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» Individual TF of the standard block diagram
— TF of each block between input and output of that block

— Each gain will havedifferent unit.
» [Example] Sensor TF

Y B
. 0- i — ] G.65) ——>
Inputrange: 0 -501/min imin] (s) —e
¢ Outputrange: 4 -20mA
_20-4

Gain, K,, ==——==0.32[mA/(I/min)]
50_ O G (3 —_ Km
» Dynamics: usually 1%t or der withsmalltimeconstant m7 Ty s+l
— Block diagram showstheflow of signal and the connections
— Schematicdiagram showsthephysical componentsconnection

Transmitter Controller

Electrical signal

T ‘::}__’"

—%— Pneumaticsignal ! [% ;P
@ TemperatureTransmitter
@ Flow Controller IO i

Current-to-pressure (I/P)
transducer

3

Levellndicator |
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BLOCK DIAGRAM REPRESENTATION

» Standard block diagram of a feedback control system

Load
L
Compjrator —» G(s) — X,
R R E P M X, X% Y
— K. (s) X)— G,(s) G,(s) G,(s) A —>
Calibration Controller Actuator Process
B
G,(s) [«
Sensor

— Process TF: MV (M) effect on CV (X, part of Y)

— Load TF: DV (L) effect on CV (X,, part of Y)

— Sensor TF: CV (Y) istransferred to measurement (B)

— Actuator TF: Controller output (P) istransferred to MV (M)

— Controller TF: Controller output (P) is calculated based on error (E)
— Calibration TF: Gain of sensor TF, used to match the actual var.
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P& 1D

* Piping and Instrumentation diagram
— A P&ID isablueprint, or map, of a process

— Techniciansuse P& | Dsthesameway an ar chitect uses
blueprints.

— A P& 1D shows each of the instruments in a process, their
functions, their relationship toother componentsinthesystem.

— Most diagramsusea standard format, such astheone
developed by | SA (Instrumental Society of America) or SAMA
(Scientific Apparatus M aker sAssociation).
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Connectiontoprocess,orinstrumentsupply:

S G Egenann

Pneumatic signal: s i |
77 L |

Electricsignal: | TTTTTTTTTT T T T T T T TS

Capillarytubing(filledsystem): }i }i }{

Hydraulic signal: | | 1

L L L 1
Electromagnetic or sonic signal (guided): /'\ /'l\
Internalsystem link (software or data link): —{ . & & O—
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Identification letters

Firstletter Succeedingletters

Measured or initiating var. Modifier Readoutorpassivefunc. Output function Modifier
A | Analysis Alam
B | Burner,combustion User's choice User's choice User's choice
C | Userschoice Control
D | User'schoice Differential
E | Voltage Sensor(primaryelement)
F_| Flowrate Ration(fraction)
G User's choice Glass,viewingdevice
H | Hand High
| Current(electrical) Indication
J_| Power Scan
K | Time, timeschedule Timerateof Control station
L | Level change Light Low
M | User'schoice Momentary Middle, interm .
N | User'schoice User's choice User's choice User's choice
O | User'schoice Orifice, restriction
P_| Pressure, vacuum Point (test connection)
Q | Quantity Integrate, totalizer
R | Radiation Record
S Speed, frequency Safety Switch
T | Temperature Transmit
U_| Multivariable Multifunction Multifunction Multifunction
V Vibration, mechanicalanalysis Valve,damper,louver
W _| Weight, force Well
X_| Unclassified Xaxis Unclassified Unclassified Unclassified
Y_| Event,state,orpresence Y axis Relay,compute,convert
Z_| Position, dimension Zaxis Driver,actuator

Source- Control Fngineering with data from ISA S5 1 standard
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Primary location accessible to Field mounted Auxiliary location accessible to

operator operator
Discreteinstruments 1 i
Shared display, shared 4 L3
control E E
Computer function 7 @
Programmablelogic i 11
control E @

1. Symbol size may vary according to the user's needs and the type of document.

2. Abbreviations of the user's choice may be used when necessary to specify location.

3. Inaccessible (behind the panel) devices may be depicted using the same symbol but with a dashed horizontal bar.
Source: Control Engineering with data from ISA S5.1 standard

CHE302 Process Dynamics and Control

Korea University

8-6

| [
Lorm T
h Lo
r
B e
i i Y
| EE

Fa

Tk

e e

s

CHE302 Process Dynamics and Control

Korea University

8-8




6.3 GENERAL INSTRUMENT OR FUNCTION SYMBOLS (Contd.)

G.2 ACTUATOR SYMDILS
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* For set-point change (L=0)
Y(S) - KnG,6)G(s) G(9
R(s) 1+G,(s)G, () G(9) G(9
* For load change (R=0)
Y9 _ G.(s)
L(s) 1+G,(5)G,(5)G(s) G(9)

* Open-loop transfer function (Gg,)
G (92 G, (8)G, (5)G (9 G(9

— Feedforward path: Path with no connection backward
— Feedback path: Path with circular connection loop

— G, : feedback loop isbroken beforethe compar ator
* Simultaneous change of set point and load
v(g=KBOGOGE b, GO |
1+G, (9 1+ G, (9
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CLOSED LOOP TRANSFER FUNCTION

» Block diagram algebra

2 9 o] i) [ o x9S —E((z)) =X, () X, (8) X ()
U (s
Xy(s)
us) = Y(9 = X,(9UL(9) +X, (9, (9)
L X(9)

» Transfer functions of closed-loop system
X,(9=G,(9G(9)G 6 E(s) E(9 =K, (9R9- G, (99
Y(9 =G (U +X,(S) = Y(9 =G (U +G,(9 G(S)G.E)E(s)
= Y(9 =G (9L +G,(5) G(9 G(IK(IRI- G (9 9)
= (1+G,(9G, (9) G(9 G(9)Y(9 =G (s)L() +K, G, 6 )5, 6 )G.6 R(9)
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MASON'SRULE

* General expression for feedback control systems
Y _ Py

X 1+p,
p, © product of the transfer function in the path from X to Y

p.° product of al transfer function in the entire feedback loop
— Assumefeedback loop hasnegativefeedback.
— Ifit haspositive feedback,1+p . should be 1- p..
— Inthepreviousexample, for set-pointchange
X=R Y=Y p,=KG.(5)G,(9G,(9 Pe=Coul9
v(9) _ KuGy(9) G(9 GOY
R(9 1+Gou(9)
— Forloadchange, X=L Y=Y p, =G (s) Pe=GCo(9

CHE302 Process Dynamics and Control Korea University 8-12




« Example 1

Inner loop L

— Innerloop: X, :&x1

— TFbetween Rand Y:

GG, _ GG,
=K, GG,——————G,; =G —_—
P =Ko 21+ G. GG GG, ¢ P.=G.GG, 1+G GG, a
Y_ KiS L LG

R - 1+GmZG pcz +GmLG3GZG 1(3 ZGCJ
— TF between L, and Y:

Y _ GG,
L, 1+G,GG, +G,GG GG, 5,
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PID CONTROLLER REVISITED

P control
p(t) = P+ Ke(t) % 5@ Pg) K.
Pl control

PID control
()= p+ K 1e(t)+i‘te(t it +1, U350
P(S) K L+ — +tDS) K, ¢t oS° +t,s+1)
E(s) t,s t,s

— ldeal PID controller: Physicallyunrealizable
— Modified form hasto be used.
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» Example 2

Inner loop L

E=R- (G- G,)M=R- GM+GM

. -_G
— Innerloop: M "1 G X,
— TF between Rand Y:
__G -_G

[oF _1_ GZGC GJ. Pe 1- GZGC GJ.

Y_ GG - GG,

R 1-GG+GG 1+(G-G)G,
— TFbetweenL andY: Y_-_ 1-GG __ 1-GG

L 1-GG.+GG, 1+(G- G,)G,
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Nonideal PID controller
— Interactingtype
t,;s+1) ¢os+) (0<b <1)

. tl_s L S+1)‘_\ Filteringeffect
— Comparisonwith ideal PID except filter

(t t oS° +t,s+1)
[

G(9) =K,

G. (9 =K
(9 t,s
(t £, +(t, #)s+]) K, +ty)ee 1 1 tg, ©
- * ‘Sl+ * ——t— — S+
tS t| e (tl+tD)S (t|+tD)Z
Ko(t, +t - tot
Kc: C(l* D)1 t|:t|+tD1 tD: *D I*
t t, +ty)

Thesetypesarephysically realizableand themodification
providesthe prefiltering of theerror signal.

Generally, t, ®tand typicallyt, » 4

Inthisform, t, ® t issatisfied automatically since algebraic
mean isnot lessthan logarithm mean.
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» Block diagram of PID controller
— Nonideal interactingtypePID

E’ K. : 1 ;1D:s++11 P(S)r
1 J 1 _ t;s+l _t;s+l
ts+l <«— PIcontrol 1-—51+1 tis+l-1 s
t s+1) (t s+1
P(S)=Kc(' ) (tps+D) E(s)
t,s (btps+l)
— Removal of derivativekick (Pl -Dcontroller)
P(s) = K, g(t|s+1) tos+1) v(s- t, s +1) R(s)g
e t|S (thS+1) t|5 G

— Removal of both P & D kicks(I-PD controller)

K &t ,s+1) (tps+l) 1

u
Y(9)- — R(s)y
°& t,s (btps+l) © t,s ()H

P(s) =
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DIGITAL PID CONTROLLER

» Discrete time system

— Measurementsand actionsaretaken at every sampling
interval.

— An action will behold during thesamplinginterval.
» Digital PID controller
—using et )d =Dt et;) (Rectangularrule)
i=0

det) _e(t,)- et,,) .
- o (Backward differenceapprox.)

p(t) = P+ K. ge(tnﬁgé gt) +t, wg (Positionform)

Dp(t,) = p(t) - Ht,.0)

=K, ?@(tn)' gt ) +tE€(t) +t, &) 26(;;1)4-9“”'2)3 (Ve ocity form)
e | u
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e Other variations of PID controller
— Gain scheduling : modifying proportional gain
K®=KK®*
where
i Kgap for(lowergap) £ €(1) £(upper gap)

1.KGS:| .
i 1 otherwise

2.K® =1+Cgg|e(t)

3. K®Sisdecided based on somestrategy

— Nonlinear PID controller
* Replace &t) with e(t) | e(t) |-
» Sign of error will be preserved but small error gets smaller and
larger error getslarger.
» Itimposeslessaction for asmall error.
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— Most modern PID controllersaremanufactured in digital form
with short samplingtime.

— Ifthesamplingtimeissmall, thereisnot much difference
between continuousand digital forms.

— Veocity form doesnot havereset windup problem because
thereisnosummation (integration).

— Other approximation such astrapezoidal ruleand etc. can be
used toenhancetheaccuracy. But theimprovement isnot
substantial.

1 w (Trapezoidal rule)

g et)d =Dty

de(t) _ &(t,)+34t, ) - 34t ) - &b.3) (Interpolationformula)
dt Dt

* For discrete time system, z-transform is the
counterpart of Laplace transform. (out of scope of
this lecture)
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CLOSED-LOOP RESPONSE OF 15T ORDER

SYSTEM
e Process .
Adh N h o DV W MV i
rA—=r rgz-r —
g aTre-t g
Gp(s):H(s): R _ Kp
Q(s) RAs+1 ts+1
Gu(s) = H(s) . R _ Kp

Q(s) RAs+1l ts+1

— Assume
Sensor and actuator dynamicsar efast enough to &
beignored and gainsarelumpedin other TF.

G,(9=6,(9=1 *®T“>
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GG
H(9 =13 GG RS+ GG L(s)
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* P control for load change (R=0)
G.(8) =K, K >0
H(s) K, /ts+1) K, I(1+K.K))
Go (5)=——~=——¢ =—& D
L(s) 1+KK,/(ts+1) ( /(KK )s+1
— ClosedHoop gain and time constant
L’ tCL :t—
(1+KcKp) (1+KcKp)

— Steady-statebehavior of closedHoopsystem

(closed-loop TF)

CL:

Ky =——2—>0, lim =0 (disturbanceiscompensated
cL (1+KCKp) KC®¥GbL ( p )
K
o6 ' ‘ : ' Steady-stateoffset=0- h(¥ )=0- K, =- —P2
= cady-siateo ¥) CIHKK,

Distur banceeffect will not beeliminated completely (offset)
Infinitecontroller gainwill eliminatetheoffset

' Higher controller gainresultsfaster closed-loop
: : G ¥ o response shorter time constant

\ |

N
W 1
\L &

\

|

|

i

< W\;‘

Il Il
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* P control for set-point change (L=0)
G, (s) =K, K, >0)
G (9)= H(s) - KKp/Es+D) _ KK, (1+KK,)
& R(S) 1+KK,/(ts+1) ¢ (KK, )s+1
— ClosedHoop gain and time constant

KK, t

_— tCL [ —

(L+K.K}) (L+KK),)

— Steady-statebehavior of closecHoop system

KK, _
mq' lim Gy =1 (H(9 =R(9), no offset)

(closed-loop TF)

cL —

CL

T T T 1
N ‘_7/Steady—stateoffset—r(¥)— h(¥)=1- Ko STIRK,
w' [/ -==="7"77T¥ 7] Closed-loopresponsewill not reachtoset point (offset)
:07 ////'//_/-——_EZZZ | Infinitecontroller gainwill dliminatetheoffset
. 7y LT Higher controller gainresultsfaster closed-loop
° ? * e 8 o response: shorter time constant
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* Pl control for load change (R=0)
G.(s) =K. (t,s+1)/t;s (K, >0)

K, /ts+1) Kds
Gu(s)= =—
1+ KKt s+)/(ts+D/t;s tts"+t (1+K K )s+K K,
— ClosedHoop gain, timeconstant, damping coefficient
t, tt 1(1+KK,)
Ko =— =

, tg = L,z =Pt It
K. ¢ KK, “¢T2

C c p

Steady-statebehavior of closecHoop system

Ii®ng G (9) =0 (disturbanceiscompensated for all cases)
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— AsK_ increases, faster compensation of disturbanceand less
oscillatory responsecan beachieved.

— Ast decreases, faster compensation of disturbanceand less
over shootingresponsecan beachieved.

— However, usually theresponsegetsmor eoscillation as K.,
increasesort | decreases. => very unusual!!

— Ifthereissmall lagin sensor/actuator TF or timedelay in
processTF, thesystem becomeshigher order and these

anomalousresultswill not occur. Theseresultsisonly possible
for very simpleprocesssuch as 1% or der system.

— Usual effect of PID tuning parameters
» AsK_ increases, theresponse will be faster, more oscillatory.
» Ast decreases, theresponse will befaster, more oscillatory.

» Astincreases, theresponsewill befaster, lessoscillatory when
thereisnonoise.
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* P control for set-point change (L=0)
G, (s) =K, K;<0)
G (5) = I;(s): K /(-As) _ 1
() 1+K /G As) (-AlK,)s+l
— ClosedHoop gain and time constant
Ko =1, tq =-A/K,

(closed-loop TF)

— Steady-statebehavior of closecHoop system
Ko =1 (H(9 = R(s), nooffsetevenwith p control)

— Itisvery unique that theintegrating system will not have offset
even with P control for theset point change.

— Eventhough thereareother dynamicsin sensor or actuator,
the offset will not be shown with P control for integrating
systems.

— Higher controller gainresultsfaster closedloop response:
shorter timeconstant
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CLOSED-LOOP RESPONSE OF
INTEGRATING SYSTEM

« Process
rAdh—r( +q)-r DV
= (@) a 1

Gol9) =) - L

rCV

GL(S) =

Q) As

— Assume
+
Sensor and actuator dynamicsar efast enoughto Q10
beignored and gainsarelumpedin other TF. R £ 9 -
Pl
G,(9=G,(9=1

GG G
H(s) = E_R(9) +————L(9
1+GG, 1+ GG,
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* P control for load change (R=0)
G.(5) =K, K, <0
H(s)__ (A __ -1/K,
L(s) 1+K_./(-As) (-AlK)s+1
— ClosedHoop gain and time constant
Kg =(-1K), tg =-AIK,

Ge ()=

(closed-loop TF)

— Steady-statebehavior of closecHoop system

Ko = 1 >0, lim G =0 (disturbanceiscompensated)
(' Kc) K. ®¥

— Higher controller gainresultsfaster closedloop response:
shorter timeconstant
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* PI control for set-point change (L=0)
G.(s)= K. (t,s+1)/t;s (K, <0)
_ K, s+1)/(- Ag)/t;s _ t,s+1)
GCL(S)_l =
+K (t,s+D)/(-As)/t,s (-t, A/ K)S +t,s+1
— ClosedHoop gain, timeconstant, damping coefficient

t,A 1tK
KCL:11 tCL: _l_, Zgq == [ R
\/ K, 2\ A

— Steady-statebehavior of closedHoop system
Ka :Ii®rT01GCL(s) =1 (H(9 = R(s), no offset)

— As(-K,) increases, closed-loop timeconstant getssmaller
(faster response) and lessoscillatory response can beachieved.

— Ast, decreases, closedHloop timeconstant getssmaller (faster
response) and mor e oscillatory response can beachieved.

— Partly anomalousresults duetointegratingnature

— For integratingsystem, theeffect of tuning parameter scan be
different. Thus, rules of thumb cannot be applied blindly.
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