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PID Control with Feedforward Controller for
Controlling Fluid Temperature in a Heat Exchanger

Hyo—Sung Choi

Department of Mechatronics Engineering
Graduate School of Korea Maritime University

Abstract

A heat exchanger is a device that moves heat from a high temperature to
a low temperature between the heat transfer wall, and is used in various
fields such as chemicals and ships. In the fluid temperature control of
a heat exchanger, it is difficult to obtain the desired result if the
time delay is great or the disturbance is large. To solve this problem,
a method of combining a feedforward controller with a PID controller
can be thought. This paper proposed a method to control temperature of
the heat exchanger by combining the feedforward controller with the PID
controller. In order to reduce the influence of disturbances, a sensor
measures the disturbance in advance and a feedforward controller reflects it
in the control input. For the parameter tuning of the controller, RCGA, one of
the optimization tools, was used. At this time, Integral Absolute Error was
used as an evaluation function. The parameters of the PID controller were
tuned while fixing the disturbance and changing the setpoint value stepwise to
improve the setpoint tracking performance of the entire control system. In
order to identify the validity of the proposed method, comparison and
review were carried out through the closed loop tuning method of Z-N, IMC

tuning method which are the existing tuning methods and the simulation.

KEY WORDS: heat exchanger; PID controller; feedfoward controller; RCGA
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Table 2.12 & =&olA AHEE 4F A HE BElste] Yebd Zolt. o]
o =271e) HEta 9 244 AmAlek 20imAle] o

Table 2.1 Parameters of heat exchanger system

Parameters Descriptions Values
k, Gain of actuator 0.1
k, Gain of valve 2
kip Gain of 1/P converter 0.05
k, Gain of heat exchanger 50
ky Gain of disturbance 1
kg Gain of sensor 0.16
T, Time constant of actuator 3
Ty Time constant of heat exchanger 30
Ty Time constant of sensor 10
L Time delay of heat exchanger 1
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2 HIZste Alzte]l EoEA ok SHARE T7F v #od #dgle] 253t

= FE(hunting) 4ol Yol & glomg FHE o] JoixE /M4 e

4.1.3 "l v Ao

] 2(D; Derivative) A|oj7]e] T2 2 A 318 =
7F 2L AAaATE 9T 3 SHEEE FHAA Al2H 7
S MAAZIT A 4.3 BHE Aoz} w

Proportional Derivative) #|o17]1& Fd3gF A o|th

Mo
)
2
N
i
i
ot
r
R
e}
a
Mo
&S]
-]

(4.3)
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4.14 HHAHEAE A 07|

nA|E o = PID 2110%7]{— vl A7), HE A7), v A= TR

ot Fol AgE 4L AMUAZ
S 9, v Aoz zﬂ%% AadA SHEAL AL & Atk =
PEFALE Yol BA6) SHEEE AN ol FHE 2 U 7]
222l PID A|o7]1¢] HEgtoltt
1
GC(S):KD<1+T—IS+TdS) (44)
o714, K 18el5, T, JEAIZ T, PlEAE YE L ol 2
45)9 2o |50 BAY & Ao
Ki
G.(s)=K,+ ?—i—de 4.5)
A7 K L2 A¥o|Solw, K KT,2 mEoSolth o% X
PID Aoj7]9 &9 us 4 (4.6)0.2 YeERE S Ao
. KD t de(t)
(D) =Kyet)+ joe(t)dt+KDTdT 4.6)
4.2 PID A|o)719 &%
Aol7) BT Aol A zEe] AT ATHE A5 THFES 9737
of guro ‘%“ﬂéii Aozl gdEuHES Z2A s AHolth PID Aoj7|+= HEH

o5 K, HEAZ T, % WEAZ T,9 3744 sehuleE A48 & xashel
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Figure 4.1 Step response and stability limit using
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@ Table 4.1< ©l&3st] K, T, Tygk= T3te] =3

Table 4.1 Tuned Parameters for PID controller by Z-N

Parameters
Controllers
K, T, T,
P K,/2
PI K, /2.2 T,/1.2
PID K, /1.7 T,/2 T,/8

ARIAR] Qe A2Rle] Al sxEeR A0S IAFIE T8 F=
ek W AR G0] Qi AlzEle] ALl sihH oz A0S WAFIE T
FoAel Z-N 7H-& Mathwork software2]
simulink= o] &3] A= uiale] delu|eE 73

ﬁ"l',
)
©
N
o
N
o
=
o
EY
re
i

glol AuAE PH FASA A7l K, KB EF 002 3 F, o
K ghehe 2 R 2 go= wAsias A%y 922 718t Figure 4.1
3 o] AAFAC £2F W FAlS K& 16.50650] 3, olwje] &AF7]
T, 344601tk o] FES< Table 4.1 tidstal K, T, T,& A4320] 5
PID Ao7]¢] o]55 F3lH K,=9.879, K;=0.574, K,=42.579°]T}.

422 MC 7|4 & 9] &3 T%

IMC(Internal Model Control) 7]H& ZZA|29] A3 zde AL &4 QU=
7Hg shell Aloj712 o]A e IS HFFOoZH o]EF
o= Jidolth
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G, () —»0O

Process model

Q)

Figure 4.2 Closed loop control system of the IMC

JEustel Az AoYYe BEE WHos
25 IMC S28¢ 92 H32 AoA2Ele] BEUES bl uE
G, ()8 G, (s) ¥% mo] s, di= 9|k Figure 4
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=
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Do

rlr o
ko
i)
)
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to
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Ll

(¢}

E(s)=Y,(s)—Dl(s) 4.7)
U(s)=G,(s)E(s) 4.8)
D(s)=Y(s)—G, (s)U(s) 4.9)
Y(s)=G, (s)U(s)+D(s) (4.10)

9l AEolA D(s)E AA 27 F Uls)E 4 @100 tidsia 4 @1De= vie
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G,(s)G,(s) [1—-G,(s)G,(s)]
YO = 35 06,6-6,67 *T T56,606,0-G, e 0 ) @D

T G,L(s)=G,(s)O1A Gi(s)=G, '(s)etHd o] EAsit s 3 =9

yE vol He A7t 7bestth G, (s)*G,(s)7F BAZ=E G,(s) =G, '(s)7}

AEE0H Hs AAL 5 Uk

Figure 4.3 Figure 4.29] 7+%& WA3te d3 Holth

d

+
y, t e + u +>£ y
——»O0—»0—» G,(s) Gp(s) >

B B Controller Process
G,.(s)

Process model

Figure 4.3 Block diagram of IMC

Figure 4.4 Figure 4.32] G,(s)9t G, (s)E ZAdste 7153 BT Aot
d
¢+
Yo + ¢ u + y
> G (s) — Gp(s) O >
- Controller Process

Figure 4.4 Simple block diagram of IMC
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(4.12)

o 2 M| A 2do] 4 (4.13)¢} 2 FOPTD(First Order Plus Time Delay)
A 2Eol Ao IMCE ted g Axz =71 WisEo] PID Aolr]e utah
mE7t B2

_ ke*LS
G,(s)= s (4.13)
Aq71A ke Z2A|Z 2Eo] o]|50]al, = Aol Le AIZEA RS YEeRITh

ARADE el e i Pade 2AMRIIE ol Edtel AEE o))

o] Bt
1—%Ls
efLSz . (414)
1+§LS
ugbA] T2~ mdl A (4159 £
K 1—%Ls
Gm(s)z T 1 (4.15)
1+§L

_25_

Collection @ kmou



AA IMC A7 S HAZ v Z2A 2 2d G (s)E ot AAF stgn
Gn(s)t ¥4 =E ANAA 22 5o TIHE wrlgRE G ()2 R

TH8I.

G,(s)=G,, (S)ém (s) (4.16)
A @IS)A FFARE G (s)= K Sk

m

(1 +75)(1+%LS)

~

MR G, (s)=1-Ls olth T3 M| G, (5)& SAERHe] sjeie

m

G,(s)=G, (s)G;(s) (4.17)
G ls) = — 4.18)
1S/ = 1+7; '

d71 4 BEe] A5 7= mdo] RS o 1—101% Ci=
A IMC Aol 7o) AEdr 4 (4.12)= 2 (419= FdH.
G,(s) G (8)G(s)

G — — ~
c(s) 1=G,(8)Gn(s)  1-G_'(s)G,(5)G,, (s)
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1 +TS><1+%LS>

1

1
N T 1

1 L
+ . s] (4.19)

2 (4195 3t PD Aloy71e] sy K, T, T,& 798P 4 420022 3ddt)

1
7+—L
2
K, = — Tl—r+%L o Ty = TLl (4.20)
k<Tf+EL> 2(T+5L)
IMC 5x29& Fx3% FF B 23S 77] W&o Z2A 29 AAF
Hlgke] 77} ol ZolAW L7kAlA 5ol vk ot
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Figure 45= FOPTDS] k, 7, Lo] Z-& RCGAS o] &3le Eishs s4g vheh

Aot} HA% < 7} HAE 2 of k=4.976, 7=28.557, 7,=2.856, L=2.228°|t}.
1000 30
| P
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Figure 4.5 Search for parameters k, =, L using Matlab

[
Lo

Figure 4.6 SOPTD Z#
of 3 AHSHE YEA
wola, A4S FOPTD

= AE Z 2Ag HAna

A
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0 J : [ [ L
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Figure 4.6 Step responses of SOPTD model and
FOPTD model

ol % k, 7, 7 % L& A (@209 Yk K,, T, T, AXN8] ¥ PID =]
719 o5& Tatd K =1.502, K;=0.051, K, =1.6100]c}.
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5.1 =29 = Aoj7)17F 2= PID A 9)”)

71&9] PD A7l HAA AR FF3 FF 4ol A ATA
A dwol A X3t ATAA Fso] 5 BRI FT ATl ¢F
k2 Eatth. F %S SAl 5 A REIA Fdd FUiEgeE 9ol
FRAE o 3 Zo] AN T ARG Aol ok uwpebA
g F 29 o5& A Wsld wel 29H S o] &3 AY, 2AF=
W21o] PID A|oj7]E A&t Aok 2y o] WHE 2F R[] v EVL
S0z Fx7F FEA Aok dusty] 2540 AAEL A H A
SAANA AEdAY F& FAHANA HAAHAA HAA Al FERER A
B SR BEGES JHSHE Aol Yo RE#S "ERE &
ST 2o F&AH ZAHR Yt AFEERE HIEHW oJRREHE H
Fe 1AE @wstel AT I FFol JAHEE A7t ZF
stA Atk

FolA AT 1AF= PD Ao7l= HAH FAE 55D 5+ gleu=
oo U FFS Z0]7] 8 B =EoAME FFHEDo) 7Nk v =29
T Aloj7lE F# el PID Ao7lel At Aoj7|E AT JE=29
= Aojrle Aol o8] mel 4" dAFAY YFLEE JYHoE Y
=9 & At waia HA A7) E¥ L o] JEXJE A7 &Y
7 PID A7) o] &8 d4ks Ao] Hoh
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Figure 5.1 I =X 9= A o717} AgE A AlA =8-S JEeERH Holt),
Controller Process
r-r-r———>"~>""~>~"~>"—"—7—7—7777— WS- - - -~ d ____'i
| Il |
I 11 |
| | I |
| (| \ |
| G 1 G,(s) |
| i o
+ +
:i. = G.(s) ul | _/||/— Yo G _+,O__y>:
I + 11 :
| Il |
[ Il |
I ': G,(s) |= |
" __ s\t A\ ____ |
Figure 5.1 Control system combined with feedforward controller
o] Al2~H"HloA 2Tk ™o U3 28 HFZ AGsr+= g2 2o
Y(s)  G(s)G,(8)+Gyls) G.1)
D(s)  1+G(s)G,(s)G.(s) '
9T AN AF yol o2 T AR G,(5)G,(5)2 Gu5)9) & F 4
G.DE #EA7F 00] HHE &S AAS 5 Utk
G(s)G,(s)+Gy(s) = (5.2
gl Ale ThA 2@ ofEe} 2k
Gy(s)
Gf<5>—_ Gp(S) (53)
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5.2 Y EXE Aoj7]7F A PD A7) T=F

=Gt dee FA0) v K, K, K8 §251A ek ol okl 2ok

AA AA AAAN =" Exzt T Ass My f8) daEs 1A s}

A PID Aloj7]1¢] sabm g K, K 2 K,
= #Az} 7]¥o] 32l RCGAS o|&3t1, 73
2E &9 Integral Absolute Error(AE)E AR-&-3kct.

ali

te
J (¢>=I le(t)l dt (5.4)
0
714 ¢ [K,, K;, KJERT, e= FEFY E89| oxjo|v, HEAZ ¢,
T olF AE o] FAE F e A== FEA 2 Witk
Iz o2 A3 7IHES FEF 7oA FEsnz TR = e 27
A FAol mat ofzhe Apolrh BT 11 olfr= HASMZIH AAS F
AT gAE sleS HIter] A FAFSFE ALS W Arle FAE 2
2} wj 2ot} welx] RCGAZ &A% 37t HAHAS BAslr] 98t o8 7}

A random seed ZHo 2 AlEH oS AdPsta, 1 AFA HAHS HAHE
Stk B35 53] o] AlgYsle] HA#HS HAHE ok
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Figure 5.2= RCGA9l 2J3] H7}g< IAES H4A3sI== PID A|o]7]9

sebrlHES gashs Ade e Zlolt,

RCGA

™| ly.(0 - yoide= o[

G, (s)

Y:

- -

. g y
G, (5)

'
!

G, ()|«

Figure 5.2 Parameter optimization of PID controller using RCGA

\

2 =i+ RCGAE ol&& w a3t gefr|y k2 Thable 5.1% Zo]
44< Yot
Table 5.1 Parmeters of RCGA
Parameters Generation Population Crossover Mutation
Value 50 30 0.9 0.05
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Figure 5.32 RCGAE ©]&3le PID
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Figure 5.3 RCGA-based tuning for parameters of controller
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A6 FANEGID R HE

g A1ZHS 0.01[s]12 sl AlEd 9]
AL AAka AEgE A7 E Z-N 71H & IMC 71'H 3} vlustdth
Table 6.1 Z-N 7]'*H % IMC 7|H, A¢tst= 7IHOoZREH 3 Aoj7] 9
g HES BEste YERAE Aol
Table 6.1 Parameters of the PID controller tuned by each technique
PID controller
Technique
K, K, Kq
Proposed 6.636 0.081 39.717
Z-N 9.879 0.574 42.579
IMC 1.502 0.051 1.610
6.1 PID A|o)7]9] &&F FF A%
Figure 6.1 <#HigQl 25+ W3} gl B S0CI=2 2Fsstal e A

= .
oA EEghS 60[Cl= WET 792 283 AlojdHoltt
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— Proposed ||
0r \E 7777777777777777 Z.N
o) o ————IMC
i_‘; 60+ ’J:‘: ///,1“'«\'4/l7;/7"77':"""~‘:,j;,1;,,—,77;7, o
50 2 L I |
0 50 100 150 200
time[s]
—  Proposed
"""""""" Z-N
o IMC
4t ! ‘ | |
0 50 100 150 200
time[s]

Figure 6.1 Step responses and control inputs for each
technique

Table 6.2 A=z <l
Aelsted YeRd

H O
=

22

Table 6.2 Performances for each technique

Collection @ kmou

Proposed Z-N IMC
Rise time[s] 7.31 6.76 26.62
Overshoot[C ] 62.49 71.26 60.93
Settling time[s] 53.49 100.86 98.56
IAE 112.74 330.25 220.98
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Figure 6.13 Table 6.28 AHEH FFAIHE Z-N 7] 7 #A o
FE #3 AP obF A3 Aoyl =Y wt EsPFHE Hol d5ol
53k ®aith IMC 7He 2
28 W ZTIAEHZ =R EAur AT A Ao
RCGA 7|¥e <4

E
of Wj§ Ao} $5% ARE HolFI Yt

p

6.2 PID A o)719 A&dAA B

Figure 6.2 Z3 S 50(CI2 1Asty dusr|E Eoj0E FA9 T
257} 30[Clel A 20[CI1= WHe7ke A-52 =83 Aojydgoltt. Table 6.3
ol £x9o Huiws MV, Max Variation) @ 259 Hjwsleko] doji}=
AZHMV time), ¢]&o] FAT F TAl BRAPHE Eotes IHEAT 9 Ad
LA TS Aested Uehd Zolt

_38_

Collection @ kmou



Proposed Z-N IMC
MV time[s] 62.41 60.03 77.84
MVIC ] -2.19 -1.96 -4.52
Recovery time[s] 190.06 137.61 159.61
IAE 98.73 43.48 242.49
Figure 6.29} Table 6.3 AuR™ Z-N 7|H- U3l £x9} 354

[mA]

y(®)[C]

sat

Proposed ||
N Z-N
S IMC |
45 [ [ [ [
100 200 300 400 500
time[s]
20F E
10 J Proposed [
""""""" Z-N
******* IMC
4 C [ [ [ [ |
0 100 200 300 400 500
time[s]

Figure 6.2 Disturbance rejection performance for each technique

Table 6.3 Disturbance rejection performance for each technique
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6.3 =X = Ao71E AES PID A7y A

g4l RCGAZ =% PID Alo7|7F A & 7Y Z-N, MCRY Fxgk 5 |

218 RIS AT Qe A A HEAHA] B

= Ao71E A3tk Figure 638 AR =39
H W

AoVl HFxg 75 Adeole A8 & VAR Bomw oA Ay

oA wuz F

flo
2
off
3

70} |
1)
S o ¢ B\ — Proposed -
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- IMC
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time[s]
z L ”
T S
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——————————————— Z-N
S IMC
| | | | | i
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time[s]

Figure 6.3 Step responses and control inputs for each
technique combined with feedforward controller

aHEE oo A% HEUhe UEFOE Fgwe 649 LRItk Table 64
o) o] HAriuslF 8 Lo Hrjmsio] Yol Az 3EAZE B Hrox}
A5 Helshel Liehil o]tk
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51

50.5 i
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= 50 ——
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495~ v ZN 8
******* IMC
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Figure 6.4 Disturbance response and control input for each
technique of PID controller combined with feedforward controller

Table 6.4 Disturbance rejection performance of
PID controller combined with feedforward controller

Proposed Z-N IMC
MV time[s] 53 53 94.13
MVITC ] -0.55 0.55 -0.57
Recovery time[s] 122.53 94.60 130.34
IAE 7.25 11.29 44.13
vexfE Ao)7|E At 7-v-o A3 gke Aed Table 6.49F 7]22Q1
o71¢9] A3} k& Aelg Table 6.3 Hlwsl] A QgtAA Aol ¥

oo o 2= o)t}

AAHE =

Colled

tion @ Kmou
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6.4 M EXYJE A7) 77 WE PD A7 @AA A5

RCGAE o]&3l =3 PID Aloj7]o] H=xH= Alofr]e] Agt 5o

1 }
AHAA Bes Iyl gk A34E Fgure 6.50] YeERNSITE ojwje] He<
Table 6.5°] foFst¥ o =9 Huwsly, JEAZ, HuexziE 5 1
SEE A A B BE FEolA Aol A d AL & F Uk

y(t[C]

— PID |
"""""""" PID+FF
47 I i i I
0 100 200 300 400 500
time[s]
20F :
& 10— - PD |
A N\ 1945 o PID+FF
0 100 200 300 400 500
time[s]
Figure 6.5 Responses of disturbance rejection for PID
controller and PID+FF controller
Table 6.5 Disturbance rejection performances for
PID controller and PID+FF controller
PID PID+FF
MV time[s] 62.41 53
MV[TC] -2.19 -0.55
Recovery time[s] 190.06 122.53
IAE 98.73 7.25
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Qi) SAANE PID A1 S| EEIIE Aol7 AT Fehe) AolA <

7d-9- RCGAE o] &3} IAE H7}g71 HA7) 5
= PD Alo}7|& $x3t91, A% wag 9s) ZN 2 IMC
oz 529 PD Aol|ek @ ABHolde SABISIcE 1 25} RIGAR 523 PID
A7k Yeix] 5 71e] PID Alot] Bk Ao £ Ase Uehiglont S
oo META 2 Itk Wepd ofsh ge WS RSk PID Aol
ETYE Ao}|E AP WHS ARSI, ©) 9= PD Aol RCGAZ Halss
slglom FEEA SUT AE B/RIGE ASSIEck AR WHe] Bl BRIsk]
Ssh slgto] Qkhe F3o1 Z-N B IMC WHos %@d PID Ao} 1} @7 Agelold

<= Al I RES AEsiglor vt AL dE S e 5 S
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- PID Aloj7]¢} vlexE Ao7]1E Af3 45 PID Aloj7ite G502 ARG
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