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1. Basic Concept for MIMO System
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® (Centralized Approach v.s. Decentralized Approach

— Decentralized Approach (Multiloop Control)
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* Max No. of C.V. = f - No. of Externally Specified Inputs.
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- Total Egs (2N+3) : Mass Bal.(N), Heat Bal.,, Equil. Rel.(N),

Cons. Constraints(2)
- Constants (N+7) © A, As, o0, u, Cp, Con, Ki(IN)

- Variables (3N+8) : Fy, Fy, Fr, p, T, h, Wy, T, xi, vi zi (3N)

s f = (3N+8) - (2N+3) = N+5
l
- Ty, z (N) 7} )52 HBE AAHe] o= A
Max. No. of C.V. = (N+5) - (N+1) = 4

!
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2. Control Structure Synthesis

2-1. Process Interaction and Control | oop Interaction

e SISO System¥ MIMO System?] A|oIEAS t=24 3
o Ao]Ae erAAE #3473 TuningS o]HA T

® 2X2 System 9
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where D = (1+G,,G.)1+G,G.)—G,.G,G.G.

= 1+ GClGPu + Gchﬁzz + Gchcz[ Gl’uGﬁzZ o Gl’lz - Gﬁ‘ll]
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2-2. Realative Gain Array (RGA)

® Relative Gain : 7| F3 o] 53} #HFiZ o]5 19| H
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e Relative Gain Array (RGA) — Relative Gain® 3=

/111 /112 /lln
A=|4n An
/lnl AnZ Ann

= G(0) - {(GoH™?t where - means Hadamard Product

S 7w R 7 g g A

— Scale Independent

o RGA ¢} A= oA A
- Ay < 0 for 2X2 System <> Unstable

—%%%l < 0 for nXn System — Unstable (Niderlinski Index)

® RGA ¢} Pairing ( nXn A|2=¥ — n! 753k Aoj7+x &4)
- iZsE 84 ghe]l 52 A5 Al
- 09 A= M4 9%

- %rolar 1 9 VM =S Pairing

A=[8'§ 8;] — C — Im2, C2 — I
0.8 0.1 0.1 A

A=10.05 0.1 0.85} ™ o= omy
0.15 0.8 0.05 C3— My
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2-3. Relative Disturbance Gain (RDG)

e 9o 3t Interactiond EHE & F 9+ Index

( 3m,)
B B a d all loops closed JAPR = . . . K a’ZK 12
Bi= om, , 2X2 ]—— ™ Oﬂ Br1=2n(1 KdlK22 )

( ad ) i loop closed

- Bi 7} 0 o 7MES5E e ol v %k Interaction

SP,(s) »A G,;(.\) MYAs) -+ G, (s) —»@—»@L CV,(s)
t. 4
1 Gyls) Gyi(s)
} D(s)
—{ Gy)(s) G pls)
SP5(s) —:O— G o(s) | Gy(s) b—=(+ * CVs(s)
: AT - MV,(s) z O—®T o
o TFHY I
- Energy balance scheme
v 0.0747e"*  _ 0.0667e *| o 0.7¢”"
( xD)= 125+ 1 155+ 1 ( V)+ 1445+ 1 | xr
B 0.1173¢ %% 0.1253¢ % 1.3¢~%*
11.75s 10.2s+1 12s+1
Ay = 6.09, 5,=0.071
— Material Balance Scheme
_0.0147¢”%  0.008¢” % 0.7¢”>
( fD)= 10s+1 55+ 1 ( {,7)+ U ds 1 |xr
B _0.1173¢”* _ 0.008¢”* 1.3¢~%

9s+1 3s+1 12s+1
An = 039, p=1.11
+» E. B. Scheme ©] xr 9] &9 th3] M. B. Scheme Ht} =&
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2-4. MO A2x=HMAE 2 Tuning Flow Chart

Pair loops to give good
performance(e.g., fast dynamics)
for important variables

. Is it necessary to

Are all controlled
variables of :
equal importance ?

Reject unworkable pairings
A<0

Niederlinski Criterion < 0O
| RDG | very large

N Does significant

pair on loop with
Ay =07

Add monitor to
ensure stability

v

Tune Important controllers

unfavorable
interaction remain?

v
Select decoupling approach,
if any, based on
* performance
* sensitivity to errors

Tune controllers

tightly, other to maximize
favorable interaction

& check stability
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3. Multiloop PID Controller Tuning

® Interaction Effect 228 — SISO A|2~Hl 9] 7 9o+ vj-$ Ut}

o Aukz W FQEA ZE& AWM Loop & Detuning —

%873 Loop & Single Loop ¢ #Z°] Tuning
3-1. RGAE 0|l &3F Tuning 2 X2 A ~H!

1+ GGl
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o ¥ Fi EAulH D=1+G,Gu(
e Loop 19 Dynamics”} Loop 2 E.t} vj-$ W& H$
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e Loop 1l ¥ Loop 2 ¢ Dynamics”’} #AMSH 35
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1
T T T T T T T T

| .
\f‘i
205 =
-

0 1 1 1 1 1 L I I

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Steady-state relative gain, Ay,
(a)
T T T T T T T T

.
=
<
&
7 0.5 ~
~

0 i i i I I 1 ! I

0.5 1 1.5 2 2.5 3 35 4 4.5 S

Steady-state relative gain. A,
(h)

m Loop 1 ¢ ¢tA Aol Loop 2 o thaljA] =LA FaFire

Detuning©] ¥ &

Process Systems Lab. Yeungnam Univ.



Multiloop HI0{AH2] &AL} Tuning

- 14 -

3-2. Biggest | og—modulus Tuning (BL T)

START

v

sEHYT IE G E T

[
ot

7N

7} Loop ¢ Ultimate Gain ¥ Ultimate Frequency & %
( Z-N ®¥lolu} Nyquist Plot © 2 5-§).

Detuning Factor F & 1 Ht} & HAE3 gog =2(15~4)

| _ Kui 2 F

’ Wiw)=—14 Det[ I+ G(iw)G (iw)]
|

L™ = max 20log | 1—|—7WW |
If LM <9N, decrease F \L
If L2 >2N, increase F L3 =2N ?
No

where N 1s No. of Loops

\L Yes

STOP
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3-3. Desired Closed | oop Response (DCIR) ©t2!

o 7} Farol ¥ gyto] Qo= SHIH I ¥ == Tuning
— Robustness ¢} Performance 7} =&

— Tuning Rule ¢ & E7} Explicit &

o 2x2 MIMO A]2~"lo] A2 Tuning Rule .

FOPDT to obtain desired closed-loop response

2X2 Process K(v 7, )
FOPDT -6 Lo 1
G < Ke L ,4(,1,+9,,)—l912]1< Blh+8,)-, 004+ 61K |
rs+1 | K(4, +6,) a- 2 b- K(4, +8,) ‘4(}‘1+‘91|)_29121K7
K(4, +6,) 7, T K(4+6,)
where

a=4+1,+10,+1,

b=, + 11, + 4T, + 4T, + 1,7y + 7,7,
K= kn _kl2k21 /kzz

A=k (A + 1y + 1) = kpky Ty (7, + 7, -6, -6, +6)
B =k (Aty + 11, +1,4) —kpky Ty (7,7 + (7, +7,))(0, -6, - 6,) +1/2(8, + 6, _ell)z)
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e SISO AlZ2# Tuning Rules

Process Process Model Tuning Methpd K(‘ 7, Tp T
TMC-PID 1 20+6 NG I
K22+86 2 27+ 6
FOPDT Model Ke % IMC-PID 27 + 8 I’ 76 10
PID case G = —/—— “(with Filter) P ——— T+ —_— —
( ) st | ) 2K(A +0) 2 2c+ 6 2(4+6)
P Proposed DCLR z, i 4° ;.0
K(A+86) T+m 6(2 + 0) 7,
‘. Smith T r
K(A+6)
FOPDT Model Ke 0 Improved IMC-PI 27 + 60 2]
PI = — —_ T+
(Pl case) s + 1 2KA 2
Proposed DCLR 7, 6
K(A+8) T+m
(Sl’(l)ll;l)c:se];%del G:—Ke* Smith _nitr, T, + 7, _nit
(s +1)7s+1) K2 +6) T+ T,
Proposed DCLR 7, e 0
K(A+86 +7,+ [ stare) 67
( ) atn 1,{4.@ T, 2(A + 0)
Note : Desired Closed-Loop Response C o
R~ As+ 1
Process Process Model K. 7, b
Integrating - P | o 1 i 9’
Process 1 G(s) = K;e_x K(A +86) 2(4 +0)
Integrating 1 1 o2
Process 2 G(.§)=Kme—3 K (2 + 6) T+ 2(4 + 0)
General SOPDT Ke ® T, 26 : cro 00
= =3 5z | X Tt STy 6(2 +6) 9*
G(s) 2% 1 28+ 1 (2 +8) 2(4+0) P = YT
Distributed K(zr,s+De™® 7, 2 .1 @ or,
G(s)=—5"—"——| K2 + 0 267 —7, + —— 0% T 2 0
Parameter Process (s) (z'zs2+2§1x+l) K(A + 6) . sr—1, 2(4+0) - 3G o)
Inverse Process 1 K(-7,5 +1)e™® 7 1 L@ & 1
N B R S - (O-)+-&F FYTETAl ) r(0-2)+ 56
Gy ==y K(A+6+27) HT( ) A
(A+6+2z,)
Inverse Process 2 . K(-7,5 +1)e ™™ 1 _ 1
G =% K(A+6+21) HT"(B A+,¢
(A+6+27)
Inverse Pracess 3 K(-7,s+1)e™® 7 1 a1 @ & 1
G(s) = a _ - (O-A)+- & Tl ) r(0-2)+ 6
O = i 2EmsD) | KGaro+25) i Arordn el 3 AT T2
(A+6+27,)
Note: 1. Desired Closed-Loop Response C e’ ,C (-z,s+1e * forinverse process.
R As + 1 R~ (z,s+1)(As+1)

2. If negative derivative or integral time constants are encountered due to strong lead term, determine the tuning parameter

using Eq. (20).

Process Systems Lab. Yeungnam Univ.
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4. Decoupling

e Unfavorable Interaction & Explicit stA #| A

@O W4 H3H Q) Decoupler
4-1. B4 Hzlof 9 st Decoupling

® Blending Control ¢

Fl+F,
A gt TV (R (= 00) + Fy(t—06,) !
dF
Z'FTtB=F1(t_6p)+F2(t_8F)_F3(t)

- F; F» (original M.V.) — F)/(F,+F,), (F+F,) (new M.V.)

Process Systems Lab. Yeungnam Univ.
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4-2. Explicit Decoupler

MVI(S)
SPy(s) —= Gei(9) + = Gy(s) —= CV(s)
+ T
Dz](s) — | —» G12(S) Gdl(s) Band
J — D(s)
D5(s) = G,(s) | G (5) |
+ Y
SPy(s) —-(O—{ G2 O; o Gp(s) + é** CVy(s)
_ MVz(S)

G,']'(S) & T; St 1 —(0;~0s

® Dynamic Decoupler D;(s)=— (s~ Ki z.s+1¢
i i i

® - Compensate Interaction Effect in the Feedforward Manner

- Too Sensitive to Modeling Error & Saturation
— Static Decoupler( —%) for Similar Dynamics

- One-Way Decoupler for Robustness ( i.e, one

o [Effective Process After Decoupling

Di = 0)

Process Systems Lab. Yeungnam Univ.
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5. Multiloop

Control for N-S System

5-1. Split Range Control

® No. of M.\V. > No. of C.V.

Py fc
Fuel A —%—‘F
A '

Fully
open

——

S

Valve position

—

To consumers Full
Yy

closed
(o]

Controller output, %

Auxiliary source

fc of gas

fo

® Main Issues

Fully
open

Valve position

Fully
closed

Controller output, %

- Detuning or Programmed Tuning for Very
Different Dynamics b.t.n. Loops
- Range Overlap against Dead Zone

Process Systems Lab. Yeungnam Univ.
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5-2. Signal Select Control

® No. of M.V. < No. of C.V.

o WHgFA o

- Control Objectives : O AAHE Fxo Ha AAA o]l /A
@ Whg7] 2= gk oldt A

Cooling medium

® Feasibility of Signal Select Control — Uniqueness of M.V.

~

0 Operating point 100 0 Operating point 100
Controller output, % Controller output, %

@ ® @ ®

Ca

< [N

Controller output, % Controller output, %

Feasible Case Infeasible Case
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® Measurement Outputs v.s. Controller Outputs

@
@

]
‘l
\'l
"
'
.‘,:,,
‘\l L
\‘|l,l
:/\

(a) (b)

- Measurement Outputs ©]-& - Controller Outputs ©] &
-1 79 Aloj7|vt 28 SHE oAge Aojr|7t 28
- Loop Dynamics 7} rA}&oF st Loop Dynamics”’} & W ¢

- Setpoint”7} #olof & - 5 ¥4 Setpoint A 75
- AA go. - Reset Windup ®#]& $3 Override
1 = ST O S Neraaa 2 Al N 1N
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5-3. Constraint Control Using Variable—Structure Methods

o 2HEAL A WAN 2R AtuA ¥ AT 4§
e Combined Variable-Structure Control ¢
_+From unit 1
0-50% ,@: _____ 0-50% __
% v100 . ﬁ(}> To unit 2
v110
50-100% .- eq¥ fc
-} 50-100%
Cooling
Heating
Storage tank
- JdyA A7 HH3E Y8 Unit 1 S 2HE Unit 2 =9
Ao AH olF e HYslslHA Smooth A &4
-7 wne BH 54
Flow Situation V 100 V 110 V 200 Net Flow
Uint 1 > Unit2 By FC By LC Closed To storage
Uint 1 < Unit2 Bv LC Closed Bv FC From storage

Process Systems Lab. Yeungnam Univ.
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® Valve Position Control
- A A wFE=S 9)5le] Valve Position & Ao gl

- High-Freq. ¢ &l tju]sto] A A A X Bt} 23] vho
VP.C. o AAHES A+ Tuninge FE3] =<3

- Relative Gain ©] Zero ¢! Pairing ¢|=22 TC 7} 5= A

A A9-E W= VPC = SRz dgsjor g

e Valve Position Control < 1.
- Whg7)E e dmFS Cooler $HAIA WA Ho= sfarxp 3

Set point to flow controller

g

E MV from
temperature
controller

"Feedback PI L 3

controller with CV to valve position controller
operator-entered

set point
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e Valve Position Control < 2.
- Fan Motor & A= 7S 935Fo] Air Cooler Fan Pitch
Ztes A Hegel A A st A szt g

LVGO
Ls
()
1118
7 // 7 .
i 1 =
Y,
LVGO
|
[me :/\ ! C
s :
; !
i
S [Fosimion coNTROLLER |

e Plantwide Variable-Structure Control ¢
- 3 AAe] FRHAAES AAAE FAl WA

Ao gaFon ¢4
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6. Plant—Wide Control Configuration

e Modular Approach °l ¢]3%+ Configuration Procedure

DO AA +AL Interactione] HA3 H+= @9 Block 0.2 F3&

l

@ 7} Blockel W3k C.V. o} M.V, 44
l

@ Z} Blockell W3l Feasible Loop Configuration 2%
l

@ 7} Block 7Fe] Loop Confliction A A

e Loop Confliction? 9

—{ Unit ] m Unit

R
* 2
|
|
! | |
|
| | L _
L~ ~4 Controller j= —- Controller Controller

—_———— =t
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o W8-I Ao M9 Configurarion
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® Recycle

oL

o

Aol A 2] Configuration <l
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/ Computer Aided MIMO System Analysis

Al

-7

7-1. 1AM

[ By

!

e Nyquist F873 °1& — Wu,=—1+Det[ I+G,61 ¢ #H %l

(-1, 0) A& M= 3= CLS 9 RHP pole A9 #t}.

e Wood-Berry Column ¢l

Wood and Berry

Gains = 0.20 -0.04
Resets = 4.44 2.67

Wood and Berry

4

Wood and Berry

Gains = 0.96 -0.19
Resets = 3.25 9.20

Process Systems Lab

. Yeungnam

Univ.
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7-2. Resiliency &4}

e Morari Resiliency Index (MRI) — &4 179 A4 A= F4
~ MRI= 0 "(G,(iw))
- MRI = Pairing¥= F-3stm gho] S5 A T+
=~ MRI 7} 0 o|™ Ao} =7Hs

D AePMEzE Fo 2AUSEN] FE ARy FA)
@ 2EMETE E AojWso] obtdl 9P FA e
@ Aiusrt BE 2AWF g GFS % B

-~

7-3. Interaction &4
e Inverse Nyquist Array (INA) :
- Q=(GlioGlioN™" & 2t FH a0 A

- vHlg|Z PEe4~E9] A7|9 2 F7F — Gershgorn Bands
- Band 9] ®& 847F (-1, 0) A& #AAH CLS HdAd 2%

Gy AR

/

" Gershgorin bands —

(a) Stable {(h) May be unstable

1% 48
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e Wood Berry Column A2 INA &4
7—4. Doyle-Stein 2l Tuning Criteria
o [I+ (G,G)~ 'l ¢ Minimum Singular Value 7} -12 dB ©]/}¢]

=% 7} Loop & Aloj7] =dWHTE A3 =,

e Wood-Berry Column ¢l

Wood and Berry

Gains =
Resets =

Singular values of [/ + Q™'],dB

— 40 1 ! 1
0.01 0.10 1.0 10.0
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