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BLOCK DIAGRAM REPRESENTATION

« Standard block diagram of a feedback control system

Load
c L
ompjrator —» G,(s) —X1
R R JE P M X, YOG
— » Ky(8) I Gu(s) > Gus) [P Guls) > B
Calibration Controller Actuator Process
B
G (s)
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) istransferred toMV (M)

— Controller TF: Controller output (P) iscalculated based on error (E)
— Calibration TF: Gain of sensor TF, used to match the actual 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 v B
« Input range: 0-50 I/min — Gim(S) mall
e QOutput range: 4-20 mA
Gain, K _ = il _ 0.32[mA/(l/min)] K
o Y Gn(9) =

» Dynamics: usually 1t order with small time constant Tt s+l

— Block diagram showsthe flow of signal and the connections
— Schematic diagram shows the physical components connection

Transmitter Controller

— — — — Electrical signal
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P& 1D

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

— Techniciansuse P& I Dsthe same way an ar chitect uses
blueprints

— A P& 1D showseach of theinstrumentsin a process, their
functions, their relationship to other componentsin the system.

— Most diagramsuse a standard format, such asthe one
developed by I SA (Instrumental Society of America) or SAMA
(Scientific Apparatus M aker s Association).
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Example P&ID

Common connecting lines

Connection to process, or instrument supply:

Pneumatic signal: 4

Electric signal:

Capillary tubing (filled system): }(

Hydraulic signal: |

Electromagnetic or sonic signal (guided):

Internal system link (software or data link): {_} {)

Source: Control Engineering with data from ISA S5.1 standard

)ynamics and Control



General instrument or function symbols

Primary location accessible to Field mounted Auxiliary location accessible to
operator operator

Discrete instruments

Shared display, shared
control

Computer function

Programmable logic
control

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
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Identification letters

First letter Succeeding letters

Measured or initiating var. Modifier Readout or passive func. Output function Modifier
A | Analysis Alarm
B Burner, combustion User's choice User's choice User's choice
C | User's choice Control
D | User's choice Differential
E | Voltage Sensor (primary element)
F Flow rate Ration (fraction)
G | User's choice Glass, viewing device
H | Hand High
I Current (electrical) Indication
J Power Scan
K | Time, time schedule Time rate of Control station
L Level change Light Low
M | User's choice Momentary Middle, interm.
N | User's choice User's choice User's choice User's choice
O | User's choice 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, mechanical analysis Valve, damper, louver
W | Weight, force Well
X | Unclassified X axis Unclassified Unclassified Unclassified
Y Event, state, or presence Y axis Relay,compute,convert
4 Position, dimension Z axis Driver, actuator

Source: Control Engineering with data from ISA S5.1 standard
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6.3 GEMERAL [MSTRUMENT OR FUMCTIOM SYMBOLS (Contd. )

{13 14 ] 1 ]
& | CO
35@:;_23 \
IHSTRUMERT W[ TE INSTRUMENTS SHAR]HG
LOHG TAG MUMBER COMMON FOLS MG
if e 17 [¥:]
S [ & | e-
P \ 6.5 ACTUATOR sSYMBOLS
=ILOT FANEL MBUNTED PUAGE R 5 % :
L18HT PATEEBAARD POTNT |2 ELUSHING DEVICE |
s iza 2 |
@ ¥ i S |
PREFERRED FOR 4
AEEET FOR Bl ARRALEM UKDEF T KED Ul APHRAGH fass 8
I : ; ; ASEEMBLED WI1TH
| LaTaH-TYFE atTuaTan AEAL INTERLLCK LOGIC i B e b
[5 aCTUATED BY SREFERRED AT ONaL
WITH OF WITHOUT | GHE JMPUT | SHOWN ALTERMATIVE ALTERHAT[VE
BOS1TIONER TYFICALLY WITH e Rl AT
14 ta st momngsdsry e show @ cammen hausone. 0R OTHER PILGT ELECTRIC IWBUT | PP T ———
2w . A s Wl TrFTEE L S WITH POS]ITIOHER =4
Erens-atguonds: are eppemsimoivly it theaee ot Ae: farger. soes CIAPHRAGM, SPRING-CRFOSED AND DWERRIDING PILOT ¥ALWE THAT
t£3 Far specifie logic symbols, ses ENE]SISA Siondora 55.2. OF UNSPECIFIED ACTUATOR PRESSURLZES D] APHRAGHM WHEM ACTUATED
] © 7

6.4 CONTROL VALVE BODY SYMBOLS, DAMPER SywmBoLs

i 2 ] 4 i : ?
‘ = a—% e ==
ROTARY WOTDR { SHOWNM
i TYPICALLY WITH ELECTRIC
I 0] APHRAGH, STGHAL. Wa¥Y BE HYDRAUL LG
| CEMERAL SYWROL ARGLE BUTTERFLY ROTARY WALVE PRESSURE -BaAL 4MCED OR PHREUMATIC O1GITAL
[5 H 1 B [ g o
;- i—%}—e {2 | i
| " | PREFERRED FOA Ak CYL IMDER
*HAEE - wWaY FOUR - WY I GLOSE SFRING-OPPOSED rHE.a.FTE [5 ASSEMBLED WITH A
- = i i - = SINGLE -ACTING COUBLE-ACTTHG FILOT = 50 THAT ASSEMBLY
’ ' TErLINDER, WiTHAUT " . R RTEMLLER THedT
j"“-:‘}’ - : ; QER, Ut PDE1TIDNER DR OTHER FILOT COMTROLLED INFU
| [ 47 | T lfx 7 'E-ff’:;
| |
I
3] APHRA MG DAMPER OR LOUVER

Further informatron may e aagen ad neent fo the Dody SuwBal @) fher by
AOLE &F aadd NOmBer.
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CLOSED LOOP TRANSFER FUNCTION

« Block diagram algebra

£ X,(S) > X,(s) = « + s —> X (5) | YE) —J((S)) =X, (s)-- X, () X,(s)
S
Ul(S)
> X,(s)
Y Y () = X,()U,(3) + X, (S)U,(S)
1 1 2 2
UZ(SZ X,(s)

 Transfer functions of closed-loop system
X5(8) =G, ()G, ()G, (S)E(s)  E(s) = K (9)R(s) - G,(s)¥(9)

Y(8) =G (9L(9) + X,(5) —» Y(5) =G (9L(5) +G,(9)G,(8)C. (9 E(S)
—» Y(9) =G (JL(9) +G, (G, ()G (S)(K,, (S)R(S) - Gy (8) Y(9))
—» (1+G, ()G, (S)G, ()G, ())Y(5) = G_(g)L(8) + K,,G,(8)G, (S)G.(9)R(S)
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For set-point change (L=0)
Y(s) .  KyG,(5)G,(5)G.(9)
R(S 1+G,(9G, ()G, (5)G.(9)
For load change (R=0)
Y(s) _ G.(s)
L(s) 1+G,(9G,(5)G,(9G.(9)

Open-loop transfer function (Gg))
GOL (S) é Gm(S)Gp (S)Gv (S)GC(S)
— Feedforward path: Path with no connection backward

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

Simultaneous change of set point and load

Kmc;p (S)GV(S)GC(S) R(S) + GL (S)
1+G, (9) 1+ G, (9)

Y(s) = L(s)
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MASON'SRULE

e General expression for feedback control systems
Y _ Py
X 1+p,
p. © product of the transfer function in the path from X to Y

pP.° product of all 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(5)G,(5)G,(S) Pe=CoL(9

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

— Forloadchange, X =L Y=Y p;=G.(S) Pe=Cu(9
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ID CONTROLLER REVISITE

ol
K e(t) %50 ) -k
E(9)
ol
[l 3413 P(S) e
K, :e(t)+ | Qe(t)dtg/ ® — = = K, (1+ t S)

trol

K, |e(t)+—Qe(t)dt +1 Eg%‘%@

@ — Kc(l+i +1 DS) - Kc (t |t DS +t |S+1)
E(s) t,s t,s
|D controller: Physically unrealizable

led form hasto be used.
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e Nonideal PID controller
— Interacting type
t,s+1) (t s+ (0<b <1)

] t '_S _ el DS+1)‘\_ Filtering effect
— Comparison with ideal PID except filter

t t,s +t,s+1)

G.(9 =K,

GC(S):|‘<C
t,s
Kz(t*DtTSZ+(tJ*+t;)s+1):Kg(tf*+t;)gei+ 11, tgt, O
t|S t| e (tl+tD)S (tl+tD) (%)
KC:KC(tl*-l_tD)’ t| :t|*+t;, tD: EDtl*
t t, +tp)

— Thesetypes are physically realizable and the modification
providesthe prefiltering of the error signal.

— Generally, t, 3t and typicallyt, » 4t ; .

— Inthisform, t, ° t 5 issatisfied automatically since algebraic
mean isnot lessthan logarithm mean.
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lagram of PID controller
eal interacting typePID

o tos+1| P(s)
K., —> 1 > 1 >
1
1 1
t,s+1 <+— Pl control 18

t s+l
= t,s+D) (t,s+l) E(s)
t,s (bt s+l

al of derivativekick (PI-D controller)

K et,s+1) (tps+l) Y(9)- t,s+1 R(s)g
°E t,s (bt,s+]) t,s y

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

ét s+1) (t,s+1 1 u
Kc é( | ) ( D ) Y(S)- R(S)L’(I
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ariations of PID controller
heduling : modifying proportional gain
K KGS

Keap fOr (lower gap) £ e(t) £ (upper gap)
1 otherwise

1
1
|
SEEC \e(t)\

IS decided based on some strategy

ear PID controller
lace e(t) with e(t) | e(t) |.

n of error will be preserved but small error gets
ger error getslarger.

mposes less action for a small error.
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DIGITAL PID CONTROLLER

 Discrete time system

— Measurementsand actions aretaken at every sampling
Interval.

— An action will be hold during the sampling interval.
e Digital PID controller
— using Q‘”e(t )t =Dtén_ e(t;) (Rectangular rule)
de(t) _ eft,)- e&

r)  (Backward difference approx.)

dt Dt
p(t,) =p+K, ge(tn) +Eé_ e(t)+t, o(t) _Dte(t“'l)g (Position form)
e | i=0 a

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

=K, g(t,)- e(tn-1)+tge(tn)+t &) Ze(t[;-tl)+e(tn-2)3 (Velocity form)
é | (
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— Most modern PID controllersare manufactured in digital form
with short sampling time.

— |If the sampling timeissmall, thereis not much difference
between continuous and digital forms.

— Velocity form does not have reset windup problem because
thereisno summation (integration).

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

substantial.
(\5 et )dt = Dtén_ e(t) 'Ze(ti-l) (Trapezoidal rule)
dz(tt) _ &(t,)+ 3e(t,.,) Dt 3elln.2) = &ts) ) yerpolation formula)

 For discrete time system, z-transform is the
counterpart of Laplace transform. (out of scope of

this lecture)
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D-L OOP RESPONSE OF 15T C
SYSTEM

h . DV " MV

rce+rop- rE — i
(S) - R i Kp MWTMM-—-@C’:“/ v

() RAs+l ts+1 !
R R _ K l
(5 RAS+l ts+l

e

d actuator dynamics arefast enough to
ed and gainsarelumped in other TF.

R «HE
G (9 =1 ’(?. > G

GG
P pig4 Sl ()
1+GG, = 1+GG,
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e P control for set-point change (L=0)
G.(s) =K, (K. >0)

H(s) KK, /ts+l) KK /(1+K.K))
R(S 1+K.K,/(ts+]) ( /(1+KK,))s+1

— Closed-loop gain and time constant
KK, t

Ko = , Loy =
TOA+KK,) T T @+KK,)
— Steady-state behavior of closed-loop system

(closed-loop TF)

G ()=

KKK, ] B B
Ko = A+ KK) <1, ,!'Q;L G, =1 (H(s) = R(s), o offset)
B | Steady-state offset =r(¥) - h(¥)=1- Ko, = =
1OOjm — == 1+ KcKp
R0 T //""___:'_________{‘_{_' Closed-loop response will not reach to set point (offset)

::_ /////‘/‘/ E—— | I nfinite controller gain will eliminate the offset

] a LT Higher controller gain resultsfaster closed-loop

0 2 46 8 o response: shorter time constant
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e P control for load change (R=0)

G.(s) =K. (K_>0)
H(s) K /ts+l) = K /(1+KK))
L(s) 1+K.K,/ts+D) (t [(1+K.K,))s+1

— Closed-loop gain and time constant
K t

P

Ko = , Loy =
TOA+KK,) T T @+KK,)
— Steady-state behavior of closed-loop system

(closed-loop TF)

Ko = > >0, lim G, =0 (disturbance is compensated)
L+K.K,) Ko® ¥
0.6 T Kp

| s | | Steady-state offset = 0- h(¥)=0- K, =-

L — k2 ] 1+ K. K,

/i’_'_’_ _______ Tz//_ Disturbance effect will not be eliminated completely (offset)
wo 02l .

z - I nfinite controller gain will eliminate the offset
Higher controller gain resultsfaster closed-loop

-02; ; 4 6 5 o response: shorter time constant
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ol for load change (R=0)

(t,s+D/t,s (K.,>0)
K, /It s+1) _ K,
+K K, s+ /t s+D/t;s tts®+t, (L+K,
-loop gain, time constant, damping coeffici
_ |t 1 @A+KK))

1 tCL_ —~ 1, 0 Zca 775

KK, 2 JKK,

-state behavior of closed-loop system

(s) =0 (disturbanceis compensated for al
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— AsK. increases, faster compensation of disturbance and less
oscillatory response can be achieved.

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

— However, usually the response gets mor e oscillation as K,
increasesor U, decreases. =>

— |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. Theseresultsisonly possible
for very smpleprocesssuch as 1% order system.

— Usual effect of PID tuning parameters

» AsK, increases, theresponse will be faster, more oscillatory.
o Ast, decreases, theresponse will befaster, more oscillatory.

o Astincreases, theresponsewill be faster, less oscillatory when
thereisno noise.
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L OSED-LOOP RESPONSE O
INTEGRATING SYSTEM

r(h+0)-raos
H(s) _ 1

Q(s) As
H(s) _ 1

Q(s) As

e

d actuator dynamics arefast enough to
ed and gainsarelumped in other TF.

R . AE
G (9 =1 ’(?. > G

G.G
L9
1+GG, 1+GG,
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P control for set-point change (L=0)
G.(s) = K. (K_<0)

G ()=

H(s) _ K. /(-As) _ 1
R(s) 1+K_/(-As) (-A/K)s+l
Closed-loop gain and time constant

Ko =1 to =-A/K,

(closed-loop TF)

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

Itisvery 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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ol for load change (R=0)
(K;<0)

(s)= 1/(As) _ -1/K,
(s) 1+K_/(-As) (- A K)s+1

-loop gain and time constant
-1/K,), to =-A/K,

(closed-lo

-state behavior of closed-loop system
1

(_ Kc)

controller gain resultsfaster closed-loop r
time constant

>0, Jl@rg G, =0 (disturbanceiscom
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« Pl control for set-point change (L=0)
G,(s) = K.(t,s+1)/t,s (K,<0)
Ket,s+D/(-As)/t|s _ (t,s+])
1+ K (t,s+D/(- As)/t,s (-t, A/ K)s*+t,s+1
— Closed-loop gain, time constant, damping coefficient

/tA l/'[KC
Kee =1 to =,/ |I< , ZCLZE ) IA

— Steady-state behavior of closed-loop system
Ko = Ii®rTO1C5CL (s) =1 (H(s) = R(s), no offset)

Ge () =

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

— Ast , decreases, closed-loop time constant gets smaller (faster
response) and more oscillatory response can be achieved.

— Partly duetointegrating nature

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