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State Estimation and Control of Stochastic System under
Unknown Disturbance and Noises

Seong-Hwan Park
Department of Control & Instrumentation Engineering,

Graduate School, Korea Maritime&QOcean University

Abstract

PID controllers have been widely used in lots of industrial fields
because of several positive characteristics. Its structure is so simple to
implement and to apply, while its control performance is higher than
those of other type controllers for linear time invariant systems.
Especially, PID control technique is very useful and effective as long
as the given controlled systems are deterministic without any types of
noises.

By the way, the real systems found in industrial fields are under
noisy circumstance including RMS and/or random noises, and thus
they are used to be mathematically modeled as linear time invariant
stochastic systems. Although the effect of RMS sinusoidal noises can
be reduced by way of comprising a kind of filter such as an RC
filter, the effect of random noises can not be reduced by filters.

Under noisy circumstance, the D control action of all types of PID

controller, for example conventional PID or fuzzy PID, may not be



operated normally in steady state by the influence of noises. As a
result, the output of PID control systems often exhibits a chattering
phenomenon around the given reference input in steady state.

When a set of unknown disturbances is driven for the controlled
system, even the PID control system may not track the reference input
and may resultantly exhibit a steady state error.

In order to improve the wrong D control action by the effect of
noises, in this paper, a method to comprise PID control system by
adopting the separation principle is suggested. A procedure to comprise
the controller according to the suggested method by the separation
principle is as follows: At first, the state of the PID control system is
estimated by the Kalman filter algorithm using the noisy output under
the assumption that the system and measurement noise of the PID
control system should be white Gaussian random noises. And then the
estimated output from the Kalman filter is fed back to the PID
controller to generate an error signal.

In order to compensate the effect of the unknown disturbance, in
this paper, a method to comprise PID control system based on Kalman
filter with an unknown disturbance estimator is suggested. The used
unknown disturbance estimator is composed based on the fuzzy
estimation algorithm. When the unknown disturbance is estimated, the
estimated value is fed back into the Kalman filter algorithm to
compensate the filtered state and fed back into the PID controller to
generate a new control input for the purpose of reducing the steady

state error of the PID control system.
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The eventual PID controller structure to improve the D control
action against noises and to compensate the effect of unknown
disturbance is suggested, by combining the fuzzy PID controller with
Kalman filter based on the unknown disturbance estimator.

In order to verify the control performance of the suggested control
system, several simulations were accomplished under circumstances
with noises and/or unknown disturbance. As a result, the comprised
control system exhibited very good control performances for all
simulation conditions and conclusively the effectiveness of the

suggested method was qualitatively verified.
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€ = refr—yi (2.1)
et =GE, xei (2.2)
ry =lep—ep /T (2.3)
=GR, X1, (2.4)
ap=rp—r._1/T (2.5)

=le,—2e,_,+e,_ o)/ T? (2.6)
a* = GA, X (2.7)
dU, =dU, +dU, (2.8)
wy =duy +uy_y, du, = GU, XdU, (2.9

A7 Tv AEH AHE YeEbdg. 18la
koA Z2A|20] &9, &b, ko] AZF ¥ghE, o Walso AZF ¥
& L]’]ﬂ']’HUE', GEka GRk, GAk; GD;{E 7*1LZ1L € Tks akgl Iﬂx]iﬂ- iﬂ]% fq—ﬂ’

Y € Tho ak% Z}Z} J\IE%EO] /\]Zl'
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WA Qe WA due]ES Jehd Aoty e = EP(ErrorPositive)$t EN
(EBrror Negative)®] 5 719 HAFEF o= HAX|3}5 11, r = RP(Rate Positive)
¢} RN(Rate Negative) ] T 7Re] HA & a = AP(Acc Positive) 9+ AN
(Ace Negative) o] F Mol AAH TS zh=t),

outputldl] et HAEHLE 78 2204 B A 2ol OP(Qutput Positive)
o} OZ(Output Zero), ON(Output Negative)®] Al 7je] WS zt= 9% 5
o2 FHASIE AL, output29] W HREFHLS IH23A HE A} ol
OPM (Output Positive Middle) 3  ONM(Output Negative Middle)S] F 749

HHE 2= S| s,

Membership
A
EN, RN, AN 110 EP, RP, AP
0.5
- L L e d

a% 2.1 e, ,d 8 HA 5}

Fig. 2.1 Fuzzification of e*,r* and a
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A
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—L L outputl

a9 2.2 A AEF 1o W =3 A3}

Fig. 2.2 Output fuzzification for fuzzy control block 1

Membership
A
ONM
110 OPM
0.5
—L/2 L/2 output2

a7 2.3 HA AlEF 20 W =3 A3}

Fig. 2.3 Output fuzzification for fuzzy control block 2
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SR BEA AR Ao A Yol A
th. o] HA Aot "[F~ THEN ~'

(R1),:IF € = EP and v = RP THEN outputl = OP
(R2),:IF ¢ = EP and r = RN THEN outputl = OZ
(R3),:IF ¢ = EN and r = RP THEN outputl = OZ
(R4)

:IF ¢ = ENand v = RN THEN outputl = ON
57 Aol 2= 20 Wk 914 AolFA L thest gk

Rl),:IF v = RP and o = AP THEN output2 = OPM

(R1)

(R2),:IF r = RPand a = AN THEN output2 = ONM
(R3),:IF r = RN and a = AP THEN output2 = OPM
(R4)

, IF v = RN and a" = AN THEN output2 = ONM

Ao7+2 (R1), ~ (R4),, (R1), ~ (R4), M+ Zadehe] AND =27} A&
=k ol AR F X diste] 7K APEE 37] 9% mindd
AbS gt A dEuE GE = 2 (2.10), GRE 4 (2119 20E
o] W3 u wity AEN-e Fo] HHEHT, Aolr|e] HA o5& P UF
dof gor GRIL hagel wel GUE BACl o] shWE. G4E A
(2.12)¢] =1%ol U5 f vt 2259 o] 7P,

IF GE,Xle;| > L THEN GE, = L/le)| (2.10)
IF GR,XIr,| > L THEN GR, = L/Ir, (2.11)
GU,.=4/GR,
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IF GA, X la)) > L THEN GA, = L/\a,]

welr 7P EE GE, GR, GA,, GU.E <3 Aol 5 1, 29 dlgh
Fe a7 25 2 3y 269 2ol [-L, L] Fae (I01), ~ (1C8), |

T

(1C1), ~ (IC8),ro.2 ¥-aer},

(IC4n (IC3),

(IC5N (IC2)1

ex

(IC6)1
IC1h

(IC™n (IC&N

a9 2.5 nAE A st FEeE LS AFES e FoF o didk T3k £
Fig. 2.5 Possible input partition combinations of e* and »* using fixed

normalization parameter L for fuzzy control block 1
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A
r
(IC4)% Ic3),
(IC5)2 (1C2)2
Ll S
-1 0 L
(IC6)2
(IC1x
(IC7h (IC8)2
-L

=

oy 2.6 AW AGFe FEvE LS AR pF 9 o ol e T3 B2
Fig. 2.6 Possible input partition combinations of r*and «* using fixed

normalization parameter L for fuzzy control block 2
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HI 9 A 5tE F3 ¥A PID Alo]71e] &<l Aod# e S& duyy= et 2

IF GR, < Ir] < GEXle;] < Land GA, < la| < GR, <Ir| < L,

THEN
0.5 X LX GU, X GE|, 0.5 X LX GU, X GR, 0.25 X LX GU, X GA,,

e R4 I S el =3 PN R LY e =2 T I
(2.13)

2)
IF GR, X|r| < GE, Xle;] < L and GR, X Ir;] < GA, Xla)) < L,

THEN
0.5 X LX GU, X GE|, 0.5 X LX GU, X GR, 0.25 X LX GU,. X GA,

2L GE, <lef T 2L—GE, xle % 20— GA < |a]
(2.14)

duy, =

3)
IF GE,Xle,| < GR, X |r| < L andGA, X la,| < GR X|r,| < L,

THEN
0.5XLXGU, X GE, 0.5XLXGU, < GR, 0.25 X LX GU,, X GA,,

2L—GR <In] ' aL—GR <]t 2L—GR<|n|  *
(2.15)

duk: =

4)
IF GE,xle < GR.<Ir] < L andGR, X Ir}] < GA, Xla)] < L,

THEN
0.5 X LX GU, X GE, 0.5 X LX GU, X GR, 0.25 X LX GU,. X GA,,

W= iR < 4t T GR <] T 2L G <a] %
(2.16)
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B [1.0000 0.0098] N [0.0010] [o]
F 10 0.9804] %17 [0.0980 ] Yk—1+ |1 | Wk-1

w,_, ~ N(0,0.05%) (2.19)
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o
S

04 7h9AQ geta Fhg e,
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Fig. 2.8 Unit step responses of LTI discrete—time stochastic system with noise

_’|3_



o
Al (2.20)=
2]

o g
CONCR
]ﬂﬂuu
X BT A,ﬂ%eﬂg
A iﬂ%z
ﬂ%ﬂ%g% FEy
o T % ~ o T %%ﬂﬂo
© W B o T : =3 e
Ao#.]aﬁ%ﬂﬁ T =) =
i SEs 7 rEET 5 Byl T
T %7 R ﬂﬁ%% %&%a
E%A%& ATyﬂwlﬂﬂl ﬂa}arg
j;f% faﬂa;Dt T T,
ﬂw]icﬂ\,ﬂ g 4 ojn 0 ._ﬂﬂ eﬂlﬂ
B < g o %@ﬂr%ﬂg%%%% ﬂaﬂ%
ﬂr%%mﬂduﬂ o ﬂw}_ ﬂﬂ
]L J;O\mi
ﬂ“w@%wwﬂm ﬂﬂﬁgmmwwmﬂ =k o g
B3 z wn, o ™o
ﬂﬂwmﬂururw. iﬂ:wﬂ@%@rﬁ%% ﬁﬂwﬁ%
0 < o - = <
zmﬁuﬂoﬁgoﬁHﬁ% MM_EW_%Mx%W A%wr%
o‘mWTu _ w ‘:M T el ﬂm:._ o Mﬁo Gl o8 ox 3 Jo = e Yy B o
= 1_|_ ¥, !
ﬂHWW%x%aﬁ T ﬁmﬂﬁu%1¢|bﬂoD awahme
n ‘H M ﬂ;ﬂ _de ~ \mm.u ﬂ L#O X o ‘q 2 % o PIJI
%awwniﬂ a %&@@%bgﬂ@ Gt u R
M W T oo o < fi ! < m“ M o 5 qm,ﬁ o] ® o ol (T3
T aﬁwuii = o zﬂ %_ii xa N
413 : W%Wﬁﬂ&@%g 233
= - o = _\ T . L.IL T o X X o
z BT o i R v o2 n o
o) o i - X ) ) g = i - W = ol
2>1¢ = 1ﬂ,lL %w_ar%a%i
5OO]DLH _ﬂ_ ) ﬂXXHﬂVI L.OU ]1_IH
O.ZﬂHAHX‘I cu A,l_ﬁl ‘U_ILOAJIMM‘NH‘AMO]
3z o PTxXE © g do R
1<ﬁ%ﬂmﬂ 9 %%@:Twﬂoiﬂo:ﬂ%ﬂ}z
2 s BoAr W ) x Al oy S %dﬂu%ﬂr.g 1w % W
mr#ﬂoﬂ%%% s ﬂﬂ%Wﬂﬂoxmﬁ%%M%H
A A <} T B Njo " i ol N Y o9 _mmo o
mw%%&mﬁﬂ o 2.ﬂﬁ%%drﬂwﬂ%#
nou@ﬁ_dhi%o_m ,__W ZmLQJM_QA
ﬂuﬂﬂaum#ﬂuﬂa 70 mﬂ%wrm 7
o g oxx o
ﬁoooalmg iﬂ_é o~
fZO%OZ#,ﬂB.aU
A - T o))
v%owiz
@_l%_
op

=X
Aol

H
=

o A

- 14 -



1.5

| | | | |
[} [} [} [} [}
[} [} [} [} [}
[} I | [}
1 ______ [} [}
[} I [} [} [}
[} [} [} [} [}
[} [} [} [} [}
05F-f----- R I S LS R
: : : fuzzy PID with noise
[} [} [}
0 ! ! ! fuzzy PID without noise
0 0.5 1 1.5 2 25 3
1.5 T T
! ! input with noise
1hocooo—C A mmmmmo o L S input without noise

a7 2.9 F2ol gl Al 3l Al=Ee) Alojd s Wl

Fig. 2.9 Comparison of control performances in case whether noises are absent

or not

_’|5_



Al 3 A Separation Principles ©]|£3F 3 X] PID Ao

A2

Kalman 2E ¢1g]&S ¢olr 1, Kalman ZE
o] &3 HA PID Alo] A|2ES FAAHHS AA g

t}
o2 AEdHolds sty 1 AyE uEsty g

B ol Ay AEW o]ilb Alxwle] Ay 74
15 7]

3.1 o]AkA|7F Al 2Elo] W3+ Kalman ZE AH 34 dugEll

2, = Cxp+ v, (3.2)
A (B.D2 oA BE] WA AolaL, 4 (3.2)= A&Ee] oAzt 54 W

Aotk w, & A2 FEeli v 54 Aoz Bl 09 WA 7}

A XS Tk AR S,

_’|6_



Initial conditions

xy, 5,

v
Predicted estimate &

a priori covariance

ik(_) :Ai"kﬂ"'Bukﬂ

P(—)=AP,_ AT+Q

k—k—1
A v
Kalman gain

K, =P/(-)cT[CP,(-)C"+R]!

Measurement Filterd estimate Estimate

A

A posteriori covariance
P, = P (=) = K,CPx(—)

a9 3.1 Kalman ¥ <385 A 284%

Fig. 3.1 Computation flowchart of Kalman filter algorithm

_’|7_



Z7|A A FolxE HE FEAT FE FAAY 27gS Py, 1,2 B
3 otmE| o wgt Aol WSH AR koA SFAA z,(—)9
B P(—)E A (3.3)0] osiA] Axterct,

Q‘L
(2
y

2
e
ok

~

:L’k(—) :Aik_l_l_Buk_l

P(=)=AP,_,A™+Q (3.3)

 GACNAE A Bl o AR kolAe] 7Hs @E<l Kalman
o5 K, & AAkg

K, =P(-)cTloP(-)C"™+R]"! (3.4)

PE 242 2, 4 (3.6)3 o] AxtHch

2, =, (=) + Kz, — Cz (-] (3.5)

Ao R g AEY AIeIAS AF TR P, () E T3] fskel 4

(3.6)¢} ol Uy &4 P& AlAtsith
P,=P,(-)—K,CP,(-) (3.6)
3.2 Kalman ¥ AH F4 7|9 35X PID Ao} A= A<t
o] 00]3 WA At REE AAE A28 FE w, 5F 4S
uE THE A8 ABW okb 8E Azl fobd mEe 2 3.3 4

(3.2)° 9l 4 (3.7)= AL

_’|8_



x,=Ax,_;+Bu, +Dw,_,

2, = Cxp+ v, (3.7)
WA TR XS VA FAES 7H AR AlEE o] AIRE Al2E o] A
HE F4357] 913 Kalman ZH ag]s2 4 (3.8)% Zo] Aeldr

P(-)=AP,_,(+H)A"+DQ,_ D"
K,=pP/(—-)cTlcP,(—)CcT"+R]!
=7, (2) + K[z, — Oz, ()]

P.(+)=lI-K ClP,(-) (3.8)

a,=[r,—r._1/T (3.9)
olFA T3k HA PID Alo)7] A Fal 75 A" Ao AE= 4 (3.10)
I 2

AU, =dU,+dU,
du, = GUX AU,

wy, = duy, +uy_ (3.10)

_19_



Variable Parameter Fuzzy PID Controller

Fuzzy Control Blockl

€k »| Fuzzy
Control | Defuzzifierl
p Rulel

+ Fuzzifier
: Fuzzy Control Block2

Ay,
_’ Fuzzy
Ll

Control | Defuzzifier2
z K L RuleZ

+
:L‘k—ACEk 1+Buk._1+D'LUk_1 Uy, .4
«— Delay «—)
zp = Cxp+ vy, T
+
Up—1
2k
Discrete Kalman Filter
v z, (=)
O—>» K, >
A G
_ +
C « n A < Delay
+
Up—1
B 4——

a9 3.2 EH9EE o] &3 HA] PID Alo] Al2E &5 tholo] 1

Fig. 3.2 Block diagram of fuzzy PID control system using separation principle

_20_



3 ﬂw o@ N i Jlo %0
S z
o o) = o o) 1
o R T = 9 s
(N o :
20 < <] =
Ty PR < ¥
o o 5 T )
X o% Wo £ = 3 =
T < | [—
A X M < T
0 — =
w B o <) = Mﬂ
) _zrl =) ﬂ_oi A ) By
N A
TR oS A\
) A LIL
g S £ -
TRT ez W
X C N = 2
LU ] CIC
t% w o & 5 X0 b ~
— . A
x oo WX < - TP,
o o < Wl_ ™ ol = oT o
i o el T ojn
Nr % B 2y oH 0 ~o paY
= o T g < 0s
= ¥ ET P
W oy ° Z T iy ~ D
_— ] on — N
7N T om o ul [y B °
oy M b Ey ﬂ'
3l ol oF E} o = op
<
cErda®eg E 0 =
O o o 00. ) et X —
~ M T 1 < s
~xI AR o KO ~f
_ Ca A S o A
"o 7 o op) . <
Nrog e A W o o

tel 19 3.3% 2

I<]

H1 <l

°©

B 7]’
Uk,
+
O

]

by

i (O
=

[e]
Delay «

Stochastic
LTI Plant

_2’|_

_|_

2 3304 AL o]akA|ZF BE Al xE )
19 3.3 Kalman ZE 7] 5% PID #|o] A] 2

Fuzzy PID |Uk—1
Controller

Fig. 3.3 Fuzzy PID control system based on Kalman filter

o

718 A PID Ao} Al A€l A

7

_|_

(3.1D)
refi—1

—>

Al
2



B [1.0000 0.0098} N [0.0010] n [o}
100 0.9804] %17 10.0980] Y1 1| W1

w,_, ~ N(0,0.05%) (3.11)

2 (3.12)2 oA FE AlAFe] A 54 FEe 545 UEd

g

plant output with noise
kalman fuzzy PID output with noise

1.5 2 2.5 3

input of plant
input of kalman fuzzy PID

a9 34 PEUYE o8 HA PID A Axg $7

Fig. 3.4 Response of fuzzy PID control system using separation principle

_22_



o)

C

HE &

A& Kalman 2

w714

LHERL a2

el
B
Ny

ol

= AREE = o] kmHo] A
o] o]jj—‘uﬂo]

5

?_

Wi

ox

+

ol

b

gold dafoltt. 1ol

i
=

A28 e A

3T

|

—_
file)

yzel

-
X

]

ZA e Z1ggko] 0ol A¢] ¥ 5o Kalman ZE 7} H

v

N
el
ojn

innovation

Eal

SZEA

¥ 3.5 Kalman ZE 2] o]x-Ho]A
Fig. 3.5 Innovation process of Kalman filter

_23_



3.3.2 27 nA 9 @dee) A7k A4 A

AR e E4 A aga vAe] sige] QI7bR oAz Azge
9 Kalman B e 54 71w 914 PID Ao] A28 452 B
dstel 1Y .63 2 AN £YS ;e AT

4 (313 A sgke] A7k olAAZE FE Alxgle] BN A2

9 el 54 Uehd

1.0000 0.0098 .001
Ty = [ ]l’kl"‘[o 00 0](%71‘#%—1)"‘[0]“1#1

0 0.9804 0.0980 1
w,_, ~ N(0,0.05%) (3.13)
A G1HE B3 ANzxwe] AT 54340 54 dehin

z.=[1 0]x,+u,

v, ~ N(0,0.05%) (3.14)

NAY G U & U, =19 =50 zsie] AlEdolAS st

Ur—1 Iik Uk
Ty - F PID |u,_ ¥ | Stochasti jé Kal 2
k—1 uzzy k ochastic alman E
+ & Controller | + LTI Plant |+ Filter
Delay «

a9 3.6 A9 o] Q7}E+= Kalman ZE 7|4k XA PID Alo] AJAH &2 A%
Fig. 3.6 Fuzzy PID control system based on Kalman filter under unknown

disturbance

_24_



a9 3,78 x| ¢ ¢gto] ¢17tE Kalman ZE 7]WF 4] PID Ao} A]2~H

of AEUCIE Atelth. R wAl aNA WA He )] @ Fgol
A7k B4 PID Aoldsg tehia 4 Ae vxel gast Fgol <

7}l Kalman 2 7|4k A PID #AlojAd5S Yepich & HA 2o w
A de mR e o)@d) o] A7bE HA PID Alo] Al2~gle] §j#S e}
a2 A v o] ofghst el 917beE Kalman 2E 78E ##] PID
Aol Alz=wle] 9J¥S eI

a9 3.8 AAEel lolA LE BAAXE et AHEEE ool
TE2A~E UERA AlEE el Aol

fuzzy PID with unknown disturbance
kalman fuzzy PID with unknown disturbance

0 0.5 q 1.5 2 25 3
1.5 T
: input of fuzzy PID with unknown disturbance
1o ' input of kalman fuzzy PID with unknown disturbance

|
|
+
|
|
|
+
|

I
0.5 1 1.5 2 2.5 3
29 3.7 #A ¢ ¢go] ¢17tE Kalman ZE 7]8F HA] PID Alo] A]~Ele] &

Fig. 3.7 Responses of fuzzy PID control system based on Kalman filter under

unknown disturbance

_25_



Eal

2.5
ST A

AYA

Hl o]

Fig. 3.8 Innovation process when unknown disturbance is occurred

-
a

innovation under unknown disturbance

1.5

1744 we] of

R

o

1Y 3.8 mAe] of'he]

0

0.25
0.2F-------

-0.05

-0.1

X
itz
KR

g

< €l
—n

715 A ¢k Kalman ZE 7]¥F %] PID #|o] A

n)x¢] 9]gke] ¢17}d Kalman ZE 7|9k %] PID Ao A

3.9&

=3
=

ol

B 7]t

A3 Kalman 2

ol
ojp

A =

1

1

gl AR5

-

1

5t

°©

A= T

ZH

21014

o]

o}
5

wjs} 17} %)

el

_26_



& Ak A "M ool TR A A Ay ujx e oo s
&l TAA Fato]l 03 & ApolE FEEshe A e &

U Folld= vxe] ogtom Qs Alo] Alagle] F=o] Gl 7]
FP8 e #3844 Fae AL AdE] Astel mA slRer s WA
= Kalman ZEE| of:mo]d ZmAx0) Walars A4d3s] &85k Wyl
tiate] AuEoh 4 FHY BAAE AAIIeE 7]9 F+= Kalman ZE
ZIRke] mA ogk A dadaS Avra, daudss T3 9o FA4A
£ o]&sto] AlxHdl QIVbE = e AV]E AFEte] Aol A A" s
P A71E S Attt gk

1.5 T T T T T
| | | | |
| | | | |
T T T AN AN gyt~
| | | | |
1 - | | I | |
| I I | |
| I I | |
| | | | |
05Ff---- e N | ' Lo
: kalman fuzzy PID without unknown disturbance
0 E kalman fuzzy PID with unknown disturbance
0 0.5 1 1.5 2 25 3
1.5
input of kalman fuzzy PID without unknown disturbance
1= input of kalman fuzzy PID with unknown disturbance
| |
| |
t-——————— m———————
| |
| |
| R
| |
" L
i i
2 25 3

2% 3.9 wAe] 2 RI7E of Fo wE Kalman HE 7|¥k 3 %] PID A|ojA] =89

oI o 8
o B

Fig. 3.9 Responses of Kalman filter based fuzzy PID control system according

to the absence or presence of unknown disturbance

_27_



0.2 T

| | | | |
[} [} [} [} [}
)| SR R — P —— T —— td---1--- - ---4-1
0 | [}
I [}
o UL Al il Il I I (AT LWLy A m Ll ‘
I il Ik Lk HH
[} I [} [} I
YU DR o L L LT S I )
[} [} ] ] ]
[} [}
0.2 ! ! | innovation under known disturbance
0.5 1 1.5 2 2.5 3
0.3 T T T T T
[} [} [} [} [}
[} [} [} [} [}
-] M R — A —— R N N — N I
I U [}
[}
0.1k | “A I‘\ I | | H] I A “l \l‘ Ay |l
. , I ' | ‘\ ‘ | LT ARAAL ‘ ’
[} I [} [} [}
L1 A § A L L SO .
[} [} 1 ] ]
[} [}
0.1 ! ! | innovation under unknown disturbance
) 0.5 1 1.5 2 2.5 3

19 3.10 Kalman ZE 7|9t 5] Ao]A]AElo] o] mm|o]Hd g a|xe] Hlul
Fig. 3.10 Comparison of innovation processes for fuzzy PID control system

based on Kalman filter

_28_



A 4 mAe] 9P 24 Kalman UE 7|5 HA PID
Ao] A2

ol F47|HS o] &3t Kalman ZE 7|uke] AH =4 <&
, FAY 9 es €83 Kalman ZE 7|9 H{A] PID A

o,

rol do

4.1 ¥R Q&3 FLo] ¢rtEE AAH Kalman ZE 7|4k
HA PID Ao} A|2=¥]

a9 4.1 4#x #A2 PID A7l 9w, ol gEIAA @ vA Y ¢
—1©] Q17F¥l Kalman ZE Ae) 54 7|8 =] PID Ao A|28l& e}

RS A

e

iil

U—4 lik Vg
" u._%JF Stochasti j% Z,
k—1 Fuzzy PID |Uy ochastic Kalman E
+ ;u Controller | T+ LTI Plant |+ Filter
Delay «

T 4.1 7)Ao 9Jgho] Q17}¥ = Kalman #E 7|8k H{ A PID Alo] A|2~H &5 A%
Fig. 4.1 Fuzzy PID control system based on Kalman filter under the presence

of unknown disturbance

_29_



(4.3} 2t

Ao A
= T

(4.1
(4.2)

7}= 217}

==

=
Az, +Bu,_,+U,_,)+Dw,_,

Azy |+ Bu,_,+Dw,_,

Cx,+uv,
Cx,+uv,

Ly,
2

Ly,
2k

oldf, w1} et U,_,°l

Al (4.3)0.2

1
s

Apole] £

(4.4)9} o]

- A
e |

2 Alole] ¥

=
=

delsaL,

(4.3)
(4.4)

442 o webA vA

=

3}

Kalman Z ¥ ol A

[e)

Axy_+Bu, +U_,)+Duw,_,
_11__

Ax,_+Bu,_;+Dw,_,+BU,_,

), + BU,—,
Clx,+ BU,-,) +v,

Cx,+v,+CBU,
2.+ CBU,_,

Ly
2k

TAE I mH e o7 U

5t Kalman 2

<

o 342 9

~

A
o

.

=

(4.5)¢} Eo] 9]
njAe] elgto] Kalman BE dad]lFoz vj=w 5% oz <l

P |
2

3l AAl =

I CBU, |2 ¢

S

Tod

—_—

o
a

14

o

3}
ol

2l (4.4 A

;. Akelell=

z

=4

g

s

o =

s

=
=

_30_



z,.(=)=Azx,_,(+)+Bu,_,
Pk(_):APk—1(+)AT+DQk—1DT
K,=pP,(—)cTlcP(—-)c"+ R,

A~

2y =1,(=)+ K [z, — Cz (5)]

o]& <la] Kalman ZES] F4A| x5 Alxele] A4 A 7,5 Arte
2 FAA X RS AT F A
A E3lHet= Kalman ZHE 53 &

o] Ao dAE AL oate

S= {E|r6k_i|}/N, i=0,1,---,N (4.6)

_3’|_



estimation

- A Fuzzy &

ek .
N uncertainty k

— " —> —>
i=

algorithm

O 4.2 oMol ZEAAE o] &3 MA 9 ot EAoj e Het

Fig. 4.2 Test for disturbance presence using innovation process

SE A7I7F =S "v wEbd Ne A7]= AAl AlaEe] skl wet

T4 dadss AAlsks AAAE =S wdste] 2Ash "o
4

a7 4.3% WA &JFe] EAleRE IRIg ¥ A7E FAsE W ¥
2 25

*
ek ek p Fuzzy Defuzzifier
. | Estimation — 1 .
. N —  Rulel
k Trk Trkl femmmoooocooceeemner e :
+ _ Fuzzifier .
~ Fuzzy Estimation Block2
Zy . e T T L E T T T
T o .
ak ——aky, : | Fuzzy .
L Defuzzifier
v | Estimation —| 9
P Rule2

Y 43 94 vAe] olgk 24 duFe A FHE

Fig. 4.3 Functional diagram of a fuzzy disturbance estimation algorithm

_32_



*

Tek = 21— % Tep = HKEX 1y,
—_— * JE—

v =1y T T = KRX71r,

Tap = Fex =T/ T er = KAXry,

KE=L]/r, KR=L/r,,
KA=L/r, KU=4/KR
dku, = ku, + ku, U, = dku, < KU (4.7)

rlr
)
)
<
%
%
=
%
=3
lo,
Hu
N
Ll
o
=
B
>
N
~N,
Ao
roL
A
A

Membership
A

EN, RN, AN EP, RP, AP

0.5

¥ % *
—L L Teko Tre> Tak

I 44 WA WA AF F4 FweFL AT e HAg

Fig. 4.4 Input fuzzifications for the fuzzy disturbance estimation algorithm

_33_



- * * * _ -
oA AHE Yo AFHE ATHHAA vy, T AARFOD A

s WA dnelFe a9 44, JA 24 2210 WA F kuol W@

HA 3} dueFe 1 4.5 13 HA F4 B529 A EFY kuy,ol W
HA g} dag]Fe 18 4.602 HolH
Membership
A
oz
ON L 1.0 _______or
oyl (U8
=L L outputl

2% 45 BH FALE ] o) B3 £ 975
Fig. 4.5 Output fuzzification for fuzzy estimation block 1

Membership
A
NM
o 10 _orPM
0.5
—L/2 L/2  output2

2% 46 AX 24E= 20 g3t 9 945

Fig. 4.6 Output fuzzification for fuzzy estimation block 2

_34_



cl
>
4]
o
rlo
%.
!
3
=
2 -
ot
1>
o
fru
=]
o
i,
)

R1),:IF r,, = EP and r,, = RP, THEN outputl = OP

(R1)

(R2),:IF r., = EP and r,, = RN, THEN outputl = OZ
(R3),:IF r., = EN and ., = RP, THEN outputl = OZ
(R4)

RA), :IF 1., = EN and 1.y, = RN, THEN outputl = ON
A7 24 BEe 0@ HA AolFHLe Be 2,

R1),:IF ., = RP and r,, = AP, THEN output2 = OPM

)

R2),:IF r,, = RPand r,, = AN, THEN output2 = ONM

R3),:IF r,, = RN and r,, = AP, THEN output2 = OPM
)

RA),:IF v, = RN and r,, = AN, THEN output2 = ONM

Ao 5t#] (Rl) ~(R4)4, (R1), ~(R4) ol 3= Zadeh®] AND ¥=2]7} 283

2ol v *c“,%— PR JR}H ]

1
% 7 =
S1o his) 27 47, A 34 2S00 da) 29 483 ol $IR 4 9

KE=1L/r, , KR=L/r, KA=L/r, (4.8)



*
Trk

A

L
(IC4x (IC3),
(IC51 (IC2)1
I
-L L .
(IC61
(IC1x
(IC71 (IC81
-L

Fig. 4.7 Possible input partitioning for r,, and r,,

*

A

A

Tak
L
(IC4) |7 AC3),
(IC5)z (IC2)2 .
Tk
(IC6):2
(IC1xe
(IC7n | (C8):
-L
T 48 1y o A GRTL 2

Fig. 4.8 Possible Input partitioning for r,., and r,,

_36_



E(membership of member) X (value of member)

E (memberships)

dku,, = (4.9)
¥ AsE $3 A A 55 1, 29 =9 k't ku,E Fekal, 3 27
d vy KU 3324 HE 2920 1A od =4 i@ UE x4

wet gelsd A (4.10) ~ (4.13)7 2e] x4

i)
>
%0,
kY

1) IF KR X |ry| < KEX|r,|< L andKA X |r,| < KRX |r,|< L, (4.10)
THEN
~ _ 0.5XLXKUXKE 0.5X LX KUX KR 0.25 X LxX KUX KA

M 2L— KEX |r,] Ter 2L— KEX |y Trk 0L— KRX || o

2) IF KR < |r,;| < KEX |rg|= L and KR |r,| < KAX|ry|< L, (4.11)
THEN
~  05XLXKUXKE Jr0.5XL><KUXKR 7 0.25 X LX KUX KA
ET QL KEX [rg] T RL—KEX |ry| Tt 2L— KAX |ry] ok
3) IF KR < |r,| < KEX|r,| < L andKA < |r,| < KR |r,,|< L, (4.12)
THEN
i 05X LXKUXKE +0.5><L><KU><KR +O.25><L><KU><KA
FTURL—KRX [y T 2L— KRX |ry| "t 20— KRX [r,|
4) IF KE X |ry| < KRX |ry| < L andKR X |r,,| < KAX |r,|< L, (4.13)
THEN
i = 05X LX KUX KE 0.5 % Lx KUX KR 0.25 X LX KUX KA
=

2L KR |ry| ¢ 2L— KRx|ry| " 20— KAx [ry]

2] (4.8)S olg3ste] vl AMEZH Auith 2AL sEvEHE WA 2
(4.10) ~ (4.13)9A 9] = s Lol Eo=x 2 (4.14)3 £ F2o=w
A H

~

Up=Enr,+Er, +Er, (4.14)

_37_



Eg=
Il %ol U,

o

=

o

H o]

-
S

(5.9l ]
A7t Kalman ¥ LaaEel] 57}

Al
&l

g 7]

7+E 7§~ Kalman ZE 9] 9]

3+ Kalman

]

o
1l

3} 2,

o
1=

o}
nEES o8

-
T

o}

=

ato] wjA|e] o

S

05X KUXKE, E,= 05X KUX KR, E;=0.25 X KUX KA
2
A+g

AV

A}
=

[e)
=

(4.6)

714 E.E, E
CER

A
&l

®ORRE e ®n
o D ,zT = “ T =
X W wmoE = o T
= —_——
7" w7 = X
sFEDT 5 E
ojy TG b ny s ]
B v OW o > =
o of Mﬂ Mr oo ~ & B
s TR Sl
P ,m% S >~ S Wl
v7 0 ~2 —~
< wc X o8 o ® + w S 5
~ = ) /. - . _
< o Mmoo NP O 8 2 =2
,Hl 0 ‘ﬁ S C = 0
I e s ST 8§ B
- 5 % i DR s =T 1 W
< ™2 —~ B! > - 7
%° Nro 0 = AUk Aﬂ ._1 — = Kk Pk MIP EE eT
A e SN N A |
ﬂa E#e JA| o D1 —~~ ~ + o
% %M X N O® A___“ < L K_ o M_M aﬁ
A X o — ~ - ==
o By R s s g
N B - A T L A A S )
= X° o T %A o SRS o i
jens o) N e
w = ~ ﬂ/vL % O#e ‘W K
wo Ry T R @ "
o T B W o < % =
wow o Hp Aln o > H
o BN = N - &
o = HOH Mo
[ERT muly | =

_38_



Initial conditions

zy, Py

>
A

4

Predicted estimate &

A priori covariance
t,(=)=Ax,_+Blu,_,+U,_,)
Pk (_) =

AP, AT+ Q

k—k—1

A4

Kalman gain

K, =P, (=) c’lep,(—)C"+R]!

Measurement,

2,

Filtered estimate

JA?k :!%k(‘)‘FKk [ZJ,«,4 Oli'k(f)]

A posteriori covariance

gy =7, () T Ky lz, — Oz ()]

A 4

2 )
5= E|7"ek—z‘|

=

No

S>n

i Yes

Uk = Ez Tk + Ep Trk + Ed Tak

a7 4.9 vA e o7 =4 o]

=0

(A
Ef

=
N TN

2]
2]

Fig. 4.9 Flowchart of Kalman filter

d

¥ Kalman ZE 7]k

-y
a

FH 4

ol i

il
2

based state estimation algorithm

with disturbance estimation algorithm

_39_



4.3 7R & FAHF Kalman HE 7|8k #HXA] PID A|o] &g
Z9 A

e elgk FAHL 99 doA] At Kalman ZH 7|9k e 4 <

F= A8&3%ta Kalman ZE 7|8 HX| PID Alo] &dae]ES Al 3 7ol A
Ao FedgE o83 HA PID Ao dagEs A&

% 4105 WAe] eRto] Qb Aol Alx®le] wmx]e] o)y FA I}
Kalman 48 7|¥F #HA PID Aol WHE SRS Yepdh A4 2
HHE o] X ek U _ o] SI7F o=z sty CBU,_,9 &9 A7}
2 AsE AS gl . a8l Kalman ZE 76k Ae) 4 dugS5s

o

88l 39 4 @ U8 343t A28 deolr
1

T %.Q. ?-/\4?:5___}—

= ﬂ
o
o

Wy,
Ui—1 l Vg
Ty Fuzzy PID Stochastic j% Kalman | =z, _
+ ;k Controller LTI Plant |+ Filter

Vi v TUk
Uk Unknown
Delay disturbance
Estimator

Delay «

I 410 v 9 =43 Kalman ZE 7|9 HX] PID Alo] A28 EEAE
Fig. 4.10 Block diagram of fuzzy PID control system based on Kalman filter

with unknown disturbance estimator

_40_



2. (-)=Az, + B, +U, )
P(=)=AP,_,(+)A"+DQ,_ D"
K.=P()C'CP(-)CT+ R,
v, =2,(=)+ K lz2,— Cz, ()]

P, =I-K,ClP,(-)

z,=Cx,
U, =Er,+E, .+ Eyry, (4.16)

A (4.16)07 A7 FH AR 2= RS 9ste] = AA error
S et o] & o]g3sto] A PID Ao} fd#HS A (4.17)3 2t

ek:refk_'%k
Ty = [ek_ekﬂ]/T
ak:[rk—?“k_l]/T (4.17)

ol@A T3 WA PID Aol7] VL e ot AlxT Ao Y A (4.18)
3} 2.

AU, = dU,+dU,
= QU AU,

wy, = duy, +uy_, (4.18)

w3, Kalman BES] olwdlold %, A4l deje] S3A 59 49 Z4
248 AE olgdtel WA FALTEZ AAFH FED HA WFES

A sted 2 WeES A (4.19)% 2k

.

_A’I_



~ *
T(ik:zk_zk T’ek:KEXrek

rrkzrek/ T T:k:KRXTrk
T(Lk: [T‘k—Tk_l]/T TZk‘:KAXTak'
KE=L/r, KR=1L]/r,,
KA=L/r, KU=4/KR
dku, = kuy +kuy U, = dku, < KU (4.19)
2 (4.19)9] HA WMFES ol gt 51404 HAA J¥I} HA =4 B=
59 95 HAste A8 Wi Kalman ZH 7|0 34 4ag5S o
ot A F4 % 0,5 72 5 Atk 17 59004 B g@FAA 0,5
A=l il HEw AA w9 @S FHATE AL A (4.2007 Zh
Az, +Bu, ,+U_,~ U, ) +Duw,_,
2. = Cx+ v (4.20)
2 (4.2008% AEE A (4.21), A (4.22) 7} Zo] Aed 5 AUk
z,=Ax, +Bu, + U, —U, ) +Duw, (4.21)
=Ax, +Bu,_,+Dw, +BU,_,
=z, +BU,_,
2k20<xk+3%,1_&k,1)+vk (4.22)

= Cx,+v,+ CBU, ,— CBU,_,
:Zk+ CB[]]C*I_ CBUk*l

wreb Aol 9@ 24 e Fol os) @ AN ot Yo FHd
g A (42202 ww A ogow A% CBU, ¥ CBU, 7t A= 4
A= A < 5 ATk

_42_



Reference Input

4

Variable Fuzzy PID

—_— »
Controller
4
Unknown Stochastic
Disturbance LTI Plant
Delay
Input
Ui
\ 4
Measurement
2k

Estimated Unknown Disturbance

Measurement | ¢ 4nd State Estimation

4

;k Kalman Filter

y

Estimated Disturbance

U,

¥ 411 v 9gk 34 Kalman ZH 7|¥F H%] PID Aol &duglF S5A%
Fig. 4.11 Flowchart of fuzzy PID control system based on Kalman filter with

unknown disturbance estimator

_43_



o
i)
Al
>

[
o
2
=)
D
o,
fo
ac)
s
o
N
N
i
3Q
filo
-

=
webA] 242204 VA sigkel FAEel wetA el szl Azte
57 PID Ao} Axwle] Aol 7% ghitel @Al Folsol o
g+ Ak olsh 2e 4 ANL ¥

h=1 p=1 =
W ool BE AAUS gAoR 1Y 4119 dudFE
o &

o

2ol olgk 74 Kalman 2H 7|HF HA] PID Ao dud S5 A5
sl A (4.23) 22 g AJ2~HS a1 st
B [1.0000 0.0098] n [0.0010] B [0]
S0 0.9804] %=1 10.0980 Y1 |1 | We—1
w,_, ~ N(0,0.05%)
2, = [1 O]xk—l-vk

v, ~ N(0,0.05%) (4.23)
uj o] egho] QIZFE A|=EN] AEjait WAA S A (4.24)3 o

1.0000 0.0098 0.0010 0
BT [ 0 0.9804] Tp—1 T {0.0980] (g + Ui+ [1]@%1
w,_, ~ N(0,0.05%)
2, = (1 O]xk—l-vk

v, ~ N(0,0.05%) (4.24)

_44_



HA ) Slgk U, & U, =19 2¥loR 9lkste] Al Sa g,

o
)
Lo
o to

A, Oﬁ i ]
>
[>
juti)

~
=3
=)

[ab)

=)

i
i)
N
23
_L'Lll
X
C
)
__>~l|_l‘
2
>,
>
fait}
fo,
olo
ol
rlo
o,
ox
ox
ful
2
X

15 T T T T T
| I I I |
| | | | |
| Sl Smbemsaen e s el
| | | | |
1 = T | | | | |
| | | | |
| | | | |
| I I I |
05F-f----- q---s-oe- po------- it g===----- po=—-=--n
: kalman fuzzy PID with unknown disturbance
|
0 ! kalman fuzzy PID with disturbance estimator
0 0.5 1 1.5 2 2.5 3
1.5

input of kalman fuzzy PID with unknown disturbance
input of kalman fuzzy PID with disturbance estimator

O3 412 v 9] @&+ 4 Kalman ZE 7|4k 5% PID Ao} A|=# AT
Fig. 4.12 Control performances of fuzzy PID control system based on Kalman

filter with unknown disturbance estimator

_45_



o B E NN T T I oy Aoy
T AT EE R
i.zﬂﬂmg%ﬂﬂﬂq
o o R e e XK
VR I “ —Ts]” ==
o o T W \l‘los_q Y — 1| .©
AN A = | = ||z
TS TN oom o = |3 — |3
@ m oo o A R = = L _iSle o= = i
- W_la 1 1 | | 1 [N s}
%ﬂmﬂ%{%ﬂdﬁﬁ =1 1|3 L = |5
TE g T O % o | Pl = | R
,mw ~ J = [= =
_71_ Gy I X N | 1 s | [
A R T == s == |5
pixPeoa B < IR =
X —_— =
o A N Ll & |2
R S L et — |z
SR T L (R G ] -1 ) S S
o o— — 0 ) ‘joH —r T | —r 1| £
o g mg P Hy =\ =
ER TR T g on oW = | |
wﬂilmﬁ% 8° auw_o,_ £l i = 11— — |
T S BT R I = e D e e R
M N o oy W fy = w Pl o — — |
oS @ 98 N O = o 7 MU ==
—_ P 0 o~y — X | | | | 5 |
NI = |, = ! |
T T o TR WS w [T e [TA !
X o W 3 % o N oRo —_— —
Prwz _Fny a R _ — |
_am%%%iw;ﬂgﬂmmo L | — |
\a s \JM\I ,u|ﬂ_DV1_JEu|‘I‘| 1 1 o 1
8 Al T o @ X o ® N - o - « N - o = o
WO R do W OF S - o
SR g R E L o
TR I -l - B FRG R

ZA 29 v

hva

2.5

1.5

based on Kalman filter
- 46 -

0.5

Fig 4.13 Comparison of innovation processes for fuzzy PID control system

713 4.13 Kalman ZE 7|9 ¥ %] PID Ao]A|~EQ] o]w-uo] A



Kalman ZH &} Alo]fe] Ao a=1 A

ol =

al

5

g

A

=
T

ol

o]

o)
A

==

cy

+
gl

o
Ton

54

o] 7017 0.2 A

a2

gl

s

=
T

il e

3

9/]

Kalman ZE o]

o]T‘:—

ATt

!

R

el

AFgE #7 PID

o

SEIE R

7} Kalman

F4 27}

<

Uebd aolth 5 HA oA mx|e 9

5] =
Al=

g

A

=
T

ol

fvzel

i+

ofge] =719l 10

o

E

o

A7}

A =
= o

|

o

THOR

A}

o]+ Kalman ZE AFA|9 H

=
o

kalman fuzzy PID with disturbance estimator

25

1.5

0.5

estimated unknown disturbance

04f-----J

25

1.5

3} o)

=
)

% 4.14 mH ] 9k 4 Kalman Z¥E 7|9 HA| PID Alo] A28 A

X
0

X

-

Fig. 4.14 Response of fuzzy PID control system based on Kalman filter with

disturbance estimator and estimated disturbance

_47_



%

I

,_H.VI
il
Njo
T
Jjo

jge)

o

E 7Hto g Ry

¥ Kalman ZE

H=] PID AoA|~Ee] A4

Fel b Aol

t71 $1s

%S

[€)

AN e)
=

f A}k

9]

glef 9

=]
&

A

oo

=
=

=]
o=

Sae el 4

okl

T Utk Al

ol
o
o
el
oH
Ny
j2e

A Kalman ZE 74k 3%

=
T

SRR

B, Kalman

%9 4163 2o 1§ 4155

dolA Ay= 29 4.15
B 7|9ke] mjx|e] 9

&

A
)
=

s

jruge]

-

el

A ffk% Kalman ZE

ANAZo 2, AxHo] <17}

oF

)

o

DAlole] @

W
o

NR

t

0
o

H 4169 3 WA adS By v

=

N
s
0

Ho
14

puzel

il

—
1o

o
b

ox

¢+
ol

o
o

el

)

il

- 48 -



HlOTR D
o T B
o X g
“w ﬂ .m o T T T S T T o
ERN T | RE
T SE ML | a:
2y A2 NS D IR B P o d |5
W T o 28ty " 5
o oT X 5 w 1 1 1 1 °
= wo M s S| ¥y i S
=0 R L W m _e8f 1N~ I i F JE an
I | | | C
T 1N G “ E
o ) T S 5| I I | >
= e % c c| f_ d 3
— = El-r--—-+-3-%x----J© -+ - 8
T S | g
nl = = 1 1 1 s
T T A A | 5
T Rf-r---t-4-4---4w m-r 3
o o CI N N| ! | | |
ooz ok RN !
o S Sl I I I
™ op oo m m ! L_ 3 < e R —
3 5 ° o Se T
= olp 0% | I
G L o ]
s n 0 N
! 1 1
o AR ® /17
e T e
m \‘W | | |
oga Ee I I I
7] ~n 1 1 1
MER TN YO i SOS SU R R -
— ~ LrO | |
o O 1‘_ X I I
B o L
T N g o 9 - © o o
T G - °© T
T 9T %o
AR R
3
T M o N

A Kalman Z2H 7wk HX] PID Ao

=
T

changed
_49_

o] Mg wj wjx|ef ot

=
=

3

o

==
LN

Fig. 4.15 Responses of fuzzy PID control system based on Kalman filter with
disturbance estimator and estimated disturbance when reference input is

a9 4,15 7)



0.3

| | | | | | | |
[} [} [} [} [} [}
[} [} [} [} [} [}
0.2- - == TN I_ 1 T T - :_ - i __ - b =
I
0.1 Wy | l|‘l|l .t‘ ' ‘ AN 1WA In" [L1KIN
N LA M U BL R B i U J_l_____l__ AU MLl
[} [} [} I ]
[} [} [}
0.1 ! ! ! | innovation under unknown disturbance
' 1 2 3 4 5 6 7 8 9
0.2 T T T T T T T T
[} [} [} [} [} [} [}
[} [} [} [} [} [} [}
[} [} [} [} [} [}
0.1 T — :— -1 - e :— il it il b Rl | il el ity i ]
[}
0 1 AL R ]Il AR Tl | A AR Akl A
‘ 1 \| ‘l ” N J P‘ 1] [ 1] i (I ﬂ Ml
[}
O01F----- : ¢ SR ) TRy -Lb-- ---It-- -I - l= — = —
[} [} [} [} [} [} i [}
[} [} [}
0.2 ! ! :| innovation under disturbance estimation
) 1 2 3 4 5 6 7 8 9

1% 4.16 Kalman 2 718+ 3 %] PID Ao A £=E1¢] o]izuo]d TR~ H|u
Fig 4.16 Comparison of innovation processes for fuzzy PID control system

based on Kalman filter

4.5.2 HA9 o A7|7F M= F5Y A5AF

FoAAR EdEe U r(t) =12 sta vA o] o ofsh o
A7 EE WEE Fol AEYAS Fysdon], Ao A a9
4.17 283 19 4.18% At}

U.=1 0<t<3
U,=—02 3<t<6
U,=07 6<t

_50_



Ao
o T T T W o =
°of W or B =
ohz% _ﬁﬂﬂ%w
2 — " oR
g 7 m Yo R . e Ay
o) i X S .
2 AR TR Yo
SO Hﬂﬂoﬂ%%ﬁ_ﬂo
> =3 im%ﬂwwﬂﬁﬁ#
— = s ﬂpﬂﬂ_ﬁ%ﬂfr%
ol ~ E iﬂ%%%%ﬂﬂd
5 = ! R P - S %ﬂ%ﬂ%&iﬂo
s el (L i = | Mo R M o
£ 5L T s E U 2 i )
...cuvoo » | o o R o= my s _z J 0
e RSP w7maﬁ_ﬂawwa
5] _ - — (98] i Y —_
c Q---* < 8 B o W o
1IN 2| Kﬂmw m%o%im%%ﬂ%
2 5 Ly N DSl o8 0y S T 50 o= N _HWW
% Bl i 1) & Fos g < T
© 2 I > © ko) g B R )
<o © | N » o o T = B ofp i
S £ _ U ) £ 402 2 0s N wr T —
a A R ﬂﬂmam ﬂLKAﬂé% W o
5 e----“- Jo 5 S = COUNP ~ 0 T W %0
>0 | ol X3 = ol = N N _]/1_ wr
y | il i b g PN e = D
2 -1 gy o £ W oy %o N aq B ®
gl T ! u%ﬂPm ﬂﬂﬂﬂ“ﬂﬁﬂlﬁ
£ s s < SMEiRET
1| T N o [y m s
. %) 2 g 9 = iy
S G~ R < m °
- ! - e m "= X T %0 ~ o ! <]
et RS o 5 uiﬂmoﬂ%ﬂﬂ
PR CY 5 S B s M
PN I | s g o L o E 1 H|
-- I I o e = o ~y— ol
! i - 5 0 " ORR X e
| ____ < w9 EE 53 — co] o
. x 9] ° oo 7 0| X0 X - R
1= T - =g =R gl S
|||||| I | o o~ >~ = o X | Y ) =
....... ! i v — - 8 4xO_EQIAo%auwn
I 1 @ M o kX o
o - S ol o) i Mo~ N
: T2

- 51 -

o ]
e

Hpeh ol

R

Hol&

1

R

ol 4]

4



0-3 T T T T T T T T
[} [} [} [} [} [} [} [}
Y Y| T Y N NSNS N SN S N
il ST
0.1 l N N | (1 L ‘H PR T e — | LA ! I
I : . | : ! | , [l ”I'l lr (W | |
of--- 1= 141 LG A R M Rl 5 PR - 13-
[} [} [} [} I
PR - R S AL LA LL a N
02 E E E innovation under unknown disturbance
' 1 2 3 4 5 6 7 8 9
0.2 T T T T T T T T
[} [} I [} [} I [} [}
[} [} I [} [} I [} [}
q __I __ [} ___I a1 Iy L I_ ___I Z I_ __ I__ _
0.1 ,‘, 1 | H : 1 ‘[ :
0 __ '\’ hl”“ |‘¥H ‘I‘ f !’\‘l it II] ‘IIH‘ 1‘1 Y"
I I
1 I I I { 1 1
01 1F---4h--d-Ja P mt |- _ o S Il S ARSI A L B
[} [} I [} ] ] ] ]
[} [} I
0.2 ! ! ! innovation under disturbance estimation
) 1 2 3 4 5 6 7 8 9

1% 4.18 Kalman ZE 7|9k %] PID AloJA| 2=E19] o] o] L2 x9] vl
Fig 4.18 Comparison of innovation processes for fuzzy PID control system

based on Kalman filter

_52_



2 S

5.1 A PID A2H <

o 3 a-
S wox
&3 A
O#U Y :.L on T ® T
w T % ol 1: g
g o oW EE g2l 1S
ey — B . 1| € 3 -1
Y os o R s £lo sel 1 3
zroop op T T O pTUEITC TR ] B
—_ -
= @ @%%4 | & £ 23| !
= —_ £ £
Py m KXo 5 F m
- IR B J e 21y
o W me Lmﬁ | i
< ojp _
1 ‘mw._ ‘Iyl 1 [ 1
= M:M I I I
THRE X % | o
e B O e WL___& 1 L 0 I T RS- SRS
Bow T E " 5 o
53 = o <0 o I I I
I | o
R i o
oy KR N e b boo o - it it —SuEs
Jlo . o og i I I
B w29 “ -
53y ® | o
w Mm W JW of W =] 0 IR S S
= e o
A -1 | o
I e E . R |
o T oy == e
1= OB g o " " o —
TR g — 3 X 10 - 10 E w = 1 o 1
A R S ° - ° 7
A ¥ g do &KX
ER TR e T

2.5

Al 2=Fl o] Ao A s Bl al

1

L

1.5
N 2®st gl
or not
- 53 -

1

Fig. 5.1 Comparison of control performances in case whether noises are absent

Lo
SR

0.5

19 5.1




5.2 Kalman 2§ 7]4ke] %] PID AojA|2Ele AS5AS 9@ w3
Ferom Qg Alojdse LAE 4sty] $1ste] Kalman HE 78k &
Y988 E=gtoayn #Fooz Qs D Aol =S sfHTTo RN HXA

PID Aol A =99] A5S Axstadt s,

5.2.1 &S] ¢I7l9 Kalman ¥ 7|¥F X PID A|oA|2H]

TYdYE =43 HA PID Alo] A" des dotry] ffste] Eedd
£ E=YstAl @S #HA PID Alo] Al=®l e Hlaweglar o1 Ade 9
5.2 a8la ¥ 5.3¥% o a9 5.29 A WHA oA ek He B
of QIZFA A[=®e AAEHS ol &3 A8 e e WEhHL wHA He
Kalman ZEE 7o 2 st Feldd el wegl Kalman ZHO FAHEHEHS ¥

1-5 T T T T T
| | | | |
| | | | |
| | | | |
| | | |
1 T~ I I
| I I |
| | | I |
| I I | |
0.5 - fl---- 1\ st | o gt - /Y . AR
| : fuzzy PID with noise
| I
0 ! ! kalman fuzzy PID with noise
0 0.5 1 1.5 2 25 3
1.5

input of fuzzy PID
_ |nput of kalman fuzzy PID

— — =t — —

v

Bl i Sttt Sl Sl

N
(3]
o -
N
(3]
w

a7 5.2 BEdEE o]&3 WA PID Ao} AlxE St

Fig. 5.2 Responses of fuzzy PID control system using separation principle

_54_



A& o]

= uH
— 1

Ry

P
T

i

tel S« PID Ao

S

Kalman 2 E <]

DAo] &] Alofs 2ol 74w o

gl AR

s

g 7

B B

hyi|
=

FEf el ho1A]

AFAF
HE olwmHo]ld ZTRAAE ERH Al B Y o)

o

Bo

ojn
NI

A
oR

¢+

B

2

7T 7E ALl 00] He

o

T
ol

)

ox

o
Ton

g]

Ell
=

innovation

2

ZEA

1% 5.3 Kalman ZE]S] o]x=nH|o] A

Fig. 5.3 Innovation process of Kalman filter

_55_



5.2.2 "R 9 Q&3 FSo] 2A7/le Kalman ZE 7]¥F 3{%] PID Ao
Al 2~H)

7 w2 o] ejgke] A7bel Kalman ZE 7|9k 5% PID A|o] A|2=Hl<]

Z} O

H T
s Fde] gleke], wA o] gjehe Q7bE A eka gt 917bE Kalman
e 79 /A PID Alo] Axw 5 vlatste] wokow) 1 Avk: 1

5.4 183 19 559 #Au a9 549 AlE#HoA A¥E ¥ Kalman ¥

HE B8 #429¢ A}%ao% Aolg Aoz AgHels ARE D
u

il
>~
>
ofo
ol
A%
ullel
K3
k1
vr =
o
o o
Koo
_&
o
_‘N
° 3
1o
o
o 2
ro, X
>~_}Lo
f, oX
o &
L“L
- 92
o L ©
™
‘“_E
%_1
~E
)
2

1.5 T T T T T
| | I I |
| | | | |
Y W
| | I |
1 - | | I |
| | I |
| | I |
| | I |
0.5F-f----- qmmmmmo-- po------- I SECEEPPPE
: kalman fuzzy PID without unknown disturbance
|
0 ! kalman fuzzy PID with unknown disturbance
0 0.5 1 1.5 2 2.5 3
1.5
input of kalman fuzzy PID without unknown disturbance
1he----- input of kalman fuzzy PID with unknown disturbance

% 5.4 vA 9] 9 @elrt o] Kol w2 Kalman ZE 7|4 H A PID Ao A 2E €]
sg
Fig. 5.4 Responses of Kalman filter based fuzzy PID control system according

to the absence or presence of unknown disturbance

_56_



= W A&l

1

ZARE, vx9] ejdo] Q17kd wjel Q17E A

Ay

Gl
PN
T
A

° gy XM
E T o=
Aoy o P
— O,._ T == T ™ T =] T
o M I 9 I I ! o
= ' | e = c
IS i —— | e — 8
—~ E 0 I - |5 I - |5
o X F g == |3 = |3
T v E I SER =S S
—_— | | W | | W
N ny .~ . = 1| B8 [ | 8
S I —= ! [& —= || ¢
,ﬂl o oR oy o5 \ A} w “ = | >
o = 5| - 3
- = s = |5
o © mOR N —— | 2 | —— | | c
SR o = 2 Y i =8
BT g e = |3
I —— %o — ¢
,Iﬂ OE n [ e [l T - S b T -1 &
DL kT o o o
roFRE == \=
g e 2N “ “ ="
_~< 0 0 I m = _d1___ « |47 = _1___
‘me N2 ‘Mﬂ fw Z.E T — “ | -— “
I o e P—=—
T ‘_lr_&l < Ea “ 1 “ —
e B = =
A e R R = .
TR AR | “ ==
‘OI —_— JAII ! == ! ! == !
- 20N . I I
,Ul ™ ?L ! _— ! ! 1l
OO m . L
R < N - o = o o N = o =
1 ao_./_. S o o o =) ) o o o =)
) M T =
o oo 4 F
= H % o R

A2 v

oA

25

1.5
based on Kalman filter
- 57 -

0.5

Fig. 5.5 Comparison of innovation processes for fuzzy PID control system

2% 5.5 Kalman ¥ 7|8k # %] PID AlojA]2=gle] o] wmuo]d



5.3 MR ¢ &g A Kalman ¥ 7|4t 3% PID A|oJA]2H]

Ao elgom glel Alo] AlAEle] EHo] AN TEdHS A
2 FEep Rake AL Ada] dskel, wixe) slwor <ld waHE
Kalman ZH €] o]wmujo]d ZZA2e] Wstaks 243 &&ste] Aol B4
A5 AAREe R 7195 Kalman ZE 7]9ke] mA] o)gk 34 dag]FS A
S3tomHA nx e oe FAAE A AA A" Q7ME = HFAA A
ogel A7) AR w Aol Azglel g F4 AR

A AR A eghy} HEo] ¢17FE Kalman ZE 7|¥F #A] PID Ao
Azgo] Ay FARE 9 98 Kalman BB FEEEE g 57
PID AlofA|28lo] Feg Hlalsks AlEdoldS a8 1 Ay 19

10 : : : : :
| -—: JI_‘ d :_L‘ |
o
0.5F-f----- q---sme=- p--g=-ee ool To—=m-o-- SEEEEEEE
: kalman fuzzy PID with unknown disturbance
0 E kalman fuzzy PID with disturbance estimator
0 0.5 1 1.5 2 2.5 3
1.5

input of kalman fuzzy PID with unknown disturbance
input of kalman fuzzy PID with disturbance estimator

29 5.6 WA 9@ F4 Kalman RE| 7] # PID Ao Axw A
Fig. 5.6 Control performances of fuzzy PID control system based on Kalman

filter with unknown disturbance estimator

_58_



Al

=

=

Ao i = el =71

-

T

ol S171=]

] =

S
LY

Al A =E)

e]gto] 2171 Kalman ZE 7|4k XA PID Ao

oo oo ool H| g
T o8 Np W R

s T o
)A
CxEizlze
AT o 2y 9 S c3 T T T T ™ T T T
I - = e — 1|5
o — I — 1 s I — |5
o < \% E! 0o | = I _.m I I m
o o < o M " B == |z
NG B = I __i|T|w I —— S ¢
&E T oo T Ry W | I | R
;ou ,Ur | = | 1| B | == 1 M
fo Mo Mo+ o — |£ _ B
LD I I & = 1|3
w 2w X X o= Y == 8
2w 2w g D =1 | 2 —= |5
o & £ % = I = | 1| S I — | | ¢
R B S ——  i|B — 1| S
iy o & oF I 3 I 1| 2 I 1| @
o T = e o -1 S S R
o | SR R RS —d — | €
SR LSS = =
— = —=
,ZIT_ ~ 1 OE ,Hl = 1_&1 “ = _ “| | — “
™ OE ,_._mo EE X = |||._r| = ||“||L_.|||1 -|||h|| = ||.“|”
-— &U ﬂoﬂ 0 ,OI i N “ ‘ml i “ “ — “
SR %o =~ 78X =l
— 9 L :i | = 1 [ ! — !
jans ToH
ELCaowE 4 45 ol JE
ESQCL I - ) = S O S A
<0 K| ,ﬂl ~ N | —t1 I © |
o W — O el I = | I
T T L ® = E=wall
CEGS :,L R0 zﬁ o ! T ! ] I
e B o= B oo LT “ — |
olo o)) ok B = R ] w & - o ~C ~ . o o~
2 e c o o c o c o s o
WY T w "M K ? S _ _
RCHOE
" W FE o o W A 55
< oA g o T
= o = MW" M AR

2 A 2=9] vl

3L

25

1.5
on Kalman filter
- 59 -

0.5

9 5.7 Kalman ¥ 7]8F H %] PID A|loJA] 2=¥le] o] o]
Fig 5.7 Comparison of innovation processes for fuzzy PID control system based



T AR VIEdE e obdlel dol ARF ©E st

il

F3L mAe] ol

rlo
f

rt)=1 0<t<3
r(t)=0 3<t<6
r(t) =07 6<t

A3t A7) U, =12 AEHNAS Fdsdor 1 AlEdold A
5.8 18] 13 5.99F Zvl 1¥ 588 HW Kalman ZE 7]4ke] mjx|¢] <]
g {2 =4 s o] &sto] mx9 TS 4% FAH X9 Kalman 2

[

i

kalman fuzzy PID with unknown disturbance
kalman fuzzy PID with disturbance estimator

I I I
————— +
I
I
I

————— +

&4 -3 L ___1_

estimated unknown disturbance
6 7 8 9

whk----
Nle————
a

a9 5.8 7lEdge] wWE wf mA e o 4 Kalman ZE 7|¥F #A] PID Ao
Alz®l A FAE o
Fig. 5.8 Responses of fuzzy PID control system based on Kalman filter with
disturbance estimator and estimated disturbance when reference input is

changed

_60_



5

13

0]
yal

A3

=
=

o A=

=
=

o]
H

T

-

AMAFOZM A 2Fel Q17HE]

M X 2 RR oy
W T T - o_m .
C o ~
LOLN
£ G o
Ko A o o p = o
b Mo 2 5 S
L.E o S - | .mm
oo ® W g £ ! | £
< " o o \vno_mﬂ S| L - —— —_— - =
o o ;Inw_I ~ <3 ! Q0 | = | [
o- ° : ™ ,HL T | — °
0 NE o< G ol i 9
,mw_v A o_a A e s | e
O = —— L
OME ) Pow ZT o ﬂA.I unn ' =—— M
SR : =K
) l [} i T \lll_l °
LN 0T AN —=-13
M_OI el O_ m _M/L o) © s | \‘ ! =1
U ) AP e -
o X o = T g = =
EL _:__l ‘MI 5 El ~ N m “ 3 | M
oy EWoriy o o ﬂ ) = — | &
Jo o o ox i AN ) IV 5= — 1"
TO  — ﬁ‘._ ‘mwo = 1
< T W o = | =
S ﬂu o) o ﬁl ‘Ol N ] | L
ﬂ ‘;Imﬂ N T = T — ) TN == 4_=-—J
) ol ™ = |
-~ w7 a9 * oA o — I
. < 0o = : =
o ﬂ X 0 : _ = “
@ oy = B T - : t---q N == =11
OO ‘m' — ;OL \‘% \ =
E e W g o of =
T = B o N gp TR - F- - ST
T o< oo N . “
O =TT . =
<02 N - N = ©o = o
o B R S s o S <
m o - \,OI
T N o <z "
W o~ N oo W o) o

ZA|2~2] Bl

3

on Kalman filter
- 6’] -

29 5.9 Kalman ZE 7]¥F H{ %] PID AJo]A] 2812 o] =H|o] A
Fig 5.9 Comparison of innovation processes for fuzzy PID control system based



U, =1 0<t<3
U,=—02 3<¢t<6
U,=07 6<t

% 5105 ®¥ vA 9] ejgho] Alfte] whe} Wt 7|2 /\]/\Eﬂoﬂ 017}
Ak Aot wx]o] ok FA Kalman ZE| 7|WF 3 A PID Alo] dudFS
A&k A|=EO Aojd 5, Al=Ee 17FE = E o Gl A 7H’ﬂ D

r-
-

T
|
|
T
|
|
|
1

T T T
| | |
| [ |
| | I
| | |
| I |
I I |
15— Sl S - +-—=—=-=-F=-===-
I [ |
| | |

|
|
0.5H--———-—--- (IS N B B Y S R
| I |
| I |
| I ! ! ! !
Of----- T == kalman fuzzy PID with unknown disturbance
| I
0.5 ! ! kalman fuzzy PID with disturbance estimator
' 1 2 3 4 5 6 7 8 9
o A—— i _____ _:, _____ OH estimated unknown disturbance
| | | | | | |
| | | | |
05k L ___yrool T

o kF----
©

oOF--f-F----

% 5.10 vA o] ejgto] W w) wjx]e] o)k 4 Kalman ZE 7|3k ¥4 PID
Aol Alz=¥l Asat FgE ol

Fig. 5.10 Responses of fuzzy PID control system based on Kalman filter with

disturbance estimator and estimated disturbance when unknown disturbance is

changed

_62_



Aols oz e AMEHeA R Fad AojdsS HES Yo
W S QVbE = o] efghe] A7|7b Algbel whEl Wsigtel| = gk H7)
5 Ao R FAste] RSt RM A A TEdES e 4
SHAFESIL S A 4= Juk. 29 5112 olkmHo]d ZRAAE
ERTh 3 WA oA e AVEEE v 9] flgke] A7)V Wstghe] wE) o
wHjo]d Za2 A BAA EAo] ®gste AL A1 4 itk T WA
g A= Kol upel o] mx|e] ojgke] F 7|7t Mgtk AQtE ¢arg

4 4 Qda

g Bal olwHlold ZeAze) gro] 0F Mol REHM AL & 5 9

FAH Bitol A9 0o TATS FAT 5 Atk

0.3 T T T T T T T T
[} [} [} [} [} [} [} [}
[} [} [} [} [} [}
0.2 ————| -+t A---F----- - - +———— ———— |- =1+ — —
[} [} I | [}
L VLR J AN || [ T ‘ |
B L bk IOV
| | | | Al In | ‘
Of -1 -7~ === 7 URGM{G i Wi Tl ) i
[} [} [} Il I I
_____ I_____I_____I 11 _ | | I ____I _____I______
-0.1 ! H " - 1
0.2 ! ! ! innovation under unknown disturbance
o 1 2 3 4 5 6 7 8 9
02 T T T T T T T T
[} [} [} [} [} I [} [}
[} [} [} I I I [} [}
q __I __ [} ___I 1 Iy e I_ ___I __ I_ __ I__ _
0.1 ,‘, 1 | H : 1 ”- :
o] 4 Hi H” |"H I‘r ”\‘l it l-] il LAY ’1
I I
01F--- _:__ - -It__ - :- __|___ - i __:- __________
[} [} [} ] ] ] ] ]
[} [} [}
0.2 ! ! ! innovation under disturbance estimation
' 1 2 3 4 5 6 7 8 9

719 5.11 Kalman ¥ 718k 51%] PID #lojAl =gle] o] wmmo]d T Ao vl
Fig 5.11 Comparison of innovation processes for fuzzy PID control system

based on Kalman filter

_63_



Ae6FdAaE

7bA e e H4] PID Aol 79}

s

o AFAEo] At

= 7|&

B =5 A
Kalman Z g ¢

W9t Kalman ZE 8] ofr=wo]d 7]dk wjx| ofgh

7} Kalman ZE

al

=
o] NEeo|HE FAFoEA 1

b, mAe) o9

B
—_
fie}
mo
Njo
el

"0

JJo

7b steteE] HA] PID A o]

—C:;l_

(1) ¥4 438 A

b e

5|

@D Aol EAe w

W, 245 D Ao 5ate] Aol

}o] Kalman

ols

T
Yy

hyi|
=

}o], Kalman

S

_?4

b gebu) e # %] PID Ao] Al 2

1
T

0 A7)

jant
b
=Y
i
<N
W
W
vzl

N
o

—

ma

PID Ao

—_
fife)

Kalman 25 7|4k 3% PID Ao A

7hE =

ol

(3) mA ] ofgho]

I Aol %ol

o3

o] oo =

.;L

A=
=
WHO 2 Kalman ZEQ o]

(4) Kalman ZH 7]¥F HX] PID A|o] Al2Ele)] Q7H wjx]eo] &g =

3k

WA Z17] 9

[e)

-
o=

sha Aloj A 2 8e] A

[0

_64_



g

S

o

Aoz ANEY|HL Fastommn owu|o]d 7|ute] mx|e] ¢

(5) M) ol

K
B 5

Ao

Z

z

=4

g

3 2

=
S

@)
(‘)]'é‘

A

=
T

2l
Al o224 Kalman ZE 9]

~

28 4

3] Kalman

Aol7le] s AN 9

&

H

= d

=y

o
k=

U

g

A

-

shel A

ki3

PEg= A

Ao

2%

-
T

o <17}

RS

)

—
fiie)

22 Kalman ¥ 7]4F §% PID #A|ojA] 28 -

s

o

lory

O
fite)
o

0
ol

)
fife)
A
22|

el

A Kalman ZH

=
T

woll Al AEEE mj =] 2] o) et

H X
T

3

E
S

i

7

e}
71dE | ®] PID Ao

?‘

%

0

oA Al

el

_65_



[1]

[5]

23 73

Moginder S. Grewal and Angus P. Andrews, Kalman Filtering  Theory and
Practice, Prentice-Hall, New Jersey, 1993.

Andrew H. Jazwinski, Stochastic Processes and Filtering Theory, Academic
Press, New York, 1960.

J. Kim, J. Lim, S. Seo, and Y. Ha, "Kalman Filter Based Estimation
Algorithm for Uncertainty Estimation of LTI System," Proceedings of the
36th KOSME Fall Conference, pp. 157, 2012.(in Korean)

M. Darouach, M. Zasadzinski, and M. Boutayeb, "Extension of Minimum
Variance Estimation for Systems with Unknown Inputs," Automatica, Vol.
39, pp. 867-876, 2003.

C. S. Hsieh, "Extension of Unbiased Minimum-variance Input and State
Estimation for Systems with Unknown Inputs,” Automatica, Vol. 45, pp.
2149-2153, 2009.

[6] C. S. Hsieh, “On the Global Optimality of Unbiased Minimum-variance State

Estimation for Systems with Unknown Inputs," Automatica, Vol. 46, pp.
708-715, 2010.

[7] L. Wang, H. Xu, and U. Zou, "Regular Unknown Input Functional Observers

for 2-D Singular Systems," International Journal of Control Automation and

Systems, Vol. 11, No. 5, pp. 911-918, 2013.

[8] M. K. Lee, "Unkown Input Estimation of the Linear Systems Using Integral

Observer," Journal of the Korean Institute of Illuminating and Electrical

Installation Engineers, Vol. 22, No. 2, pp. 101-106, 2008.

[9] Y. Xiong and M. Saif, "Unknown Disturbance Inputs Estimation Based on a

[10]

State Functional Observer Design," Automatica, Vol 39, pp. 1389-1398,
2003.

H. C. Ting, J. L. Chang, and Y. P. Chen, "Proportional-Derivative
Unknown Input Observer Design Using Descriptor System Approach for
Non-Minimum Phase Systems," International Journal of Control Automation

and Systems, Vol. 9, No. 5, pp. 850-856, 2011.



[11] T. Floquet and J. Barbot, "State and Unknown Input Estimation for Linear
Discrete—-time Systems," Autimatica, Vol. 42, pp. 1883-1889, 2006.

[12] J. Jin and M. J. Tahk, "Time-delayed State Estimator for Linear systems
with Unknown Inputs," International Journal of Control Automation and
Systems, Vol. 3, No. 1, pp. 117-121, 2005.

[13] D. Jaessig and B. Friedland, "Separate—bias Estimation with Reduced-order
Kalman Filters," IEEE Transactions on Automatic Control, Vol. 43, No. 7,
pp. 983-987, 1998.

[14] M. B. Ignagni, "Separate Bias Kalman Estimator with Bias State Noise,"
IEEE Transactions on Automatic Control, Vol. 35, No. 3, pp. 338-341,
1990.

[15] J. H. Kim and S. J. Oh, "A fuzzy PID Controller for Nonlinear and
Uncertain System," Springer—Verlag, Soft Computing, Vol. 4, No. 2, pp.
123-129, 2000.

[16] I. Kim, B. Lee, and J. Kim, “A  Study on the Performance
Improvement of the Nonlinear Fuzzy PID Controller,” Journal of Korean
Society of Marine Engineers, Vol. 27, No. 7, pp. 852-861, 2003.(in
Korean)

[17] K. J. Astrom, K. H. Johansson, and Q. G. Wang. “Design of Decoupled PID
Controllers for MIMO Systems,” American Control Conference, Vol. 3, pp.
2015-2020, 2001.

[18] J. H. Kim, “A Suggestion of Nonlinear Fuzzy PID Controller to Improve
Transient Responses of Nonlinear or Uncertain Systems,” 3= ¥HX % X%
Al 2=¥18ks] =3-A], Vol. 5, No. 4, pp. 87-100, 1995.

[19] A1, “7Pa v EE 2= vAdd HA] PID Alor]e] Al a3 <
7,7 FEre st skl Ao A5 S}, WAk, 2004,

[20] Fstu}, “Hld& HA PID Alol7]e] Asshdel @3 A" s diista of
gl AoASE e, Ak, 2012.

[21] M=, “HA9 A=

Ll d
dae]E,” e giistn vk A



	목  
	Abstract
	List of
	제 1 장 서 론 
	1.1 연구배경
	1.2 논문의 구성

	제 2 장 가변 파라미터 퍼지 PID 제어 시스템
	2.1 가변 파라미터 퍼지 PID 제어 알고리즘
	2.2 가변 파라미터 퍼지 PID 제어 시스템의 성능검증
	2.2.1 잡음이 없을 경우의 제어성능
	2.2.2 잡음이 있을 경우의 제어성능

	2.3 성능검증 결과의 고찰과 문제점 분석

	제 3 장 Separation Principle을 이용한 퍼지 PID 제어 시스템
	3.1 이산시간 시스템에 대한 Kalman 필터 상태 추정 알고리즘
	3.2 Kalman 필터 상태 추정 기반 퍼지 PID 제어 시스템 제안
	3.3 Kalman 필터 상태 추정 기반 퍼지 PID 제어 시스템의 성능검증
	3.3.1 잡음만 인가될 경우의 제어성능
	3.3.2 잡음과 미지의 외란입력이 인가될 경우의 제어성능

	3.4 성능검증 결과의 고찰과 문제점 분석

	제 4 장 미지의 외란 추정 Kalman 필터 기반 퍼지 PID 제어 시스템
	4.1 미지의 외란과 잡음이 인가되는 시스템의 Kalman 필터 기반 퍼지 PID 제어 시스템
	4.2 Kalman 필터 이노베이션 기반 미지의 외란 추정 알고리즘
	4.3 미지의 외란 추정과 Kalman 필터 기반 퍼지 PID 제어 알고리즘의 제안
	4.4 미지의 외란 추정과 Kalman 필터 기반 퍼지 PID 제어 알고리즘 성능검증
	4.5 성능검증 결과의 고찰
	4.5.1 기준입력이 변하는 경우의 검증
	4.5.2 미지의 외란 크기가 변하는 경우의 검증


	제 5 장 종합적 성능검증
	5.1 퍼지 PID 시스템의 성능검증 및 고찰
	5.2 Kalman 필터 기반의 퍼지 PID 제어시스템의 성능검증 및 고찰
	5.2.1 잡음이 인가된 Kalman 필터 기반 퍼지 PID 제어시스템
	5.2.2 미지의 외란과 잡음이 인가된 Kalman 필터 기반 퍼지 PID 제어 시스템

	5.3 미지의 외란 추정 Kalman 필터 기반 퍼지 PID 제어시스템

	제 6 장 결 론
	참고문헌


<startpage>12
목   차
Abstract
List of Figure
제 1 장 서 론  1
  1.1 연구배경 1
  1.2 논문의 구성 2
제 2 장 가변 파라미터 퍼지 PID 제어 시스템 4
  2.1 가변 파라미터 퍼지 PID 제어 알고리즘 4
  2.2 가변 파라미터 퍼지 PID 제어 시스템의 성능검증 11
   2.2.1 잡음이 없을 경우의 제어성능 11
   2.2.2 잡음이 있을 경우의 제어성능 12
  2.3 성능검증 결과의 고찰과 문제점 분석 14
제 3 장 Separation Principle을 이용한 퍼지 PID 제어 시스템 16
  3.1 이산시간 시스템에 대한 Kalman 필터 상태 추정 알고리즘 16
  3.2 Kalman 필터 상태 추정 기반 퍼지 PID 제어 시스템 제안 18
  3.3 Kalman 필터 상태 추정 기반 퍼지 PID 제어 시스템의 성능검증 21
   3.3.1 잡음만 인가될 경우의 제어성능 21
   3.3.2 잡음과 미지의 외란입력이 인가될 경우의 제어성능 24
  3.4 성능검증 결과의 고찰과 문제점 분석 26
제 4 장 미지의 외란 추정 Kalman 필터 기반 퍼지 PID 제어 시스템 29
  4.1 미지의 외란과 잡음이 인가되는 시스템의 Kalman 필터 기반 퍼지 PID 제어 시스템 29
  4.2 Kalman 필터 이노베이션 기반 미지의 외란 추정 알고리즘 31
  4.3 미지의 외란 추정과 Kalman 필터 기반 퍼지 PID 제어 알고리즘의 제안 40
  4.4 미지의 외란 추정과 Kalman 필터 기반 퍼지 PID 제어 알고리즘 성능검증 44
  4.5 성능검증 결과의 고찰 48
   4.5.1 기준입력이 변하는 경우의 검증 48
   4.5.2 미지의 외란 크기가 변하는 경우의 검증 50
제 5 장 종합적 성능검증 53
  5.1 퍼지 PID 시스템의 성능검증 및 고찰 53
  5.2 Kalman 필터 기반의 퍼지 PID 제어시스템의 성능검증 및 고찰 54
   5.2.1 잡음이 인가된 Kalman 필터 기반 퍼지 PID 제어시스템 54
   5.2.2 미지의 외란과 잡음이 인가된 Kalman 필터 기반 퍼지 PID 제어 시스템 56
  5.3 미지의 외란 추정 Kalman 필터 기반 퍼지 PID 제어시스템 58
제 6 장 결 론 64
참고문헌
</body>

