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Performace Improvement of a Fuzzy PID Controller and
Its Application to the Position Control of Nonlinear

Hydraulic Cylinders

Jang-Ho Park

Department of Control & Instrumentation Engineering,

Graduate School, Korea Maritime University

ABSTRACT

In order to derive a new fuzzy controller, a fixed design-parameter
fuzzy PID controller was surveyed in view of deriving a control law
based on the design procedure of general fuzzy logic controllers. The
controller is known to be very useful to control unknown nonlinear
systems because it has nonlinear time-varying PID controller gains.
While it has advantages that the resultant form of the controller is an
analytical mathematical form and fuzzy rules are so simple, it also has a
disadvantage that the PID control action is not applied at all or cannot

be accurately applied when operating inputs are greater than or smaller



than the reference input used to decide design-parameters in initial
controller design procedure.

In this paper, in order to improve the disadvantage of the fixed
design—parameter fuzzy PID controller, a new fuzzy PID controller named
a variable design-parameter fuzzy PID controller was suggested. The
main characteristic of the controller is to adjust design—parameters of the
controller by comparing magnitudes between fuzzy controller inputs at
each sampling time when controller inputs are measured. As a result, all
fuzzy input partitions converge within a time-varying normalization
parameter and the resultant PID control action can always be applied
precisely regardless of operating input magnitudes.

In order to verify the effectiveness of the suggested controller, several
computer simulations were executed for example mathematical systems
such as a linear system and a nonlinear system. And another simulations
were executed for a hydraulic position control system which is one of
the typical nonlinear systems in the real field. The output of the
suggested control system was compared with the outputs of linear PID
and the fixed design-parameter fuzzy PID control system for several
reference inputs.

In the conclusion, the variable design-parameter fuzzy PID controller
was assured to be a very effective and useful method to control

unknown nonlinear systems from the simulation results.
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2.1 N8

A 9A PID Alej7lE FAsks 71kl 9A =8 Ao 7] (Fuzzy
Logic Controller, FLC)= 7]&¢] Ao 7Bty AFAd o] e} dzte] 7S &
HA o R AT F UEF Ao A g HA =gE 7|EoR il
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22 14 AA gy ¥Adg A PID A7) 74

2.2.1 A9 7| EF=

O% 212 2 =EolA Aljretaiat sk #HA PID Alojr]e] VR8-S
UEbd FLC 7]9He] -4 ot

FLCE 7487 flaiA Z3xgkel td 2 A (error) ¢t 229 W 3}& (rate
of error) 183 Qx}e] Wsl&o] tlgk WM3}&(accelerated rate of change
of error)& f¥#Ho® ARsta Uty e ol2dk Al 7hA o] i= It g
A HA Aoyt wHA SV E b2 Eeska e AR OE Y
HA AAEFom FAEH Ak Wb FLCO =9 F HA Alo&=

o Y %L HPoEA T & Yk

Lo,
N

e(nT) = reference input — y(nT) (2.1)
e(nT) =F(e"), e =GExe(nT) (2.2)
r(nT) = [e(nT) —e(nT —T)1/T (2.3)
1(nT) = F(r"), "= GRxr(nT) (2.4)
a(nT) = [r(nT) — r(nT—T)]/T (2.5)

= [e(nT) — 2e(nT —T) + e(nT —2T)]/ T* (2.6)
a(nT) = F(a*), a"= GAxa(nT) 2.7)

u(nT) = du(nT) + u(nT—T), du(nT)= GUxdU(nT) (2.8)
dU(nT) = dU;(nT) + dU,(nT) (2.9)






4714 n2 el AFE Y Te et Ela
yv(nT), e(nT), r(nT), a(nT) © ZZ AEH A nTolA Z2ZA 29
=9, SAHerror® 7)), &AFe] WEtE(rate® %7]), rnT)] WhE(acc®
®7D)E UEdY  GE, GR, GA, GU = 77} error, rate, acc, ¥ A Ao} &
= 1, 29 =95 Aarstetr] A 2Ad g EHE ovsty s A Ao 7]
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HA™E ‘error'= 1% 2204 UERA A} Zo] EP(error_positive) <}
EN(error_negative)2] F 7§12 WW S zta glom 3 ¥R HE ‘rate’=
RP(rate_positive)2} RN(rate_negative)®] + 719 ", HX I ‘acc’=
AP(acc_positive) 9} AN(acc_negatve)?] F 719 #WH S zte=th, HAHg
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Fig. 2.3 Output fuzzification for fuzzy control block 1
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Fig. 2.4 Output fuzzification for fuzzy control block 2
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(R1);:If error = EP and rate = RP then output = OP
(R2),:If error = EP and rate = RN then output = OZ

(R3);:If error = EN and rate = RP then output = OZ



(R4),:If error = EN and rate = RN then output = ON
olaL, A Aoj& =20l M=
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(IC18), (Iciz), (IC11), (IC17) 1

L
(IC4); | (IC3),
1c13), (1C10),
1cs), 1c2),
. os
L1 ace), acn, |-
(1cia, 1c9),

(IC7)1 | (IC8),

L
1c19, | acis), | acie), | acz0),

a9 25 e o Thee 98 %23
Fig. 2.5 Possible input combination for e*and r*

ax
A

(IC18) , (IC12), (IC11), (IC17),

L
(IC4)s | UC3)s
(IC13), (1C10),
(IC5), (IC2).
> ok
~L| ace, acn, | -
(1c14), (1c9).

(1IC7)2 | (IC8),

-L
(IC19), (IC15), (IC16) , (IC20),

a9 26 rroF 2t 7hed 4y =9

Fig. 2.6 Possible input combination for t* and 3
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224 ¥HA 3 duYdF

43+ H (Center Average Method)E A}-8-3F4th

H A FPorE A
aeeE uHAsE e 421003 o] Aelwct

dU =
(2.10)

A71A n& FHAAA pAe £ owis WY g 282 pgepu(w)E

Wele] £5AEE Ve,
221, 20 alA A7l GEsel [L, L1o T1hfel 9 4

A A

If GRx|r(nT)| < GExle(nT)| < L, (2..11)
_ 0.5x1
dU,(nT) = 5L — GE ~ [e(n'T)] [GE xe(nT) + GR xr(nT)]
If GExle(nT)| < GRx|r(nT)| < L, (2.12)
U5 AT [GE xe(nT) + GRxr(nT)]

dUL(nT) = 57— GE « r(aT)]

el zdd Molthz W9, & b rrol [L, Lle] 73 3ol &3

= ASel @ Ak E 210 U
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® 21 e*Hrro] 77 [FL, LI "Hoju= 45 A Alo=41e] &9
Table 2.1. The incremental output of fuzzy control block 1 when e* and/or r*

are not within the interval [-L, L]

e o} r*o 98 %3 HA AEH1e &9, dUinT)
IC9); , (IC10) [GR xr(nT)+L]/2
(IC11); , (IC12) [GE xe(nT)+L]/2
(IC13); . (IC14), [GR xr(nT)—L1/2
(IC15); , IC16) [GE xe(nT) —L1]/2

(IC17), L
(IC18), , (IC20), 0
(IC19), -L

2o Ppo WA AojRsel vstel wwAs W the A3 o]

UEtd g dom o] e sdstA ke A =, oy atel kel
ZH-L, L]o] WeE "oy Ao s 3 22004 e Sk
If GAx|a(nT)| < GRx|r(nT)| < L, (2.13)
_ 0.25xL )
dU,(nT) = 50 =GR xIr(nTy] LGA*2(nT)]
If GRx|r(nT)| < GAxl|a(nT)| < L, (2.14)
_ 0.25xL. .
dU(nT) = 2L — GA x|a(nT)| [GA>a(nT)]

_12_



22 rroluk a*7h 73 [FL, LIS Heluhe A% 91X AlejEe2e] &9

Table 2. The incremental output of fuzzy control block 2 when r*and/or g*

are not within the interval [-L, L]

' atel 9 =% HA Ao] &2 &9, dU2(nT)
(IC9),, (IC10),, (IC13)s, (IC14), 0.5xGAxa(nT)
(IC11)s, (IC12)2, IC17)2, (IC18): 0.5xL
(IC15),, (IC16)2, (IC19)z, (IC20): —0.5 %L

ola, TwEEY dU(nT)oll W Alol7le] HAF oAk Z2A|2o] Ao

du(nT) = GUxdU(nT) (2.16)

_13_



225 Aci7le B4 @ HAAER

1 If GRx|r(nT)|<GEx|e(nT)|<L and GA x|a(nT)|<GRx|r(nT)|<L,

_ 05xLxGU
du(nT) = 57 = GE X e(nT)]

M
2L GR x|r(nT)|

[GE xe(nT)+ GR xr(nT)]

[GA xa(nT)] (2.17)

2) If GR*|r(nT)|<GEx|e(nT)|<L and GRx|r(nT)|<GA x|a(nT)|<L,

_ _ 0.5xLxGU
du(nT) = 2L — GE x|e(nT)|

L 0.25xLxGU__
+ 9L ZGA |a(nT)| LGA *a(nT)] (2.18)

[GE xe(nT)+ GR xr(nT)]

3) If GEx|e(nT)|<GRx|r(nT)|<L and GA x|a(nT)|<GRx|r(nT)|<L,

X X
du(nT) = MZL L GRL [ [GE *e(nT) + GR xr(nT)]

L 0.25xIxGU__

T 9L ZGR x|r(nT)| [GA xa(nT)] (2.19)

4) If GE x|e(nT)|<GR x|r(nT)|<L and GRx|r(nT)|<GA x|a(nT)|<L,

du(nT) = 2L—GRL < r(nT)| [GExe(nT)+ GR*r(nT)]

L 025 xGU
T 9L —GA x|a(nT)] LGA xa(nT)] (2.20)

_14_



woll, A@21NwrE dew &

_ _0.5xLxGUxGE_ 0.5<LxGU*GR_
dunT) = S5 GExle(mD)] €T+ 2L = GE ~|e(nT) D)

9oL —GRx|r(nT)| 20D 221)

LR A (2212 ofefok o] 1 dHE Ve ¢ vk

du(nT) = K;e(nT) + K, r(nT) + Kqa(nT) (2.22)
o] 7] A
K. = 0.5xL xGU xGE
! 2L — GE x|e(nT)] (2.23)
K = <] x x
P 2L —GEx|e(nT)] (2.24)
Ka= L= GR*Ir(nT)| (2.25)

oty 9o A& AAE e Bl FLC 71¥te] AAAAE wegt =%
Alej71e] Peli= A9 error, rate, acc kol Wk W3E vlE AL K,
AEAQL K, PlEAd KgZ Aojs= nAdd AW IevgE ¥ A PID

Aol717k Be & & vk e WWom vlA Az zAe] el
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Figure 3.2 Structure of the hybrid fuzzy PID controller

3.2 7k AdAver| g wAdd ¥ 2 PID A7)
32.1 A5 8T HA PID A5 484 4%

7ha A gEb e A PID A7 HelM = 7w st Alade] &
2 gk Abolell Al WMASHE error, rate, accs Wl AEHY A 7tuith SAH 35S o]
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= @ 7 [FL, Llo] ®Slel SeiAl dvh wekA Aloje 2 T e

a
setel o 9 wiel gol A WaAY AN AgH NEG B
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o 2 BawddA AgHunE, @ AddA LTHE AHel R4

94 95 A2 ARHE L o 2L Ao o8 AP
If e(nT)=max[ e(nT),r(nT),a(nT)] then L(nT)=GExe(nT)
If 1(nT)=max[ e(nT),r(nT),a(nT)] then L(nT)=GR xr(nT)

If a(nT)=max[ e(nT),r(nT),a(nT)] then L(nT)=GA xa(nT)
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Figure 3.3 Possible input combination of e* and r*
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Step reference Operating input

input
+
Controlled system
l f 5 Fixed structure
L , Extaract . controller : fuzzy PID controller
Sanpling time T e@D, r@T) and atnD) © parameters l
] Controlled system
Define L
Design
GE GRand GA
Design specification l
Ke —P Design GU
""""""""""""""""""" Decision of controller design ST Control process of
parameter via off—line real system

% 27 1A AA Y # x| PID Alelz]e] Al A}
Figure 2.7 Design procedure of the fixed design-parameter fuzzy PID

controller
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D If GR(nT)x|r(nT)|<GE(nT)x|e(nT)|<L(nT)
and GA(nT) |a(nT)|<GR(nT)XIr(nT)|<L(nT)

du(nT) = 5 T =GR~ Ie(nT)I (D) + 51 0Ty G o] T

T) x

+ 2L(nT)—GR XIr(nT)I a(nT) (3.1)

2) If GRx|r(nT)|<GEx|e(nT)|<L(nT)
and GR(nT) |r(nT)|<GA(nT)XIa(nT)|<L(nT)
T) x T) x

AT = 51 ) E G sletnD)] €D+ 2 (aT) - GE <le(w ")
L L(nT A a(nT) (3.2)

2L(nT) — GA x|a(nT)|

3) If GE x|e(nT)|<GRx|r(nT)|<L(nT)
and GA(nT)x|a(nT)|<GR(nT)x|r(nT)|<L(nT),

du(nT) = LT GG o () 4 AL TLGIGR
+ %f%%}% a(nT) (3.3)
4) If GEx|e(nT)|<GRx|r(nT)|<L(nT)
and GR(nT) x|r(nT)|<GA(nT) x|a(nT)|<L(nT),
AT = 51Ty LeR D] €D+ 2D DGR < ()] T
+ %&%%—%a(nﬂ (3.4)

st wl AMEF AZEe] loiA LinT)E ZAsta, ol & o] &3ste] YA
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2o, e Wl A 2186 sl 34 FEW 4 w2
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Design parameter variation mechanism

e GE
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i | control ul(nlL
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nput r(nT)
+ &
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8

Fuzzifier

a) r

|

|

7| Fuzzy || _ .
2 | | control Jf w®T,

! rde 2 I (D)

[
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Controlled system Hl

% 35 7hH AA I EH H A PID AlojA =] G2
Fugure 3.5 Structure of a variable design—-parameter fuzzy PID control

system
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output

time(sec)

aH 41 HFZ A ~de] G AE S

Figure 4.1 Unit step response of the closed-loop control system
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""" Linear PID
__ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID

T T T
: :
]
T
]
]
............................ gL IL I O L P L
]
i :
=2
=N 1] SO B P PRPPPRPEE SPPRPPRP LTt CTTTPPIr Jeemannana henseanea |
=2
2 :
]

2 25 3 35

a9 42 7199 1Y W AojA "] S

Figure 4.2 Responses of control systems when reference is equal to 1
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""" Linear PID
__ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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= 1 B ey SRR S PR bamanmann 4
2 : i
2 25 3 35
time(sec)
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Figure 4.3 Responses of control systems when reference is equal to 0.5
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""" Linear PID
__ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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e it e e D |

output
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a9 44 7199 3Y W AojA "] SR

Figure 4.4 Responses of control systems when reference is equal to 3
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""" Linear PID
__ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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Figure 4.5 Responses of control systems when reference is equal to 10
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v+ v = 0.5y* +2u (4.2)
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Figure 4.6 Unit step response of the unit feedback system
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a9 47 71E=9E 19 W Ao 2de] S

Figure 4.7 Responses of control systems when reference is equal to 1

""" Linear PID
__ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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Figure 4.8 Responses of control systems when reference is equal to 0.5
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""" Linear PID
__ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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Figure 4.9 Responses of control systems when reference is equal to 3
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""" Linear PID
Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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Figure 4.10 Responses of control systems when reference is equal to 10
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Hydraulic Hlectric

punp notor
HFuid
power
Voltage Hydraulic Mechanical .
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input 4 signal .. Electro— .
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- o control valve Y
Feedback
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—>  Hlectric signal
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Figure 5.1 Schematic diagram of an electro—hydraulic system
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Figure 5.2 Valve-cylinder combination
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Jl ﬂ TI ﬂ ﬂ Pr$otional Position
A PsB

. sensor
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19 53 AAH Aol B o] 2

Figure 5.3 Structure of an electro—proportional control valve

ek ARE Ayl vAddAd S AR YEhla dAn Ao s
o zeteto] MY FEpAA or 2dd s

N

WA 17 52004 AnEn #9 Fae edvs F¥4 Q, QE 4

7k 2(5.3), A(G4AE Yetd + 9

Ql = CdWXVV %(PS_PI) (5.3)
Q= CdWXvV %Pz (5.4)

_45_



— )
~— T

%=, Py Py

R s%o WeE U,

4r

(5.5)

V,dP,
Bedt

dVv,
dt

Ql_cip(Pl_PZ) _CepPI

(5.6)

V.dP,
B.dt

dVv,
dt

Cip(Pl _ PZ) _CepPZ _QZ

ojt}. 7]

(5.7)

V, . .
Cip(Pl_P2)+CepP1+_2- P1+ VI

Q,  VP.—P,

7

e

Sk 84 2]

o

of

3 o] Yepit

S
=

mel g71el Ae v

_46_



7= qQ, “VP.-P, T T ¥, (5.8)

4714

89 el g0, A, 7 A A7 B9 Fael fFavudeln
7S 12F e,
Vi=Arx, (5.11)
Vy= —Ayx, (5.12)

o]z, 21(5.11), (5.12)E 2 (5.8)°] hystH

7=V pP.—-P, A, (5.13)

P.=P,—P, (5.14)

= Aolskd 2(5.11), (5.12)2 2(5.14)A]
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2
P, = (P —Pr) (5.15)

il
ne
rir
v
ta
1
_0|L
Ho
off
o
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V-V c S
Q. = —12—?~+(Cip—|—421)PL+_25L6(V1 P,—V,Py) (5.27)

oltf. (515 Ex AG2DAA Pk PyE Faw,

. P,
P, = 1+ 72 (5.28)
P, = _ﬂL_

2 1+ 72 (5.29)

otk #taAre] AqPAe L, #adre] Agene veln s,

Vy,= (V=Vy)y (5.31)
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ARIE Y] B8 fFae] sdojzint,

. V. .
Qu= Ame X+ CoPrtyg Pr (5.32)
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5.3.3 %3 TE&HF

Rotg FEH] A% AZS AAG JAE 2EPPHE 463NN
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# 51 FdAIAFe] v

Table 5.1 Parameters of the hydraulic system
Parameter Value Dimension
A, 50.24 cm?

A, 159 cm?
A 33.07 cm?
A, 46.98 cm?
M, 150 kgf - s%/cm
B 12000 kgf /cm?
L 55 kef - s%/cm
B, 5.46 kgf - s/cm
V. 410 cm?
P 70 kgf/cm?
Cp 0.00001 cm®/kef - s
Cq 0.61
T, 0.0013 sec
K, 0.0104 cm / mA
o 8.78x10 kgf - s*/cm’
W 3.228 cm
Q max 3500 cm?/s
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____ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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Figure 5.5 Responses of control systems when reference is equal to 5
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_ ___ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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Figure 5.6 Responses of control systems when reference is equal to 10
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_ ___ Fixed design—
parameter fuzzy PID

Variable design—
parameter fuzzy PID
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