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Level Control of Water Tank Systems Using
Nonlinear PI Controller

Jang, Jin-Hwan

Department of Naval Study, Graduate School

Korea Maritime and Ocean University
Abstract

With the recent sophistication of industry, a lot of complicated and elaborate
control techniques have been developed and widely used in various industrial
processes. An existing PID controller with adjustable parameters of proportional
gain, integral gain, and derivative gain can be relatively easily operated by
onsite engineers due to its simple structure, and thus has been widely used.

However, tuning the parameters of a controller so that a linear PID (L-PID)
controller can have appropriate control performance is not easy. If the gain of
a controller is increased to shorten the response time, overshoot increases,
nonlinear saturation motion of the control valve is induced, and the control
system becomes unstable. On the other hand, if the gain of a controller is
decreased to reduce overshoot, the response time becomes longer, and thus
satisfactory control performance cannot be obtained.

To maintain a constant desired water level of the water tank system
examined in this study, the inflow rate needs to be adjusted by appropriately
controlling the valve installed at the inflow pipeline considering the outflow
rate. For an inflow valve, a servo valve operated by a motor is generally
used, and the valve has a large time constant and thus has a slow response

characteristics for the changes in the set point. Accordingly, it includes the

_ix_



fundamental limitation of a linear PID controller mentioned earlier.

To improve this, various studies that implement the gain of controller
introducing a nonlinear element into a structure of linear PID controller have
been performed. In most cases, a method in which an error is used after
scaling nonlinearly and a method in which the gain of a controller is
implemented as a nonlinear function have been studied.

In this study, a nonlinear PI (N-PI) controller that introduced nonlinear
proportional gain and nonlinear integral gain into a structure of linear PI
controller depending on the changes in the error was proposed. In the case of
the proportional gain and integral gain of the N-PI controller, a simple
nonlinear function was used so that they could change during operation
depending on the changes in the size of the error. For the nonlinear
proportional gain, the value was nonlinearly controlled so that it would become
large when the error was large and would become small when the error was
small after the response had reached a steady state. For the nonlinear integral
gain, when the absolute value of the error was large, the integral gain value
was decreased to prepare for the occurrence of overshoot; and when the
absolute value of the error was small, the integral gain value was increased to
reduce the steady-state error. The water tank selected as the control target
was mathematically modeled, and the parameters were obtained through
experiments at a water level of 5 cm, 10 cm, and 15 cm, respectively.

To examine the performance of the N-PI controller proposed in this study,
simulation was performed by applying the proposed controller to a water tank
system; and the superiority of the N-PI controller to linear PID controllers
despite the absence of derivative control was demonstrated by comparing its
response characteristics with those of the existing methods: the Z-N tuning
method, the IMC tuning method, and the C-C tuning method.
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Table 2.1 Specifications of tank model

Parameters . .
Time constant [s] Gain
Tank model
G, (s) 78 0.39
Gy(s) 148 0.75
Gy(s) 218 1.10

FRE 214004 AHE el o] 13} A4
AL 2L AR A By
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a AABE G (s) B3 G(s)
A3 MD1(5cm =&) Gy = 11?;985
0.75
A B MD2(10cm =) 312 G =7 7ee
G,(s)= T 6B 1+ 148s
A H MD3(15cm =4) Gy = %
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Table 3.1 PID tuning rules by the open-loop method

Parameter
Controller
T
PI o.gﬁ 3.3L
PID 1o-L 9.0L 0.5L
23T ) )

MNEZHL A2=Fo @ARE S Y1 SE34E 42 os o] F49
E4ATEREH PD Aojrle detrHE 78 ¢ v A9 s2Ho|th 1
U o] WS AAAES zt= 12 A 2~EI(FOPTD: First Order Plus Time
T AE ¢BE SRHET AL F 7] Wi H8H
= @Ho] Ytk FOPTD Alz=®le]l M3 G, (s)v =3

m
£

G,(s)= K o-1s 3.9

HFIHE Aol Ao SHe ZAAY BT Aeol= FHE&d
H

h=4 -
A WHolnt. o] W2 JNF=ZRY 2] Fig. 3.8% o] WA wHl# Ao
=2 =

s

yr® + u(t) plant 0]

v

&

Fig. 3.8 Closed-loop control system with proportional gain
a8l al Fig. 3.99F #Zo] Aot FHEY =¥ Fe] dANTe Lo w7t
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Fig. 3.9 Response curve and ultimate period

Fig. 3.8%} Fig. 3.99] $HoZHE 3Ao|5H IAF71E +3 5, Table 3.2
€ %3 PD Alo719] Feir|HES T3t

Table 3.2 PID tuning rules by the closed-loop method

Parameter
Controller
1 1
Fl 22 T2 v -
1 1 1
PID ﬁKu ET“ gTu
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Table 3.3 PID tuning rules by the IMC method

Parameter K - -
Controller P i d
2T+ L L
PI 5\K T+ 5
2T+ L L TL
PID K N+L) T3 @T+L)

3.2.3 Cohen-Coon &%

o] W2 Cohenz}t Coonoll 2J3)] A|A=E W ol Ziegler—NicholsQ] S
MY 12k AZPA AFOPTD) =g se}n e S 3+ o
Zo] =nh off o] Fig. 3113 Zo] SHE JjF= %%%{iil‘%H ‘?ﬂi‘r
o] 7b& & WFHAA HAS 10 A FEEx2)I HAHY warHe

B AIZHA]

m
o2

s

4z o :Ll

53] Z-N Tzl ZEAZ= AAFo] nis] AZEAAo] Fjx oz 71 79
ol B E $Hel =2 4%7F =, C-C(Cohen-Coon) &FH2 °|& H
kst Qth skA FAHRE F¢E Fshr] flE A 71e&1E FaEloF g
o= oy %ol AUATh Flg 117} 22 dfA(ndiciaD-sH I4S B4 T3
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Table 3.4 PID tuning rules by the Cohen-Coon method

Parameter = T
K -
Controller - 1 d
L
30+ 3=
T 1 L T
PI —(0:9+-—==) L— -
KL o 0+ 90L
T
L
32+ 6= 4
PID %(%+ i%) L E g ok
13487 T

3.3 H1A g Pl Aloj7] AA
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alel, AR, mEe A X 2FH AN =
Wzol Aol selvEe Ad FxE At A%< A7 Ad dvs 3
[tk QoA AW s1Ze] PD Aolre olE seulE e
At SHgE £ Ao Ws 5oz Aojriael Walsld AoirE A
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Fig. 3.12 Proposed N-PI control system
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Table 4.1 Controller parameters for MD1

Tuning Parameters
Methods K, K, K, a, ¢ @
Proposed 8.23 6.55 = 3.35 4.47 5.75
Z-N 13.98 1.26 38.66 2 - -
IMC 9.66 0.11 25.82 ) - -
C-C 15.74 1.19 Q5 i - -

4.1.2 AN 2" $H v

Fig. 4.2 917} 5cm?l MD1 = 2o o3l A|kgk N-PI Al o] 7]o] Ao HF=
Aold g & vepd Aojth AolgHe EALS HAE HFEWM)7F 0.02%=
SWFEZF A9 11, A AZHL,) 30.09[s]e] T}

Fig. 4.3& A¢Fg N-PI A|oj7|¢t mwdlr] & Z-N 5xH, IMC 5%49,
C-C BxHol 9 Aol-gHS Uetd Aolth Z-N #2874 C-C 5x2H2 A
2 AojA 5ol fAElY eHFEZL 21 AFAZHE )0 1 AL B 5 Utk

IMC 5x29< HAE QHFEM,)7}F 10.58%% Z-N FxHoly C-C TxH
B A3 ZFot AAAZH )] 144.88[s12 7H Aol Fmde] 71zto] s
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Fig. 4.2 Step response and control input for MD1 using N-PI controller
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Table 4.2= A|¢FgE N-PI #0718} 7|& TR 93 FEE5HS A3

H
o2 Mt HAE HFE, t,. 2 iRl t,= 2% A, v Apeak)=

Aehzhe ofw @},

Table 4.2 Performances for MD1

Tuning Performances

Methods M, [%] t. [secl t, [sec] peak

Proposed 0.02 19.07 30.09 5.00
Z-N 72.44 17.10 103.27 8.62
IMC 10.58 17.82 144.88 5.52
C-C 68.00 17.10 93.10 8.40

42 AB 29 MD2 A&H¥l¢ Ao T

4.2.1 FOPTD Al2¥ &

AB zd MD2 tis] HaAsHS o] 83l FOPTD Al~Hlo =2 ZALss 2
3} o]5 K=2.34, AR T=148.71, Alzmoﬂ L=591& 9& 4 Uk
Fig. 445 ZA3l9 121 A28 G848 AS37] Yal Table 2.2¢] MD2
o} ZAstE FOPTD Al2®lS Hlmsk zlojw, 237t A2 glo] de A=<l
MD2¢} & Ax)3ha 9.

Fig. 445 A8k Alz="le] FEA8S HE3H7] 918 Table 2.29] A7 49
7} 10cm<! MD2 =&} o]Z-& AR FOPTD Alz=®lo] @A AH S <l
7Fete 1 29S8 AZ v Aotk OIS I FAT 4 d%e] FOPTD
Al zEle 927t AL glo] def Al

o] FOPTD Alz®l& 7|wtoz 7]&e] Z-N Fx4, IMC %%, C-C 5xH
o8 HAHE PD Aofr|et £ =&olA AE N-PI Aojr]e] setvHE
Table 4.39] e ATHI0]

ml
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Fig. 4.4 Verification of FOPTD estimation model for MD2

Table 4.3 Controller parameters for MD2

Tuning Parameters
Methods K, K. K, a, c c
Proposed 8.07 1.74 = 4.77 8.71 6.25
Z-N 12.88 1.09 38.06 5 - -
IMC 8.61 0.05 24.95 a - -
C-C 14.42 1.00 30.76 - - -

422 AN 2H $F H=
Fig. 45+ 4$17F 10cm?] MD2 =dof sl ALt
I AdEgS vepd Aot A7 542 HAl
AN ZHt,)S 45.54[s]°] T},
Fig. 4.62 A ¢kt N-PIAlo7]e} vlwslr] $3) Z-N ¥, MC 5F4H,
C-C =Wl o3 AAgHS Uehd Zolth Z-N x93 C-C 3282 Al
o

N-PI A|of7]&] Ao} -5
E

Z Ao Fol frAletH 2w
IMC TxH& HAME ¥FEM,)7F 10.68%= Z-N FxHolvt C-C 24
Ho A3 Zo} HAHAZHL)l 291.04[s1=2 71 2o s=4E 7|3ke] 73
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Fig. 4.5 Step response and control input for MD2 using N-PI controller
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Table 4.4= A3k N-PI Aloj7]9} 71& Fx2H 23 $EE

31

Table 4.4 Performances for MD2

Tuning Performances

Methods M, [%] t. [secl t, [secl peak

Proposed 0.00 31.08 45.54 10.00
Z-N 77.95 30.43 176.48 17.79
IMC 10.68 30.46 291.04 11.06
C-C 74.45 30.43 142.61 17.44
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Table 4.5 Controller parameters for MD3

Tuning Parameters
Methods K, K, K, a, ¢ @
Proposed | 8.60 12.17 - 11.30 247 8.48
Z-N 12.60 1.04 38.15 - - -
IMC 8.42 0.03 25.14 - - -
C-C 14.08 0.95 30.83 - - -

4.3.2 AJA 2" $H v

Fig. 4.8& %17} 15cm¢l MD3 = &of thsf| A|FgH N-PI A|o17]¢] A|o]-3-F
I AoldEes Yebd Zolth AojgHe 542 HME HFEM,)7F i,
AN ZHt)S 61.84[s]0] T}

Fig. 4.9& A¢kg N-PI #Aoj71¢} vlwslr] s Z-N 5xH, IMC 5x4,
C-C =Xl 9% AA-gFS e Aol

Z-N 5x%% C-C 52HLE A= Adddso] FABIH 2WwEZ 23 A
AAZHt )] I AL B F Utk Z-N 52HH C-C T2 HAHE eHfzE
(M7 242 79.76%<} 77.08%°1 31 A7 A 2H(t)S 242t 262.03[s1¢} 214.60[ - 0°]
. MC BxHe HAE LHFEM,)7F 11.03%E Z-N FxHolu C-C 5%
HE A3 2o} FAHAZM )] 438.98[s12 71 Ao BA=AE 713to] 7t
22 As AT F Utk

=9 MD1, MD2 % MD3el| thsl] F&std HEs] BH AHE N-PI Ao] 717}t
71&2] PD Aoj7] xRyl vls] HAE eMFEM))E A9 i, FAHA

(t)= 7H8 &ob Alojdee] ¢ e & & Ao
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and control input for MD3 using N-PI controller

_38_



30

25t 3 :
\
E 20 \ ]
= i
o | freed SR AV
o /
£ \
S 10r 1
—ZN
sy IMC il
— — —Cohen-coon
0 | | | 1
0 100 200 300 400 500
Time [s]
(a) Step responses
30
20 :; ] T 7
\
10+ [ 8
— | |
é_ | ‘\ A T /\
= ‘ } i
5 Or I 1
‘g \ [ v
O qok } J |
. 7N
20+ —dJ IMC H
— — — Cohen-coon
230 I | I I
0 100 200 300 400 500
Time [s]
(b) Control inputs
Fig. 4.9 Step responses and control inputs for MD3 using conventional tuning

methods

_39_



Table 4.6& A3k N-PI Ao]7)19} 7]& ZZ2Ho

Rolt}.

Table 4.6 Performances for MD3

L
e

Tuning Performances

Methods M, [%] t. [secl t, [secl peak

Proposed 0.00 44.44 61.84 15.00
Z-N 79.76 44.32 262.03 26.96
IMC 11.03 44.32 438.98 16.65
C-C 77.08 44.32 214.60 26.56
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