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BLOCK DIAGRAM REPRESENTATION

« Standard block diagram of a feedback control system
Load

L
Comparator — G (s)

R R ¢E P M X, X+ Y
—> K, (s) — G.(s) > G(s) > G,(s) —>

+ -

Calibration Controller Actuator Process

B

EMON

Sensor
— ProcessTF: 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) istransferredtoMV (M)
— Controller TF: Controller output (P) iscalculated based on error (E)
— Calibration TF: Gain of sensor TF, used to match theactual var.
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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 have different unit.
* [Example] Sensor TF

: i L» Gn(s) L»
* Input range: 0-50 I/min flmin] m mAl
* Output range: 4-20 mA
: 20- 4 .
Gan,K,, =——=0.32[mA/(I/min)]

50-0 K

« Dynamics: usually 1% order with small time constant Gn(S) _t s+1
— Block diagram shows the flow of signal and the connections
— Schematic diagram shows the physical components connection

Electrical signal

Ti
—%“— Pneumatic signal *

@ Temperature Transmitter

@ Flow Controller VD__% ooooo g
@ Level Indicator ‘
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P& 1D

* PipingandInstrumentationdiagram

— A P&ID isa blueprint, or map, of a process.

— Technicians use P& | Ds the same way an ar chitect uses
blueprints.

— A P& 1D showseach of the instrumentsin a process, their
functions, their relationship to other components in the system.

— Mog diagrams use a sandard format, such as the one
developed by ISA (Ingtrumental Society of America) or SAMA
(Scientific Apparatus Makers Association).
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Seavca: Comred Engrivariag

Connectiontoprocess,orinstrumentsupply:

Pneumaticsignal: Fird Y
7 r/
Electricsigna: | TTTTTTETTETETETEETETEEETE T T
Capillarytubing(filledsystem): K }-{ —
Hydraulic signal: ] 1 |
L L L

Electromagneticorsonicsignal (guided):

Internal systemlink (software ordatalink):

—0

Source:ControlEngineeringwithdatafromISAS5.1standard
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Primary location accessibleto Fieldmounted Aucxiliarylocationaccessibleto

operator operator
Discreteinstruments 1 2 3
Shareddisplay,shared 4 & 6
control ( )
Computerfunction T ) 9
Programmablelogic 10 11 12
control 0 VAN

e

1. Symbolsizemayvaryaccordingtotheuser'sneedsandthetype ofdocument.
2.Abbreviationsoftheuser'schoicemaybeusedwhennecessary tospecifylocation.
3.Inaccessible(behindthepanel)devicesmaybedepictedusing thesamesymbolbutwithadashedhorizontalbar.
Source:ControlEngineeringwithdatafromISAS5.1standard
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Identificationletters

First letter Succeedingletters

Measured or initiating var. Modifier Readoutorpassive func. Outputfunction Modifier
Analysis Alarm
Burner,combustion User'schoice User'schoice User'schoice
User'schoice Control
User'schoice Differential
Voltage Sensor(primaryelement)
Flowrate Ration (fraction)
User'schoice Glass,viewingdevice
Hand High
Current(electrical) Indication
Power Scan
Time, timeschedule Timerateof Controlstation
Level change Light Low
User'schoice Momentary Middle, interm.

User'schoice

User'schoice

User'schoice

User'schoice

User'schoice

Orifice, restriction

Pressure, vacuum

Point(testconnection)

N[<IX|s|I<[C[d|jw|m|lO|[DfOo|Z|Z|T [N« [T |[® |7 |m|O [0 @ |>

Quantity Integrate, totalizer

Radiation Record

Speed, frequency Safety Switch

Temperature Transmit

Multivariable Multifunction Multifunction Multifunction
Vibration,mechanicalanalysis Valve, damper, louver

Weight, force Well

Unclassified X axis Unclassified Unclassified Unclassified
Event,state,orpresence Y axis Relay,compute,convert
Position,dimension Z axis Driver, actuator

Source: ControlEngineeringwithdatafrom ISAS5.1standard
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6.3 GENERAL

INSTRUMENT OR FUNCTION SYMBOLS (Contd.)

3

— -
/6TE) \,\/q\‘
2584-23 e
| NSTRUMENT WITH INSTRUMENTS SHARING
LOiG TAG NUWBER COMMON HOUS THG +
s

7
SN | <9>

6.5 ACTUATOR SYMBOLS

@) &

RESET FOR
LATCH-TYPE ACTUATOR

PILOT PANEL MQUNTED PURGE OR +
LIGHT PATCHBOARD POINT 12 FLUSHING OEVICE T
1

o
oy |
¥l ; & L

®
UNDEF [NED
INTERLOCK LOGIC

DL APHRAGM
SEAL

WITH OR W1THOUT
POSITIONER

2 3 ]
L | =@ | e
| A 'LZ nd—
L Pt s 5(
— el i

ASSEMBLED WITH |
FILOT =, ASSEMBLY

[5 aCTUATED BY QFT 1 OMaL
DNE INPUT (SHOWN ALTERMAT[VE

TYPICALLY WITH
ELECTRIC [WPUT 1

|
SREFERRED
ALTERMATIVE

D1APHRAGH, SPRING-0OPPOSED,
WITH POS|TIONER as

t o5 net mandotery tc Show 0 commen housing. | OR OTHER PLLOT
ese diamonds are approximately half the size of ihe larger ones. ““L—‘;;;;;;;;:‘;;I;;;F—Es_m_n_ O O T e T
«xx For specific logic symbols, see ANSI/ISA Standara $5.2. HRSENSEE DR TE DM AT PRESSURI ZES DIAPHRACK. WHEM ACTUATED
3 | & T
6.4 CONTROL VALVE BODY SYMBOLS, DAMPER SYMBOLS 5
% =5 e s ™ /_‘\ Lt |
5 /—Iﬁ ] w e 11}
! '?’"_E \-.—f'J
= A | e o= '
j: ROTARY MOTOA ¢ SHOWM
THRICALLY WITH ELECTRIC
01 APHRAGH, SIGHAL. MaY BE HYDRAULIC
! NERA YMBOL ANGLE BUTTERFL ROTARY VALVE PRESSURE-BAL ANCED OR FREUMATIC) | DIGLITAL
s Te _T [3 ] i)
- ' - 8 | EF
L—'gfr‘{ r«fﬁj— W m| ¢ | ' :
. PREFERRED FOA ANY CYLINDER
JFE-W SPRING -ODPPOSED THAT 15 ASSEMHLED WITH A
SEESS i SINGLE - ACTING DOUBLE - ACTTHG IPILOT = SO THAT ASSEMAELY
------ 15 ACTUATED BY QNE

COMTROLLED [NFUT

THREE - WAY
|0 ‘\
Jo ] P |
[ e ] )
s : b E / i
—— 13 {1 717
]
i
01 APHRAGM JAMP |
Furiher informution may be caded ad ocent fo * her by

ade number.
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CLOSED LOOP TRANSFER FUNCTION

 Block diagram algebra

> oo o—» X (S)

h 4

u(s)
P Xy(s) X5(s)

Y(s) _ X (8)-+- X, ()X, (S)

¥

U(s)

Uﬂ Xq(s)

Uz_(sl

Y(s

X,(s)

* Transfer functions of closed-loop system
E(s) =K, (s)R(S) - G.(9X(9

X,(8) =G, (9)G,(s)G.(s)E()

Y(8) =G (S)L() + X,(s) —» Y(5) =G ()L(8) +G,(5)G, ()G, (s)H(9)
—» Y(9 =G (S)L(9+ G, (9G (9Q ()(K, ()R- G,(9X9)
—» 1+ G, (S)G, ()G, ()G (9))Y () = G (S)L(9) + K, G, ()G, (S)G(5)R(9)
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Y(8) = X, (U, (9 + X,(5)U,(9)

KoreaUniversity 8-10




For set-pointchange (L=0)

Y(s) _  K,G,(S)G,(s)G.(9)
R(S) 1+G,(9G,(9G,(5)G,(9)

For load change (R=0)
Y(s) _ G.(s)
L(s) 1+Gn(9G,(9G(9G.(9

Open-loop transfer function (Gy))
Go. (9 2 G, (S)G, (S)G, (5)Gi(9)
— Feedforward path Path with no connection backward

— Feedback path: Path with circular connection loop
— G, : feedback loop is broken before the comparator

Simultaneous change of set point and load

KaGy (S)CU(ICLS) o o, _GulS
1+G, (s) 1+ G, (9

Y(s)=

L(s)
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MASON'S RULE

« General expression for feedback control systems
Y _ P
X 1+p,
p, © product of thetransfer function in the path from X to Y

p.° product of al transfer function in the entire feedback loop

— Assume feedback loop has negative feedback.

— If it has positive feedback, 1+p_ should be 1- p..

— In the previous example, for set-point change
X=R Y=Y p,;=K,G.(9G(9G, (9 P.=Cu(9
Y(s) _ K, G,(5)G,(9C,(9
RS 1+Gy (9

— For load change, X =L Y=Y p, =G (9 P.=Cy (9
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« Examplel

Inner loop L,

L

Xl + ; + Y
B’Kml GCl 3 GCZ_> Gl . Gz ) G3 _>

= S X2

GmZ
Gml
— Inner loop: XZ:&X1
1+G,,GGy

— TF between Rand Y:

P =KuGG—252 G, p,=G,GG 22

1+G GG,

Y_ KnGGG6G,Gy
R 1+G_GG, +G,GG,G,G,G,

— TF between L, and Y:

Y. GG,
L 1+ GGGy +6GG6,6,Ga
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 Example 2

R G M,

A 4

Inner loop L

JM;Gl Y,

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

— Inner loop: M= G, X,
1- G,G,
— TF between Rand Y:
G G
= C = C G
pf 1_ GZGC G'l pe 1_ GZGC 1
i: GlGC — Glec

R 1- GG, +GG, 1+(G - G,)G,

— TFbetweenL andY: Y_ 1-GG

1- G,G,

L 1- GG, +GG,
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PID CONTROLLER REVISITED

e Pcontrol
o(t) = P+ K e(t) %5@ &) =k
E(9)
Pl control
o(t) = P+ K. |e(t)+—Qe(t ot vas@ P = ks _) k st
g E(s) t,s t, s
 PID control
del
p(t)=p+ Kc|e(t)+—Qe(t )t +t _%%?@
P(s) _ —K (1+i+t =K, t,t,S° +t,s+1)
E(s) t,s t,s
— Ideal PID controller: Physically unrealizable
— Modified form has to be used.
CHE302 Process Dynamics and Control KoreaUniversity 8-15
 Nonideal PIDcontroller
— Interacting type
G () K (t tS+1) (g S++1?L (O <b <<1)
s (btpstDe Filtering effect
— Comparison with ideal PID except filter
G.(s) =K, t . +t,s+1)
t,s
(t 08"+t +tp)s+l) _ K;(t;*+t,;)ae 1 1, tg, O
" Ql —+ S-=
tS tl e (t +tD)S (t +tD) (%]
t+ -
K. = KC(tI* tD), U=t +ip, tp = EDtI*
t t, +tp)

— These types are physically realizable and the modification
provides the prefiltering of the error signal.

— Generally, t, °t, and typicallyt, » 4t ,

— Inthisform, 1, *t issatisfied automatically since algebraic
mean is not less than logarithm mean.
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 Block diagram of PID controller
— Nonideal interacting type PID

t,s+1| P(s)

E(s) .
Ke 1 ;ths+1
1 1 _ tys+l _t;s+l
Teri Y «—— Picontrol 1- —— 5iS*1-1 1S
t,s+1
+ +
P(S) = Kc (t 1S 1) (t pS 1) E(S)
t,s (btys+l)
— Removal of derivative kick (PI-D controller)
e + + + u
P(S)zKC é(t|3 1) (tDS 1) Y(S)— (t|S 1) R(S)Q
é t;s (bt,s+l t,s 0

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

ét,s+1) (t,s+1 1 u
P(g) =K, gD LoDy (g L gy
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 Other variations of PID controller
— Gain scheduling : modifying proportional gain
K® =K _K®®
where
1 KGS = : Keap for (lower gap) £ e(t) £ (upper gap)
1 1 otherwise
2.K® =1+Cgglet)|

3. K ®® is decided based on some strategy

— Nonlinear PID controller

* Replace e(t) with e(t) | e(t) |-
e Sign of error will be preserved but small error getssmaller and
larger error gets larger.

* Itimposeslessaction for asmall error.
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DIGITAL PID CONTROLLER

» Discrete time system

— Measurements and actions are taken at every sampling
interval.

— An action will be hold during the sampling interval.

» Digital PID controller
— using (‘j"e(t )at :Dtén_ et;) (Rectangularrule)

de() _ &t) - &t,.) (Backwarddifferenceapprox.)

dt D
p(t.) =P +K; %(k) +Eén gt) +t o Mﬂ (Position form)
é I i=0 Dt 1]

Dp(t,) = p(t,) - R(t.)

=K, gelt,)- e(tn.1)+tge(%)+t b alt,)- 2e(t|5tl)+e(tn2)3 (Velocity form)
e | a
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— Most modern PID controllers are manufactured in digital form
with short sampling time.

— If the sampling time is small, there is not much difference
between continuous and digital forms,

— Véocity form does not have reset windup problem because
there is no summation (integration).

— Other approximation such as trapezoidal rule and etc. can be
used to enhance the accuracy. But the improvement is not
substantial.

et) - et.,)

bt )t =Dt
Q et) a1 >

ﬁt) — e(tn )+ 3e(tn-1) -Dt3e(tn- 2) - dtn-?,) (I nte—pol ation formUIa)

(Trapezoidd rule)

 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 15" ORDER

SYSTEM
e Process .
rAdh—r o rh o DV . MV é
R = 1
Gl =D =_R - Ko Og—®
Q(s) RAs+1 ts+l h R
H(s R K SP
GL (S) = ( ) = = P IO
Q(s) RAs+1 tc+1
— Assume
Sensor and actuator dynamicsarefast enough to Q—l> G,
beignored and gainsarelumped in other TF. l+
%, [ 6, [5@->

G,(9) =G, (9 =1 ‘B“§EGC

GG
H(s) =—2 R(s) +— b | (s)
1+GG, 1+ GG,
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P control for set-point change (L=0)
G.(s) =K, K. >0

H(9 KK, /ts+D) _ KK, /(1+KK,)

R(s) 1+K.K /ts+]) ( /(1+K.K,))s+1

— Closed-loop gain and time congtant
KK, t

K,=—2%P? ¢ =—"
TOAFK KT T +KK,)

Ge (9) =

(closed-loop TF)

— Steady-state behavior of closed-loop system

KK, . _ _
o _OTCKP)Q, K“gl GeL =1 (H(s) =R(9), no offset)

1.25 ; . . ; 1
Steady-state offset = r(¥) - h(¥)=1- K4 =
o o Y () -h¥)=1- Ka =3 KK,
wo [ ) eI E_ 771  Closed-loop responsewill not reach to set point (offset)
0.50 |- S T T T ]
N //,/’ Ke=5 Infinitecontroller gainwill eliminatetheoffset
o2l /, ———K.=2 .
, v l L T Higher controller gainresultsfaster closed oop
° : A 8 0 response: shorter timeconstant
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P control for load change (R=0)
G.(s) =K, K, >0)
H(9 _ K /ts+) K (L+KK,)
L(s) 1+K. K /tstD) ¢ /(A+KK,))s+1
— Closed-loolf gain and time congtant

t

p

K, =—Pf  t =—
TOAFK K, T @+KK))

G () = (closed-loop TF)

— Steady-state behavior of closed-loop system
K

o =————>0, lim G, =0 (disturbance is compensated)
1+ K.K,) K:®¥
o Steady-state offset = 0- h(¥ )=0- K K,
8 T o5 T T T _ e 0 = _ — _ —
) I 1% 1HKK,
I 'z . -
i —— 7/1 Disturbanceeffect will not beeliminated completely (offset)
R 0.2 £
z v Infinitecontroller gainwill eliminatetheoffset
Higher controller gainresultsfaster closed! oop
-0z : 0 : 5 o response: shorter timeconstant
Time (min)
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B

Pl control for load change (R=0)
G.(s)=K. (t,s+D/t,s (K, >0)

K, /(t s+1) Kit,s
1+ K K, (t, s+D/(t s+1)/t|s tts®+t, (1+KK )StK.K,

Ge(9) =

— Closed-loop gain, time constant, damping coefficient

t tt 1(1+K K,)
KCL=?|’ toy = Tkp’ Zo = 5 —————1t

c

— Steady-state behavior of closed-loop system

Ii®ngGCL (s) =0 (disturbance is compensated for all cases)

0.6 —

0.6
=0.5m K.=5
04 Kc* Ke=2 04l tiy =1.25m
—_—— K. =5 ———7=05m
,\\ —-—-K.=125 ~ — == =7, =0.2min
0.2 \
02 N
AN AN
< N AN
o N~ i ! J N ~
0 1 2 TR 3 4 0 > — : !
5 A — — — —
0 Tw~e—="13 3 4 5
Time (min)
02l L

-0.2
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— AsK_ increases, faster compensation of disturbance and less
oscillatory response can be achieved.

— Ast, decreases, faster compensation of disturbance and less
over shooting response can be achieved.

— However, usually the response gets more oscillation as K,
increasesor t| decreases. => very unusual!!

— If thereissmall lag in sensor/actuator TF or time delay in
process TF, the system becomes higher order and these
anomalous results will not occur. These results is only possible
for very smple process such as 1t order system.

— Usual effect of PID tuning parameters

« AsK_increases, theresponsewill befaster, moreoscillatory.
o Ast, decreases, theresponsewill befaster, moreoscillatory.

* Astincreases, theresponsewill befaster, lessoscillatory when
thereisnonoise.
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CLOSED-LOOP RESPONSE OF
INTEGRATING SYSTEM

 Process
o DV
rA—=r (g +02)- I G ! 1—
H(s 1 |
HOEBLCES
Q(s)  As hov
Guy=P - L1
Qu(s) As
— Assume
Sensor and actuator dynamicsarefast enough to Ql+—Q% G,

beignored and gainsarelumped in other TF.

—
G,(5) =G, (3 =1 H‘?’R S . [2o{ o [T

G.G
H(s) =—2 R(s) +—L | (s)
1+ GG, 1+ GG,
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« P control for set-point change (L=0)
G.(s)=K, K,<0)
H(9 _ KJ/(-As) _ 1
R(S) 1+K /(- As) (A/K)s+1
— Closed-loop gain and time congtant
Kg =1, tg =-AIK,

G (8) = (closed-loop TF)

— Steady-state behavior of closed-loop system
Ko =1 (H(s)= R(s), no offset even with p control)

— Itisvery unique that the integrating system will not have offset
even with P control for the set point change.

— Even though there are other dynamicsin sensor or actuator,
the offset will not be shown with P control for integrating
systems.

— Higher controller gain results faster closed-loop response:
shorter time constant
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» P control for load change (R=0)
G.(s) =K, K,<0)

H(s_ 1/(Ay) _ -1K,

L(s) 1+K./(-As) (-A K)s+l

— Closed-loop gain and time congtant
Ko = (1K), te =-AlK,

G () = (closed-loop TF)

— Steady-state behavior of closed-loop system

1 : 3 . :
Ko = K) >0, }!I{@TL G, =0 (disturbance is compensated)

c

— Higher controller gain results faster closed-loop response:
shorter time constant
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Pl control for set-point change (L=0)
GC(S) = Kc(tls-'-:l')/tlS (Kc <O)
K.t,s+tD/(- As)/t,s _ t,s+1)
1+ K t,s+)/(- As)/t,s (t,AIK )S*+t s+1
— Closed-loop gain, time constant, damping coefficient

’tA 1/'[KC
Ko =1, to =,/ Ié ) ZCLZE 'IT

— Steady-state behavior of closed-loop system
Ko = I|®n(1) G (S) =1 (H (s) = R(s), no offset)

Ge(9) =

— As(-K)) increases, closedtoop time constant gets smaller
(faster response) and less oscillatory response can be achieved.

— Ast, decreases, closecHoop time constant gets smaller (faster
response) and mor e oscillatory response can be achieved.

— Partly anomalous results due to integrating nature

— For integrating system, the effect of tuning parameters can be
different. Thus, rules of thumb cannot be applied blindly.
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