

tunew —
ACO = COnew - COold ;
if ACO <= COmax (= MRCO XTs)
CO = COnew
eseif e<O
CO = COold + COmax
else CO = COold - COmax
end
end

CO = Bias + Kce
Kc= = (1+ lelK In 25)(25lelK ) (K @
COnew =CO ;
ACO = COnew - COold ;
if ACO <= COmax (= MRCO XTs)

CO = COnew
elseif e<O

CO = COold + COmax
else CO = COold - COmax
end

end

29

CO = Bias + Kce + —f edt

COnew = CO
CO = COnew - COold
if ACO <= COmax (= MRCO XTs)
CO = COnew
ese if e<O
CO = COold + COmax
else CO = COold - COmax
end
end

CO = Bias + Kce + —f edt

Tl °
m=0 +[e!KIn25)(25,eK)(K®

HO

Kc=*"
de

1~ (1+lelK In25)(25lelK)
COnew = CO

ACO = COnew - COold
if ACO <= COmax (= MRCO XTs )
CO = COnew
ése if e<O
CO = COold + COmax
else CO = COold - COmax
end
end



3.5 '

(Conventional level control)

(Level control dynamics)

(Level controller)

(Block diagram) 33

H_ ()

Ge(s)

Qes) —*» G

Q.8

H(s)

A

Gy I

3.3

d(pv)

dt

=P

31

Qi - pQo




3l

)
f - » (3-1)
(Laplace transforming)
(H)
(Qi) (Qo)

sH(g) =" () -"Qofs)

H(s) =" Qi( )-"Qo(s) (3-2)
33
(3-3)
(3-4)
(Closed loop system) (Feedback
controller) (Transfer function) Ge()
H(s)= GL{ )QiI( ) + Gm( )Ge( JH( )% - () (3-5)
Gi(s) - Ge( )GM( )
H(s) 1+ Ge( )Gm () i(s) + 1+ GQ )Gm () H(s)set (3-6)
GL(s)Gc( ) - Gc(s)
Q) 1 eygem() VO 1ioegom) Heset G



(3-6) 3-7)
H(s) _ Gi(9
Qi) 1+Ge(s)GM()
H(s)  Ge()GI()
H®t(s) 1+Gce(s)GM()
Qo(s) _ Ge()G1()
01 =1+GQ )GM()
Qo(s) _ Ge( )

Ht(s) 1+ G(9Gm ()

(Characteristic equation)

1+ Ge( )GM( ) =0

351 (Proportional controller)

CO(t) = Bias + Kce(t)

e(®) = R(1) - B(Y)

co(t) =

e(t) =

R(t) =

32

(3-8)



33

B(t) =
33
Ge(s) = K1 (3-9)
(Characteristic equation)
f1_
1+ Kthsy =0 (3-10)
(3-10)
=-K1/As
Ti= AlKI (3-11)
=-1/th (3-12)

(Characteristic equation)

(Input

noise filter)
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3.5.2 (Proportional integral controller)

t
CO(t) = Bias + Kc e(t) +' !\]e(t)d(t)

L 0
33
Go( )= Klvl+ 1] (3-13)
(Characteristic equation)
L +1 1 _
1+ K1 =0
S
"2+ TS+ 1=0 (3-14)
(3-12)
1 4
SOV pII-lI o (3-15)
(Damping coefficient )
=1 & (3-16)
2pH

(Critical damping) c=1



X = 4xh
(3-16)

(Underdamped)

(Set point)

coefficient) 1

(Controller gain)

K1

3

(Overshoot)

(Damping

m3min 1m'l

(Dimensionless gain) K ¢ (psi/psi in pneumatic) KL

(Controller gain) Kc

(Level transmitter gain) Kt

Kt
Klz'K -

(Control valve gain) Kv

(3-17)
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Kt= / (Signal range / AH)

KV = / (Signal range /Qo,max)

(Linear installed

characteristic)
, (Transmitters), (Controllers)
(Valves) (315 psi)
e ¢
Tv (Hold-up time)
il 619
XV = Qofmdx
(3-11), (3-18) (3-19)
TH = Tv/Kc (3-20)

(Digital simulation)

A=1

AH =2

Qomax = 4 /

= 50% full scale



(Load disturbance)

34,35 3.6

109
9C K =0.4

80 L =1
c

1/

6G

Level

ey
&
(=

— z Tice

Cutflow
a3/ain.
1.5

1.2

Time

34

5 6 7 8 9 10 11 12 (min.)

31



3

100

Level

+ Time

2.5k

2.9
Oucflow
nd /min.

1.

w

Time
i 4 3 & 5 6 7 & 9 10 11 12 %l

35



LCq
[

90t

80t

Level

-

2.9
OQutflow
md /min.

1.0

3.6

(Underdamped)

Time

(min.)

39



34

35

(C=))

3.6

(Design chart)

40

25%

(Critical damping)

(Underdamped) ("<1)

(Fluctuation)

Cheung Luyben 1979

(Averaging level control)
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(Maximun peak height: MPH)

(Maximum rate of change in Outlet flow: MRCO)

3.7

(MRCO)

(MPH)

37

/ Slope‘= MRCO




(MPH)

(MRCO)

MPH MRCO

(3-6) (3-7)

(3-62) (3-7a)

Qo)

42

(3-6a)
(3-7a)

AQi

(Time domain) ~ H(t)



Qi

(3-21)

36a)  (3.7a)

AQIN 1
) ykaeh +)

g L

(thst 1)

Qof

(3-6b)

H(t) =" L(1-e t/TH)
Qo(t)= A Q i(l-e-UTH)
(3-22)

1dQ0 _ AQi
L dt Jt=0 ~ Th

(3-23)

(MRCO)

43

(36)

37)

(3-7b)

(3:21)

(3-22)

(3-23)

(MPH)

(MPH)

(3.21)



Hoff,, =" = MPH
(3-18) (3-2la)
KcQo.max
AQi ¢ ah '
¢ = Qomax VMPnh J
(3-23)
a0 Al - yreo
dt Ji=)
(3-19) (3-20) (3-239)

_ AQi (K¢Qo.max)
MRCO = AAH

AAH
MR
= AQiQo,r

(3-2le) (3-23c)
(MPH)

(MRCO)
AQIK-L

AQ;//Th = AQi (KIVA)

44

(3-21a)

(3-21b)

(3-21c)

(MRCO)

(3-23)

(3-23b)

(3-23¢)
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100% (1 m3Imin)
(MPH) 25%
(3-2le)

_ 1 ni3/ min 100%
° 4 m3/min 25%

= 1
(3.23¢)

MRCOlel m3/min X 4 m3/min
2m3

=2 m3/ min/ min

36 (@)

K L X, +.) <3-6c)

oif) * ¥+ 10
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(3-6¢) (3-7c) (Time domain)

Q (36) (370
() Y\/AQ’J K1n th);tS+ Xis+ 1) (369
Qofs) VAQi/)x thzgsT+les+| (370
36d)  (37d)
(Critical damped); oc2* 4p
H() ;Agiye':;;er;/\ (3-24)
Dol /?QHI " 'jj-_e'ri : shjri e"rA e-rir'li/\ 35)
f 12 2+as+p =0 (x:’;h—, b= ThAF
@-= 4P
=y e (3-26)
Qo(t) :é?i te;i5 +-§r\}-1l+a—2t:e%tj (3-27)
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2
dQo AQi
dt t=0  XH
(3-24)
(3-26) (-"=0)
(3-24) (3-26) (Peak level: H peak)
¢ <1
fi
Inlﬁ]
T (3-28)
gtpeak A
A 2 SiN ppeakyp -
ag ;
AH peak  \/ A ] ot (3-29)
fe-
M
-1+ (3-30)

q-V " (3-31)
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=1
tpeak = 2TH (3-32)
AHpeak- 0.736" KC'A | (3-33)

(3-28), (3-29), (3-32), (3-33) (3-23)

Cheung Luyben (1979)

38,39 310

Ke,T O
(MPH) (MRCO)

(MPH) (MRCO)
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(]

~

MRCO/AQ,

.
«&o—-

Oy

3.8
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AINUAUUVUN 18 0
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L
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ta
L
i~

310

38,39 3.10

(Maximum peak height in level)
Kc 38

(Reset time) X 39
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310 (Level
peak)
A=1
AH=2
Qo,max = 4 A
= 50% full scale
=, ] /
(Load disturbance) 100 %
1 / 2 /
(AH)A 0
5
NV oomax
100% (1 m3min) 21.5%

15 mVmm'mml



Cheung Luyben (1980)

52

Y 38
dQo
dt = 15
AQi 1
X X=05
0.75
(Reset time) 3.9
X
i 0 10
X Kc=10.75 Y 2.6
= 1tv Ty =0.5 T =13 3.10
C=07
39 tpeak= Ty(208) = 05(2.08) = 1.04
311
38,
39 310 (Cheung Luyben, 1979)



311

100

30¢

801

70

60

Level SCI

3.12

3.13

oW

R ol . |

-~ OO0

— 1
w

2.0
Oucflow

a3 /min.
1.5

3

9 10 11 1

I~

Tia

Tina
(min.)

53
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140

100

HPH X LQ:
X .

25 5 1.0 1.25 1.5 1.75 2.0 2,25

K - t HKOO/ALj

v PL
Y] 2

120

100

Q
80 omux
MPH X AQ,

60

40

20

U W) 9 ) 1.0 L . 1.5 1./5 Y YAV
ke T Mg

E Qomax / AQj, K¢ =tv(MRCO)/ AQj, «xv = (AH)A
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Marlin (1995)

(Non-self regulating)
= Qin - Qout (3-34)
H'=H- Hs
Q'2Q-0s
Qout=Kc(Hsp-H ) =-K cH' (3-35)
(3-34) Ke <0 ! (Negative
feedback) HY- Hs

(Laplace transform)

1
e - Ko (3-36)
Qin() (_KC)S+|

Qin=AQj/
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-AQi
AHM (3-37)
AQin
AH MmN
)
Qout = ~Ko(H' + -A-/ H'dt) (3-38)
(3-34) (Laplace transform)
H(s) = £ ]
Qin()  xes2+2xEs+1 (3:99)
"~ 1(-Kc) 2V A
¢=1 Qin = AQin/
Ho=| A e-t(-Kc)i2A (3-41)

(3-41)



51

= 2A/KC (3-42)
(3-42) (3-38)
AQ;
—_ —m '4
AH, . = 0736 K (3-43)
AQj1
A'S!max
Kc (3-40)
s (344
(_Kc)
(Tight level Control) (Averaging

level Control)

3.6 /

scheme)

(Feedforward/feedback level control)

/ (Feedforward/ feedhack

(Luyben  Buckley, 1977)

(Proportional-lag controller)



(Proportional-lag controller)

58

(Proportional-lag controller) )
¢ (Feedforward/feedback control)
(Feedback control)
"o % |
e
-—o<l:T LC
== .
314
H(S) ; GI1(s)+F (s)Gm(s) Ge( )GM() H(s)set (3_45)

1+ Gce(s)Gm(s) r IW

1+ Gce(s)Gm (s)
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Qs) l G (s)
F(s)
H (5) —H)— G ———%——0 Gy, (5) 5 5
Q(s)
3.15
F(s)- GL(s)Gc( ) .. G
Qo(s) = I +Ge(s)GM( ) _QI(S) 1+ G(?(Cg(;M( ). F(s)et (3-46)
!
(Characteristic equation)
!
Luyben  Buckley ,
(A gain plus a first-order lag)
A = I+k):cFSy (3-47)
! (Ge( ) - KI)
H(s) = tist 1-Kf (3-4)

Qi()

Ki(tfs+ 1)(ths+ 1)



Qo(s) = (KFTH+Tp)s+1

60

Q) (tfst Diths+ ) 5
th = A/K1
Ky = KKCI;T
Kt 1 (Level transmitter gain) psi/m
KM (Flow measurement gain)
psiim3min
K¢
(Linear flow measurement
characteristic)
@Q ()= AQiks)
wo-(2) e &
(ile (L- Kf)ltf

a = Ut
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UTh

Kp+ 1  (s+b) _
Qo()= AQL " Ty (+a)(s+P) (351)

h=1/(KpTp + Tp)

(350  (35))

HY AQ JL + (a~a) -at (a~p) -pt (3-52)
aP a(a~P) P(P~a)

kf, 1 b+ (b-a) eat+ (b-P) e_pt
Qo(t)zAQiS/AF t p P (P-a) (3-53)

(3:52)

1 lna-a

peak (a-P) U-PJ (3-54)

(353)
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iQc _ Kf+] ! )
Vit J=0™ AU QF IHy (359

(3-52) t—
H offset Q AHl TK (3-56)
(352  (3-55)
( )
Kp 1
Kp ( Q. Qo) 1
(3-56)
Kp 1 K¢ 1

' (3-54) ] Tp



tf = 4

118

3.17

Tp

3.16

(Overpeak)

63

Luyben Buckley)

(Digital simulation)

0.75



6.25%

100 5

£
90 °L : K
L4

Level 5

3G

20

2.5-

2.0L..
OQucflow /

a’/aia.

L.5[

10

05 1 23 45 6 78 9101 122
3.16 ,

(352)  (356)

Cheung  Luyben (1979)

64



Cheung Luyben (1979)

3.18 3.19

1
=

Kp

10Q
Ly & =1, K =L, 24

2:% =1, K.=0.75, 7,=0.5
3¢ 3 =1 Ko=1, 7.=0.5

ey

Tine

~
ML
1

2.3
Queilow

a¥/min.

L.

Tize
0.5 . {aia.)
3 2 3 4 5 6.7 8 9 10 i1 12

3.17
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140 -
I\c 0.5 \
120 i
100 3507
\P-cglly control Responue
80 ()
MPH X | X - —nax
) AQI
x
60
40
\\
20
.25 <3 .15 1.0 1.25 y S 1.75 2.0 2.25
lv HllCU/A(}l
d‘ % 1 o d
31N 3.18 uruamMsUsuauAnUAIAILANLUUNILEA
140 ..
£ 0
T
v
120
100 v
. Pronly Control Response
80
W. Qﬂ
I % i hax
XY X —_AQ’_
60
40
20
0 .25 39 75 1.0 1.25 1525 2.0 2.25
T MRCO/6Q
v 1
3.19 (Feedforward lag

time constant)



(MPH)
(MRCO) 20% 2 m3 min/ min
Y 3.18 3.19
00, max \
MPH (X) = MPHVA’Qi y
= 20%(4/1)
= 80%
X 3.18 3.19
v (MRCO/AQi) = 0.5 (2/1)
= 10
3.18
KC = 0.8
3.19
Tp /Ty =
Tp = 6x0.5 =3

67
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3.18 3.19
(MPH  MRCO)

3.7 (Nonlinear Level Controller)
3.7.1 (Nonlinear PI controller)

Shunda Fehervari (1976)

C=1
T =4xv /Kc
3.20



69

(Switch)
20-30
Contraller
Controller proportional
gain term
Kd
/
Kcs '
I -L's / EI[Q
-L'p L'b / L's
3.20
(Marlin, 1995) 3.20

Qiut = - Kc(H" + ) (3-57)



Kc=KdeS H" 1< 1y
s =% [H'| > Hi3
* = £
K cS KcL
20 3.20 KcS KcL
AQIn = ~KcHB “ KcL(ALmex “ Hb) VrK'+AL,
(3.58)
kL= N
+ A Hyy-H '
« mey-H 'B
_ Kd
KeS = «
(3.40)
_AG2A
V K
3.7.2 (Wide-range controller)
Shunda

I B (-KcL)

Fehervan (1976)

Shunda Fehervan

10

(3-58)

(3-59)

(3-60)

(3-61)



/1

(Proportional mode)

Cp = (25lelK)(Kc0)e (3-62)
el
Kcl 0.04-10
K rangeability factor
KO= 2 - = (l+lelKln25)(25,elK)(Kt0) (3-63)
1 = (1+[elK 1n 25)(251eK) (3'64)
(Reset time) (Ked  TIO)

Shunda  Fehervari

(ii) (Continuous)

(Nonlinear  controller)



2

(Digital simulation) (Cheung  Luyben, 1979)
1
1

321

3.22 K¢l

Tio 321
100%

322

10%



100

30} co LS 55

e : = T =2
| 2: PL:Kel, 7 =2

2.0

Jucflow
al/=in.
15

1 2 3 4 s & 7 8 9 10 11 12

321

(AQi= 1mVmin)

1: ML : K =1 T, =2, X=0.47

13



14

55
[ 15 LK. =1, T o2,
ce -0
Ser 2: PT K =1, <t =2
c
s3f

Leval

2
1 =
1.1.-.-...2.-—.----.-—._-u. — -
Cucflow

al/min.
1.05F

1 2.3 &% 5 & © 8% 9 10 A1 12

3.22

(AQj = 0.1 mVmin)



(K c0)

<25,

.25,

r. =4, €=0.23
To

31088. K=0.47

, =8, K=0.23
-0

Time

Outflow

a3 /min.

1.0

0.5

3.23

3.23

10 11 12

15



(Cheung Luyben, 1980)

c=1 100%

324

35

NL
Standard Tunk
30

1002 Step Change

25

20

15

10

16

. 1.0 1.5 2.0 2.5 3.0 335 4,0 4.5
MRCO 3 /min/inln

" o @ ' v
UM 3.24 urunMNTYTUIUAIAIUANLLLFIN



1

(Cheung Luyben, 1979) (Cheung
Luyben, 1980) 3.12, 313, 318, 3.19 3.24 Cheung
Luyben (1980)
5

33
3.3
case MPH MRCO P Pl PL (K1) Wide-range (*=1)
@)  (m3min/ Kc Ke X S Kc Y Ko To K

)

1 30 10 (0.83x 050 16 064 (0.5* - 036 56 025

2 20 20 (1.25* 100 28 =1 08 3 032 62 075

3 15 25 (167 125 16 1 0.8 11 052 39 0.77

4 10 35 (250 17 12 1 (Lo} - 132 15 05

5 20 25 125 125 40 >1 123 2 024 83 10



33

(MRCO)

MPH MRCO

3.25

(MPH)

MPH MRCO

(Large reset action)

(Underdamped) % = 0.64

(Critical damping)

(Zero-error gain)

3.26 325

18



10%

(K c0)

3.26

(Nonlinearity)

100%

(Set point)

(Overpeak)

(Flow noise filtering)

(Bode plot)

19

100%

(Sharp)

3.27

(Amplitude ratio)



tic)

80

(Filtering character”

Case 5

LC% Stzp Change

Time

L.15

Oucflow

2% /min.

L. O3}

L. OF

PT 2L ——

3.25

1 2 3 4 S 6 7 8 9 10 11 12

(AQ;

= 0.1 mVmin)



6l

Case 5
90} MPH = 207
MRCO = 2.5a3/min/min

I~
.

[¥])

2.2F fY
Queflow ‘/ P

=) /min

1.5

1.9

L 2 J 4 5 % 7 8 9 10 11 12

3.26 : :
(AQ;= 10

m3Jmin )



10~

5k

82

k=0.5, €_=0.1, £=1.0
co

Qo(s) i: YNoise 3and = 1007
o
i : Noise Band = 50%

2
3: loise 3and = 107

20t \
ZSF \
I8 =05 ) 5.5 ) i.5

3.27

Log 10 Frequency

(Frequency response)



(Overpeaking)

band eb)

(Sharp)

(Absolute error lel)

Cheung

(Split-range controller)

83

Luyben (1980)

(Normal error



3.7.3

3.29

84

(Split-range  control)

. (Conventional override scheme)

(Proportional integral/proportional controller)

(Auto-override - scheme)

P
teb

e 0- P
€b

P

3.28

(Integral mode)



8

(Error)

lel<eb

CO = Bias + Kce
le|>eb

CO = Bias + Kce + —1J0(eireb)dt

e>0 e<0

3.9

05

(Overdamped)



86

(Oscillate)
(MRCO) K¢
(Cheung  Luyben, 1979)
3.13 (Reset time)
(MPH)
(MPH) (Error band) T]

2 (Trial and error)



1
oo
8
2
R
n

1o
w
o
2
a.
"

~
i
T

2.9
Quc £low

a’/min.
15

1.9

°-5123asa7§§i0u12

3.29

9 - s Tine

Time

67



3.7.4 (Dual range integral/proportional controller)

3.30

Pl Xu
+eh

-£h

PI Til

3.30
3.30

lel < eb
CO = Bias + Kce + f edt
TI2 0
lel >eh

CO = Bias + Kce + —J edt
10

Xj2 \ > 1 1

(< 1 (Band)



proce

$5)

331

89

(Overall
(Critical damping)
(Load change)
)
(MRCO)
(MPH)
=1
313 10 ¢ '2(° &
=100 <)
2(>] =1 )



%0

(Wider band)

104
CRIP

¥ =0. = =
A TR P

1: Baad = £10%
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3.7.6 (Limited output change

of PI controller: LOC-PI controller)

! ( Reset windup)
(Anti reset windup)

(ERINT)

ERINT = CO - Bias - Kce

3.33



3.33

Level

v
-

LeC-P1

MRCO = 9.73=3/aia/min

+ Tinma

~
‘a
)

2.9
Ouetlow
ad/aia,

L.5¢

l.C

Tine

r=h
~
w
.
i
o
~
w

9

w0 11 120

95



9%

314
%>1

(MPH)

3.1.7 (Limited output
change of nonlinear-P controller: LOC-NL/P controller)
(NL/P controller) ,
3.34
(Nonlinearity factor; K)
(Kc0)
324

Kc0 K



3.1.8

90

3C

h0

Level

8 S ¢
co
2: %

<o

=0.2,

C..o=0.2,

97

Loc-yNL/p

X=1, MRCO = l=’/min

X=1.5, !RCO = 2ai/min

2.0F S

Qucf low
2 /min.

151

Lof

3.34

L ) Al Ll G 7 8

9

10 11 12

(Limited

output change of nonlinear PI controller: LOC- NL/PI controller)

Shunta

Fehervari



(Kc0)

c>1

3.3

(Nonlinearity factor: K)

(tlo)

3.24

9%



iCT-NL/P1

0
g X =0.24, R=1.9, 2=l
co
30+ L Yo ceasctraiac
"0 2 MRCO = 2.0a’/nia/mix
3 MRCO = L1.0m®/ain/miz
49
3 B~ iy 8 o e s s e e e se s - -
Lavel 3
¥ 40F
30t
20F
10 }
0 b Tine

1.of

9571 2 B &% 5 & 7 8 98 10 11 12

3.35



100

(Oscillatory  response)

(Sharp outflow overpeak)



(MATLAB)

101



	บทที่ 3 การควบคุมระดับและการออกแบบตัวควบคุมระดับแบบเฉลี่ย
	3.1 บทนำ
	3.2 ความจำเป็นของถังพักในโรงงาน
	3.3 วัตถุประสงค์ของการควบคุมระดับ
	3.4 การออกแบบตัวควบคุมระดับแบบเฉลี่ย
	3.5 การควบคุมระดับแบบทั่วไป 
	3.6 การควบคุมระดับแบบป้อนหน้า/ป้อนกลับ 
	3.7 ตัวควบคุมระดับแบบไม่เชิงเส้น 


