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GA-Based Design of a Nonlinear PID Controller

So, Gun Baek

Department of Control & Instrumentation Engineering,

Graduate School, Korea Maritime University

ABSTRACT

Over decades PID controller has proven to be a very useful instrument in
industrial sites. The generality of PID controllers allows easier design and
tuning compared to other complicated controllers in addition to excellent
control performance, and enables field engineers to operate them relatively
easily. However, despite these advantages, conventional linear PID controllers
display a conflicting relationship: a fast response requires large gains which,
in turn, gives rise to a large overshoot. There is a tradeoff between fast
response speed and less overshoot in actual applications

This thesis presents a nonlinear PID controller that can enhance the
tracking performance of the conventional linear PID controller to achieve a
desirable fast response with low overshoot. This is performed by introducing a
new type of nonlinearities in the controller gains that are time-varying
functions in terms of the error and/or error rate. Then, the parameters of
the nonlinear PID controller are optimally tuned by a real-coded genetic
algorithms (RCGA) such as the integral of time-weighted absolute error (ITAE)
performance index is minimized.

A set of simulation works performed on four systems shows the feasibility

of using the proposed method.
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Fig 2.1 PID control system with a saturator
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Fig 2.2 A nonlinear saturator
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Table 2.2 PID tuning rule by the open-loop method

Controll Parameters

ontrollers % T T
D i

p T - -

KL

Pl 0.9—— 3.3L -

97 )
PID 2 2.0L 5L
1.2 KL 0] 0.5

@ A=y
o] e 18 245 2ol BEAANINT =0, T, =002 HARoE #H
g g7 YHF AE

I AN =S TASFAL K E AA3 S7HIEA =29
7S

ﬁ
®
=
VA
v

a8 24 ¥Yelse Zte HI=E Ao A=H

Fig. 2.4 Closed-loop control system with proportional gain
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Fig. 2.5 Response curve and ultimate period
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Table 2.3 PID tuning rule by the closed-loop method

Controllers Parameters

K, T T,
1

P o 7 —
2 K,
1 1

PI b 2y ]
2 K’u 12 u
1 1 1

PID 1 1
17 5 L < L.
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Fig. 2.6 Closed-loop control system of the IMC
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Fig. 2.7 Closed-loop control system of the modified IMC
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(r+L/2)

= — 2.14
» T KOt L/2) (2.14a)
T =7+L/2 (2.14b)
7L
L= 5571 (2.140)

W SHES] Aol wls] A7F UR Aow Hﬂﬂ WE TEHS A F UL
U JAEstAY Ebgsid 4 ok izl PI Alo7]19] A9 A=17L<E, PID Al
01719 A% A=08L< AH&3Th

¥ 2.4 IMC el 3 PID &Z713
Table 2.4 PID tuning rules by the IMC method

Parameters
Controllers
K, 1 T,
Pl 3 -
KO+ L) X
+L/2 TL
PID T L/2
KO+ L/2) oL/ (r+L/2)
(3) Cvejn B%H
Haalmano] A¢kal = Abajol] 7]

o} Cvejn SxH[13]e ZWE] AEd<7} 2.9)9} z+o] FOPTD A2l
2l 7 %ol PI, PIDAo]7]9] IelnHE S X *J(Pole compensatlon)‘ﬂqgi =z3}
= o2 HaamanA g ZAHES BERE (1+75)S Aoj7|=2 Aasta
o 2% 299 HIZ AAA S ThA Agz}-s}x}
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19 29 H3I 2 Ao Al2H
Fig. 2.9 Closed-loop control system
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_ Gliw) 1
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N -
| T(iw) |* = 170G (2.16)

| TGw)|?7F 7F8 2 HEHS zH7] 98 =1L
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o] 4714 n (Qw) = Qw)el Taylor F4olH A

- T
Je=(nde)E ofvity. WA Cs)7F ts A3t 2o] 22 F PID Al
71=2 BN A5E A4siak

1
Cs)= K,(1+ Ts )1+ Ts) (2.18)
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K =a— (2.192)

I=r (2.19b)

1 Ke I*
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T, “a I
=al—+-—)e 2.2
o T~ Je (2.20)

—)e ® (2.212)

5=1T,/L (2.21b)
A7A €= Lot ATFHDEAAHR) F5E guan. T 4
ny (Qw)) = ny (1/ G(¢))—c0 (2.210)

= W=k A%

F BexAL § =1/3, a =3/4°] HH ol 24 (219} 2
(2.21b)ol] Y3t o=

Asg Aet,

Ll
rlr
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K L (2.223)

L=t (2.22b)
L

T,= L=~ (2.220)

2 @2.22)9F 2o A= PID Ale7]e] deivy K, T, T,& T3st9 4 (2.1b)

A& W PD Aojrlel wevlE K, T, T, 4 223)oniE 7
SIE E 25% Cvejn %ol % PD F27% < HojZr).

_ T
K=K,(1+—7) (2.232)
_ T
T= 1,0+ ) (2.23b)
= 1

3% 2.5 Cvejn Hell o& PID & %513
Table 2.5 PID tuning rules by the Cvejn method

Parameters
Controllers
K, T, 7,
1 7
Hl T KL T
. 3 T 1
PID (serial) T KL T —L
1 37 L L
PID (parallel) E(1+T) T+§ 3T
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Fig. 2.10 NPID control system
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K (€)= p (k, +Fkye?) (2.262)
K(e)= p,(ky —kye?) (2.26b)
K (e)= pylky +ky exp(—kye)l (2.260)
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K (e)= a, +a,f(e) (2.28a)

p

K(e)= b, —byf(e) (2.28b)

K/(e)= c,+c,f(e) (2.280)
2 e p

fle)=—— /Oe dt (2.280)

AN ap, ay, by, by, ¢, ¢ B BT FF ATEA AREARC s AH )
A A= Aoj7] o]52] wEtulgola, 2] (2.28d)2] fle)= 7= 228<F
(Gaussian error function)24] 13 2,129} 7o S zh=t}

1t
0.5/
< o0
-0.5
-1

3 2 - 0 1 2 3

e
a9 212 A9 eAFS

Fig. 2.12 Gaussian error function

|e|7} gHm, o f(e) 2
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21 (2.25)¢] NPID Alo]7]e] 3 wigow B AFoiE A BDE ZIAH=
NPID #oj7]1& Abgsta Agtsts WAE PD Aoj71& ESA=E wAsH

2% 313 2ol e 4 ok

C(s)= K (e)+— 3.D
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Fig. 3.1 Proposed NPID control system
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oAb BAoL Ao B7e] weh thFd FEE /€™ 5 AAW-8], 7}
Fold shdo] oA FHel olstm wed Bt Atk

3.2 B]48 PID A|o)7]19) o]%
3.2.1 H]X¥ H]# o] S(Nonlinear proportional gain)

Bl &2 u, = BlEo]Solu dAe 2Atel wlEsi AXH, Ui 291 2
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4 B2oIA 7t FRUR AAD g ()= A 12 S
e7} 001 3@ (1-1/a)E FAAE, 1 27 o gkl wteh 2t

29 325 o9 o WE TE g ()o] Wal WEE melETh g ()7 %
o}AE e Qo o @l o3 AFHM o gl A5 o]
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Nonlinear gain gp(e)

Nonlinear gain gp(e)

(b) Error ; a= 12

O™ 32 a, & ¢,o W3k W g ()] FH
Fig. 3.2 g,(e) shapes to changes of a, and c,

3.2.2 B] A& Z & o] S(Nonlinear integral gain)

AREA y it FH oA Aol S48 mE ARAT FLFE(F, A
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K;(e) = Kg,(e) (3.3a)
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g,le) = ——— (3.3b)
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Error e
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Fig. 3.3 g,(e) shapes to changes of ¢,

3.2.3 H]A¥ wn]¥Eo]S(Nonlinear derivative gain)
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9 4.1 RCGA9 7]x3k Al=H" 19 M3} 5%
Fig. 4.1 RCGA-based evolutionary tuning for System I

% 4.1 A =¥" 19 5% IV H
Table 4.1 Tuned parameters for System I

Tuning Parameters
Methods K, | K K, a, Cp G ay G

Proposed | 2.48 | 1.37 | 0.85 | 5.84 | 0.94 | 1.42 | 5.67 | 4.88
Z-N 3.00 | 1.50 | 1.50 - - - - -
IMC 1.06 | 0.19 | 0.48 - - -

Cvejn 2.00 | 0.38 | 0.63 - - - - -
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& F Uxe] BE SHELS ARtel Wy H wet AFo] FolEHA 2A
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o SRS AFH o vmsy] st ewMHE M, FEAT ¢, 2%
AN ¢, A eAE JAEZ Holsta A&ttt
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Fig. 4.2 Comparison of set-point tracking responses for System I

® 42 N=H 19 He

Table 4.2 Performances for System I

Tuning Performances

Methods M, (%] t, [sec] t, [sec] IAE

Proposed 4.90 0.86 3.37 1.43
Z-N 61.88 0.60 9.43 2.58
IMC 1.34 3.69 6.79 2.79
Cvejn 9.19 1.07 7.79 1.93
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ol A3 K=1.001, 7=2.306, L=2.325 AJ3L, 4 422 A% L/r=1Z
A AR AT A FTE Hld AR S th &3 NPID Ao]7]9
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Y 438 A2 o 93 138 5234 S BoErh 180 BE A 2
] ¢F 80 Al A sl & 2e 31s & F ATh & 43¢ 7S WEI A
HER 523 FAvHES 29 A

SRS A8 9

N
o

@ 4

o

hus
01-'

50 . . : . 20
|||||||||||| J
A —K
I P
VT B /] M W\ .munun Ki
e T B NeTe—me—m - 15
| e K,
|
5 vl ------- @ mimim ap
s | o
C Q
2 25 Pl @
o i
2 ——=—C %
3] S R @
= y /G B all o
b, T -~ C
15
a,,"'ﬁ
A
0 e ‘
0 10 20

Generation
19 4.3 RCGAel| 71 %3k A28l 9] X3}t 5%
Fig. 4.3 RCGA-based evolutionary tuning for System II

_37_



¥ 4.3 A =" 119 &= gghv] g
Table 4.3 Tuned parameters for System II

Tuning Parameters
Methods | K | K, | K, | aq Cp Gi 4 €

Proposed | 1.35 | 0.59 | 1.20 | 6.89 | 4.77 | 1.02 | 7.54 | 15.25
Z-N 1.19 | 0.26 | 1.38 - - - - -
IMC 0.88 | 0.26 | 0.68 - - - - -

Cvejn 1.00 | 0.32 | 0.58 - - - - -

MAG Azl whE 2 We] ARL AN sHY FEYEL TS 00
2 AFIIL AUY. Y 44 2Y g9 9Y o B dEa Zolx, FAQ

2
1L Proposed |
———ZN
"""""" IMC
***** Cvejn
O I
0 15 20
t
20
Proposed
———ZN
"""""" IMC
=t Cvejn
0 SR —— ] T
0 5 10 15 20

% 44 A2 ol thek A FF8H vl
Fig. 4.4 Comparison of set-point tracking responses for

System 1l
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=, o H | Xy gol w2t WFo] WA
A ghol AIeANE Ab ol & A HHEY e & 5 Ao
53 Z-NH2 MEE& eHFE M+ gloy ABARL 17 5 & 5 A

¥ 44 A" 1Y As
Table 4.4 Performances for System II

Tuning Performances
Methods M I%) |t [sec] | ¢, [sec] IAE
Proposed 3.59 2.32 6.75 2.75
Z-N 0 3.71 10.66 3.87
IMC 0.39 3.80 7.31 3.94
Cvejn 11.88 2.85 11.02 3.95
4.3. A2H I

A AR molddg mdle Chen S[7]0] Aok NPID A|oj7]E H 2E3}7]
Al AFR3E 2] 43I 2E 33 A7 -7 AR A 2=EHo]t},

—0.01s+6,142.72
P(s)= 3 5
s”+128s" +102,400s + 6,144

(4.3)

o] 3z} Z7]-74 AKX A]2="lo A Chen S[7]e] At NPID #l|oj7]2] o]
& 23 ef R A 26)02 7]EHo] ok F NPID Aoj7]o] disf £3}
719 Ha@H Hdge 47wy, =250, u,,, =25022 HFEA T A 4.3)
of ezt 2357]7F AFE Aojdel s NPID Aoj7]& HHo= Fx3
ack. 2zt #EHEHe 73 0<K,<2,000, 0<K <100, 0<K,<50, 1<

Jn

(4, Cr Gy €y <2001 4 A F T O9 45& HA R Fxsts A4S UEh
Aolth. 28oA BE A o] oF 70 AthoA] S 2= AS &+ Qo
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Fig. 4.5 RCGA-based evolutionary tuning for System III

3 4.5= A<k ¥t Cheno] Akt &

Zolth. 19 4.6% AQte WH 4 Chen
U

og 73 HYvHSe AP
e 29 49 Y 02 W@

o
Iz,
ﬂ% i

3E 4.5 AN z=" M9 Fx JetvH
Table 4.5 Tuned parameters for System III

Jggggs Parameters

Kp K, K, a, ¢, ¢ a, (o
Proposed

1657.30 | 40.70 | 2.10 | 12.60 |10.30| 1.20 |14.40| 4.10

kpl ka kil kiQ kdl kd2 kd?) -
Chen

600.00 | 50.00 | 37.30 | 24.57 | 0.11 | 0.06 | 2.44 -
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Fig. 4.6 Comparison of set-point tracking responses for System III

3 46004 & & Axo] Akt NPID #A|oj7]ol= 2Fite] LW FEZF LAY S}
ARt FAD = S FEolH, Chen Fo] ARt Aor|Bi o F2 A5
ot BAARE ¢ JER AL QT

=

3E 4.6 A= 9] A

Table 4.6 Performances for System III

, Performances
Tuning
Methods 1 pr tos) | ¢ 11 |, [s) AR
Proposed 0.27 0.05 0.08 0.04
Chen 0.00 0.15 0.27 0.07
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Fig. 4.7 RCGA-based evolutionary tuning for System IV
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Table 4.7 Tuned parameters for System IV

Tuning
Methods Parameters
5, K Ky % 2 Ci g Cq
Proposed

Korkmaz| 9880 | 7.20 | 649 | 6.49 | 7.97 | 7.97 | - | -
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Fig. 4.8 Comparison of set-point tracking responses for System IV
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Table 4.8 Performances for System IV

Tuning Performances

Methods M, [%] t, [s] t, [s] IAE
Proposed 6.80 0.58 2.07 0.62
Korkmaz 16.33 0.66 4.53 0.84

AA AgNA ASFHS e A AT Jeol dig AgE
NPIDe] 7ZR1gHe Zwatr] sl 2 4o Alzdlo] moAdE F718kth
e g 2894355 N0,0.019)9 WA 1Ak gl o8 wdEHE A
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Fig. 4.9 Comparison of set-point tracking responses for
System IV with Gaussian noise N(0,0.012)
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Table 4.9 Performances for System IV with Gaussian noise

: Performances
Tuning
Methods M, %] |t Is] t, [s] ITAE
Proposed 7.65 0.58 2.53 0.63
Korkmaz 28.96 0.68 8.27 1.16
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