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CONTROLLER DESIGN

« Performancecriteriafor closed-loop systems
— Stable
— Minimal effect of disturbance
— Rapid, smooth responseto set point change
— No offset
— NoO excessive control action
— Robust to plant-model mismatch
min () (We*(t) +w,Du2(t)) e

Kot tp

 Trade-offs in control problems

— Set point tracking vs. disturbance regection
— Robustness vs. performance
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GUIDELINES FOR COMMON CONTROL
L OOPS

« Flow and liquid pressure control

— Fast response with no time delay

— Usually with small high-frequency noise

— PI controller with intermediate controller gain
e Liquid level control

— Noisy dueto splashing and turbulence

— High gain PI controller for integrating process
— Conservative setting for averaging control when it is used for

damping the fluctuation of the inlet stream
o (Gas pressure control

— Usually fast and sdlf regulating
— PI controller with small integral action (large reset time)
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« Temperaturecontrol
— Wide variety of the process nature
— Usually dow response with time delay
— Use PID controller to speed up the response

« Composition control

— Similar to temperature control usually with larger noise and
mor e time delay

— Effectiveness of derivative action islimited

— Temperature and composition controls are the prime
candidates for advance control strategies dueto itsimportance
and difficulty of contral
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TRIAL AND ERROR TUNING

e Stepl: With P-only controller

— Start with low K, value and increase it until the response has a
sustained oscillation (continuous cycling) for a small set point
or load change. (K,)

— Set K. =K.

o Step2: Add I mode
— Decrease thereset time until sustained oscillation occurs. (T )
— Sett, =3,
— If afurther improvement isrequired, proceed to Step 3.

o Step3: Add D mode
— Decreasethereset time until sustained oscillation occurs. ( p,)
- Sat t,=3,,.

(Thesustained oscillation should not be causeby thecontroller saturation)
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CONTINUOUS CYCLING METHOD

 Also called as loop tuning or ultimate gain method
— Increase controller gain until sustained oscillation
— Find ultimate gain (K,) and ultimate period (P.)

o Ziegler-Nichols controller setting
— Yadecay ratio (too much oscillatory)

Controller K. t, to
P 05Ky,
Pl 045K ., P, /12
PID 06K, P, /2 05P, /8

— Modified Ziegler-Nichols setting

Controller Ke t, to
Original 06K, Pey/2 Po/8
Someovershoot 0.33Ky Poy/2 Pcu/3
No overshoot 0.2K, Pey/2 Po/3
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« Examples
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 Advantages of continuous cycling method
— No apriori information on process required
— Applicableto all stable processes

 Disadvantages of continuous cycling method
— Time consuming
— Loss of product quality and productivity during the tests

— Continuous cycling may cause the violation of process
limitation and safety hazards

— Not applicableto open-loop unstable process

— First-order and second-order process without time delay will
not oscillate even with very large controller gain

=> Motivates Relay feedback method. (Astrom and Wittenmark)
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RELAY FEEDBACK METHOD

 Relay feedback controller
— Forcesthe system to oscillate by a relay controller

— Require a single closed-loop experiment to find the ultimate
frequency information

— Noapriori information on processisrequired
— Switch relay feedback controller for tuning

— Find P, and calculate K,
_4d

pa
— User specified parameter: d

oD
=]
kel
~

I<CU

Pocess |\ /NJa/\

] ] utput [=— V V ¥
Decide din order not to perturb the g
system too much. Rl Kot T B

Time

— Use Ziegler-Nichols Tuning rules for PID tuning parameters
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DESIGN RELATIONS FOR PID
CONTROLLERS

« Cohen-Coon controller design relations
— Empirical relation for “2decay ratio for FOPDT model

Table 12.2 Cohen and Coon Controller Design Relations

Controller Settings Cohen—Coon
P K, 1rns 8/31]
K®
17
PI K, = - 0.
% g [0-9 + 0/121]
] 6[30 + 3(6/7)]
! 9 + 20(8/7)
PID K. 17167 + 30
Ko 12+
: 0[32 + 6(8/7)]
! 13 + 8(8/7)
] 40
D 11 + 2(8/7)
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e Design relations based on integral error criteria
— Yadecay ratio istoo oscillatory
— Decay ratio concerns only two peak points of the response

— IAE: Integral of the Absolute Error IAE
IAE = (5 e(t)| ot o
— ISE: Integral of the Square Error T
ISE = (5 [e(t)]’ ot o
e Largeerror contributesmore
e Small error contributesless 0

(b) Set-point change

« Largepenalty for large overshoot
« Small penalty for small persistingoscillation

— ITAE: Integral of the Time-weighted Absolute Error
ITAE = () teft)]

o Largepenaltyfor persistingoscillation

« Small penalty for initial transient response _ _
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 Controller design relation based on ITAE for
FOPDT model

Table 12.3 Controller Design Relations Based on the ITAE Performance Index and a First-
Order plus Time-Delay Model [6-8]°

Type of Input Type of Controller Mode A B
Load PI P 0.859 -0.977
I 0.674 —0.680
Load PID P 1.357 —0.947
I 0.842 —-0.738
D 0.381 0.995
Set point PI P 0.586 —-0.916
I 1.03° —0.165°
Set point PID P 0.965 —0.85
I 0.796" —0.1465°
D 0.308 0.929

“Design relation: Y = A(6/7)? where Y = KK, for the proportional mode, 7/1; for the integral mode,
and 7p/t for the derivative mode.
*For set-point changes, the design relation for the integral mode is 7/7, = A + B(8/7). t

 Similar design relations based on IAE and ISE for
other types of models can be found in literatures.
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« Examplel Example2
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e Design relations based on process reaction curve

— For the processes who have sigmoidal shape step responses
(Not for underdamped processes)

— Fit the curvewith FOPDT moded

Ke 9*
G(s) = S=KDu/t S =S/Du=K/t
ts+1)
Table 13.3 Ziegler-Nichols Tuning Relations (Process Reaction Curve Method)
Controller Type K. 1 T
P ! — —_—
0S*
0.9
PI 65+ 3.336 —
1.2
PID T 20 0.56
— Very smple

— Inheritsall the problems of FOPDT model fitting
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DIRECT SYNTHESISMETHOD

* Analysis: Given G/(s), what is y(t)?
e Design: Given y(t), what should G(s) be?
e Derivation

Let G, =K, GGG, 2GG

m=c=v=p

Y(9_ G _ GG , o _l&Y/RO

R(s) 1+G, 1+GG °" G&l- Y/R

Specify (Y/R), b G = -0 /Ra D
G él- (Y/R)d g
— If (YIR)4 = 1, then it implies perfect control. (infinite gain)
— Thereaulting controller may not be physically realizable
— Or, not in PID form and too complicated.
~ Design with finite settling time: (v/R), =- ;1
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« Examples
1. Perfect control (K, becomesinfinite)

K
G(s) = and (Y/R), =1

) t,s+1)t,s+1) (Y7R)q

G()=— BLO_ ¥ itinitegan, unredizable)

G(s) &l-15 G(s)

2. Finite settling time for 1s-order process

G(s) = and (Y/R), = 1
(ts+1) t.s+1
G,(s) = 1 eel/t.s+l) O _ts+1_t ai+i9(Pl)

T G(s) §1-1U(t.s+l), Kis tKE tsp

3. Finite settling time for 2"9-order process

G(s) = K and (Y/R), =——
(t,s+1)(t,s+1) t.s+1

+t,) e 0
(tl t2)91+ 1 + tltZ S—(PID)
t.K & (@, +t,)s (t,+t,) 4
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 Process with time delay

— |If thereis atime delay, any physically realizable controller
cannot over come the time delay. (Need time lead)

— Given circumstance, a reasonable choice will be

1. G(9)= Ke ™ and (Y/R), = e @.=9) Physically
. (ts+1 ‘ t. s+l realizable

gs

1 SEe It .s+]) 0 _ts+1 __ (not aPID)
G(s) &l-e™/(t s+1)g K [t s+1-&%°
2. With 1%-order Taylor seriesapprox. (€% »1-qs)

ts+1 1 t +i9 (P)

K t.+q)s K. +q)& tsg
3, __ Ke™ _er
G(s) €5+ DE,5+D) and (Y /R), {5+l @.=9)
G (g=tstDEs*D) 1 _ G, +t2)6_e[ 1, s B
K t.+q)s Kt +a)& (,+t,)s (, +t2)
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e Observations on Direct Synthesis Method
— Resaulting controllers could be quite complex and may not even
be physically realizable.
— PID parameterswill be decided by a user-specified parameter:
The desired closed-loop time constant (1)
— Theshorter t ;makesthe action more aggressive. (larger K)
— The longer t .makes the action more conservative. (smaller K

— For alimited cases, it results PID form.
o 1s-order model without timedelay: PI
« FOPDT with 1%-order Taylor seriesapprox.: Pl
o 2nd-order model without timedelay: PID
o SOPDT with 18-order Taylor seriesapprox.: PID
» Delay modifiestheK..

LI t (1st order) w® (ty +t) (2nd order)
Kt. K(.+q) Kt K. +q)

« Withtimedelay, the K, will not becomeinfiniteeven for the
perfect control (Y/R=1).
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INTERNAL MODEL CONTROL (IMC)

e Motivation

— Thereaulting controller from direct synthess method may not
be physically unrealizable.

— If thereisRHP zero in the process, the resulting controller
from direct synthesis method will be unstable.

— Unmeasured disturbance and modeling error are not
considered in direct synthesis method.

e Source of trouble
— From direct synthesis method

1ae (Y/R)d O Resulting controller may have
G. 3 ¥ higher-order numerator than

i vagl' (Y/R)d E[ denominator

Direct inversion of process _
causes many problems Process is unknown
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e IMC

— Feedback the error between the process output and model
output.

— Equivalent conventional controller: - Gc ]
1- GG

— Using block diagram algebra 3 3
C=GP+L P=GE E=R-(C-C)=R-C+GP

P=G(R- C+GP) :
b P=G:(R- C)/(1l- G:G) %; @ 1] . é
C — (.;(.;(’:c ( R' C) /(1' Gc*é) + L {a) Classical feedback control
(1+GGe - GeG)C =GG:R+(1- GeG)L R é
. GG (1- G:6) =
= : R+ i L 1
1+G: (G- G) 1+Ge(G- G) -~ """@)

(b) Internal Model Control

If G=G,C=G.GR+(1- G:G)L
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 IMC design strategy
— Factor the process model as

é _@é_\umnvertibles
. G containsany timedelaysand RHP zerosand isspecified so
that the steady-stategain isone

e (. istherest of G.
— Thecontroller is specified as

.1
Gc =— f
G.
o IMCfilter f isalow-passfilter with steady-state gain of one
o Typical IMC filter: 1

- (tcs+1)

« Thelcisthedesired closed-loop timeconstant and parameter r is
apositiveinteger that isselected sothat the order of numerator of
G." issameastheorder of denominator or exceedstheorder of

denominator by one.
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« Example
— FOPDT mode with 1/1 Pade approximation

K(1-qgs/?2)
(1+qs/2)t s+1)

G.=1-qgs/2 G =

G=
K
(1+gs/2)(t s+1)

o =1- (1+gs/2)(ts+]) 1
G K (tcs+1)

_ Gc* ~: (1+qs/2)(t s+1) (PID)
1- GcG K(tc+q/2)s

_1(+q/2
T K (te+q/2)

_ tq/2
t +q/2

ti =t +q/2 to
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IMC based PID controller settings

Table 12.1 IMC-Based PID Controller Settings for G_(s) [4]®

Case Model K. K T (7
K T
A -
s + 1 T, T -
B K T + T2 T\ T>
(115 + (125 + 1) T, Tt T T+ 7
K 20T
C =_ T
1252 + 2l1s + 1 T, 2 2
K(—Bs + 1) 207
D X
1252 + 2ts + 17 B=>0 T+ B 2 2L
E LS 1 _ B
A} Te
F _K__ 1 B
S(TS + 1) Te T

“Based on Eq. 12-30 with » = 1.
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COMPARISON OF CONTROLLER DESIGN
RELATIONS

Pl controller settings for different methods

G(9) _2€"

(@) IMC (1, = 0.0)  (c) Cohen-Coon (@) IMC (r, = 0.0) (c) Cohen-Coon
) IMC (7, = 0.8) (d) ITAE {load) (b) IMC (r. = 0.8) (d) ITAE (load)
1.5 T T | | 1.5 T T T T T
: 509% error in process gain
\ No modeling error
1.0 1.0

-10} - -1.0
Somewhatrobust a a
-15 L L | L L -15 L L L ] 1
0.0 2.5 5.0 7.5 10.0 12.5 15.0 0.0 2.5 5.0 7.5 10.0 12.5 15.0
Time Time
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EFFECT OF MODELING ERROR

e Actual plant

G(s) = 2e
(10s+1)(bs+1)
 Approx. model
- 4.7
G(S) _ 2e
12<+1

— Satisfactory for this case

— Usewith care

As the estimated time delay
gets smaller, the performance

degradation will be pronounced.

2.0

1.5

1.0

0.5

0.0

-0.5

T
Set-point response
ITAE (load)

= w = |TAE (set point) -

Load response
ITAE (load)

= = = |TAE (set point)

".—_
——
—

0

30 40 50
Time

e All kinds of tuning method should be used for

Initial setting and fine tuning should be done!!
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GENERAL CONCLUSION FOR PID TUNING

« The controller gain should be inversely proportional to the
products of the other gains in the feedback loop.

« The controller gain should decrease as the ratio of time
delay to dominant time constant increases.

« The larger the ratio of time delay to dominant time constant
IS, the harder the system is to control.

e Theresettime and the derivative time should increase as
the ratio of time delay to dominant time constant increases.

« The ratio between derivative time and reset time is typically
between 0.1to 0.3.

e The Yadecay ratio is too oscillatory for process control. If
less oscillatory response is desired, the controller gain
should decrease and reset time should increase.

« Among IAE, ISE and ITAE, ITAE is the most conservative
and ISE is the least conservative setting.
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