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DC Motor Velocity Control using Fuzzy PID Controller

based on Kalman Filter with Nonlinear Friction Estimator

Seung-Hwan Lee

Department of Control and Instrumentation Engineering,

Graduate School, Korea Maritime and Ocean University

Abstract

Most DC motors used in industrial field are affected by friction torque
as mechanical loads are connected. There are three types of friction
torques such as static friction torque, viscous friction torque, and
Coulomb friction torque. Static friction torque 1is transformed into
Coulomb friction torque as soon as DC motor starts. The magnitude of
viscous friction torque 1is assumed to be proportional to the motor
angular velocity and it 1is linearly modeled, so that its effect is
eventually contained into mathematical model of DC motor velocity
control system. By the way, the type of Coulomb friction torque 1is
nonlinear step function depending on the direction of DC motor angular
velocity. By this reason, Coulomb friction torque can not be linearly
modeled and thus is not contained into mathematical model of DC motor
velocity control system when mechanical load is connected to DC motor.
Especially, in case that excessive Coulomb friction torque 1s exerted,
the steady state output of DC motor velocity control system 1s not

asymptotically converged to reference input and exhibits finite steady
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state error.

In order to solve this phenomenon, in this paper, a fuzzy PID control
system based on Kalman filter 1s composed for the DC motor velocity
control system subjected to system noise and measurement noise. The
simulation results for this control system address that the chattering
phenomenon on output by noises 1s normally regulated, while steady state
error is occurred due to the excessive Coulomb friction torque in spite
of the PID control action. As a result, it is known that the unknown
Coulomb friction torque must inevitably be estimated to improve the

steady state response.

At first, a method to comprise friction estimator 1is suggested, by
using innovation process of Kalman filter. The idea to comprise friction
estimator is as follows: When Kalman filter can not estimate of the state
of the given control system, the stochastic average of the innovation
process does not converge to zero. It means that the estimation error
does not converge to zero. Therefore, 1t 1s possible to estimate unknown
Coulomb friction torque based on innovation process of the Kalman
filter. At second, the estimated Coulomb friction torque is fed back to
compensate to predicted estimate of Kalman filter and also to generate a

new control input by adding it to the output of the fuzzy PID controller.

Therefore, a method to comprise control system, named fuzzy PID control
system based on Kalman filter with friction estimator, was suggested for
DC motor velocity control system. In order to verify the control
performance of the suggested control system several simulations were
accomplished. By analyzing the simulation results, the effectiveness of

the suggested control system was assured.

KEY WORDS : Nonlinear friction; Kalman filter; Fuzzy PID; Motor velocity control
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Coulomb friction

198 2.1 DC 2 &% A|AH FrlEd
Fig. 2.1 Equivalent model of a DC motor velocity system
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® 21

DCEE o] ALY

Table. 2.1 Specification of DC motor

Crouzet - 89 850 008
Voltage (V) 24
Speed (rpm) 3000
Torque (Nm) 0.1197
Power output (W) 35
Current (A) 1.9

¥ 2.2 DCEE e 1]

Table. 2.2 Parameter of DC motor

Parameter Unit Descriptions Value
K, (Nm/A) Torque constant 0.063
K, (Vs) Back emf constant 0.063
R, (Q) Armature resistance 2.9
L, (H) Armature inductance 0.002
J, (kgm?) Inertia moment of rotor 0.000016
B, (Nm/A) Viscous friction coefficient | 0.0001465
J; (kgm?) Inertia moment of load 0.0008
B (Nim/ 4) Viscous friction coefficient 0.0073%5

of load

gear ratio gear ratio 1:10
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Fig. 2.2 Block diagram of DC motor velocity control system
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Fig. 2.3 Model of Coulomb friction
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Fig. 2.4 Input voltage of DC motor velocity control system
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Angular velocity comparison
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0 ; L : : L ; L
0 05 1 1.5 2 25 3 35 4
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1Y 25 DC BH &% AojA~H" Z&ET Hlw
(F% w2 B3 . AAEAY 5%)
Fig. 2.5 Angular velocity comparison of DC motor velocity control system

(Coulomb friction torque : 5% rated torque)

Angular velocity comparison
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Fig. 2.6 Angular velocity comparison of DC motor velocity control system

(Coulomb friction torque : 10% rated torque)
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Applied Coulomb friction torque

0.015

0.01 |

Torgue{Nm)

0.005

0 05 1 15 2 25 3 a5 4
Time(sec)

a9 2.7 DC EH &% AAA 2H 171H FF vz E5 (FAHAEFS] 10%)
Fig. 2.7 Coulomb friction torque applied to DC motor velocity control system
(10% rated torque)
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Fig. 3.1 Block diagram of Fuzzy PID control system based on Kalman filter
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Initial conditions

Ty, Py

y
Predicted estimate &

a priori covariance

'%k(_) = Az k-1 Buy—

Pk(_) :APkflAT—}_Q

k- k—1
A A
Kalman gain

K, =P(-)c'lcp.(-)C"™+R]!

Measurement Filtered estimate Estimate

A
A posteriori covariance

P, = P,(—)— K,CP;(—)

9 32 2% g dagE A s8R

Fig. 3.2 Computation flowchart of Kalman filter algorithm
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9tk 1% 332 DCEEY Z&= A0S As] A8 34 PD Aol due
= 7154 =S JebA A o]tH9l10].

H 2 PID Ao]7]o] ALREHE JHE 4 (3.8 ~ BGIHE HoHY. T= AZ
g AIZHE YER AL, wy, e, 1y o A2 AET AIZEel A Al 2"le] 2]l 7
&%, 2 xHerror), 229 AlZF W3 S(rate), &3k W3S9 A7F W3 S(aco)S
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_Fuzzy Control Block 1.

E Fuzzy L
i | Control {—s{Pefussiter b
Fyzzifier . '

Fuzzu Control Block 2

29 3.3 #A PD Aoj7]g 7E A=
Fig. 3.3 Function diagram of fuzzy PID controller
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3 2~AY sgulgoelth e, d = AT ¥ 48 wEolth 2¥e 24 (3.15)
4 2 (3.16)2 FHHAC)

e, =ref,—z, (3.8)
e’ =GE, Xe, (3.9
ro=le,—e._ /T (3.10)
r =GR, Xr, (3.1D
ay=1lr,—r,_J/T (3.12)

=le,—2¢,_,+e, ,)/T" (3.13)
a =GA, Xq, (3.14)

GUE =9 dUS =AY FeuE 24 3 X PID #0719 Ao} o5& A
Akt SR AU dUE 72 1A AolEE1s WA Aol BE2el A
o] 49L& YW ye Ao ¥ AdS ook
AU, = dU, +dU, (3.15)
w, =du, tu,_,, du, = GU, XdU, (3.16)

322 WA dudgdF

I9 34+ HA PD Aojr]e] A€o = AREHE e, g0 HAAE =AY
SetulElE ol gl AT A ALWS ' E ARNAROD AR
AAE MAS FueEE e Zolth ¢, /L d'E 27 209 WA Ao
2 AR At ¢ = EP9 EN, r & RPS RN , d & APS AN HA A
& Zren

a9 359 18 3.6 outputld output27t 24z HA| A|AAEZ13 HA| Ao

B220] WA Aol FH1T HA Ao} FH2e] @ WA FHL el ol
outputl & OP, 0Z, ONe| A 7Ne WeE 2t HAPFOR HA5e L,
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output2’= OPM, ONMe] 5 719 W8 g 222 HAstd. ¥ 31 77}
2 Aol Feols Yerd Aol

¥ 3.1 HA PID Aloj719 A 3 Ao
Table. 3.1 Fuzzy set definition of fuzzy PID controller

i)

EP Error Positive EN Error Negative
RP Rate Positive RN Rate Negative
AP Acc Positive AN Acc Negative
or Output Positive ON Output Negative
014 Ouput Zero
OPM Output Positive Middle ONM Output Negative Middle
Membership
A
EN, RN, AN ed EP,RP, AP
£ 0.5
—L e ra

a9 34 ¢,r a9 HAS G

Fig. 3.4 Fuzzification algorithm of

Collection @ kmou
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Membership
A

ON 0oz oP

+ 0.5

—L L outputl

a9 3.5 HA AAEFL e =¥ w3 g
Fig. 3.5 Output fuzzification algorithm for fuzzy control block 1

Membership
A
ONM
110 . opm
0.5
—L/2 L/2 output2

O™ 36 HA AAEE 20 ik =9 HAA3} G
Fig. 3.6 Output fuzzification algorithm for fuzzy control block 2
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3.2.3 A Ao 73

ATtst JHAF ¢, r,a B HRHORE HA AojFAe ARt HEA A2
oA} Aol ARV AL 7|2E dto] RS0t o] HA] Aoj+f
He '[F~ THEN-~ '@2°2 dHH, A AojE=F13 HA Ao]EF20
et HAA Ao A1} HA Ao A2 off el & 3.29F Fo] Aol

% 3.2 ¥A Ao 13
Table 3.2 Fuzzy control rules

WA Aol BEIo) that A Aol FH1

Rulel IF ¢ = EP and v = RP THEN outputl = OP
Rule2 IF ¢ = EP and v = RN THEN outputl = OZ
Rule3 IF ¢ = ENand r = RP THEN outputl = OZ
Rule4 IF ¢ = EN and r = RN THEN outputl = ON

WA Aol BE2e tiF A Ao} 722

Rulel IF v = RP and a = AP THEN output2 = OPM
Rule2 IF v = RPand a = AN THEN output2 = ONM
Rule3 IF v = RN and @ = AP THEN output2 = OPM
Rule4 IF v = RN and @' = AN THEN output2 = ONM

HA AAFH1Y A AATFZ2 (Rulel)~ (Ruled)o| A= Zadehe] AND =
27 ALEUL} o)AL AR F Ao sty TAR AJFEE 3

AT AL E mindskS FYHE o

lo

o T

A stelnE GET GRE 2 BIDT 4 (B.18)7 go] 2ARo] =g
W uhth A23e} o] AMET PID Aolr)e] WA oS @b AAI o 3}
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o= 24 G133 2ol GR7F 7hiaH Wt GUE FAlol 2ol 7hHEn. =
g GA = 2 G193 o] = o] v o wig AEHF-9} o] hAdT

IF GE, xle,) > L THEN GE, = L/le/] (3.17)
IF GR,<|r,| > L THEN GR, = L/Ir), GU, =4/GR, (3.18)
IF GA, <la,| > L THEN GA, = L/la (3.19)

A Aol FH e WA A BE1T WA AojLB2e] ey 9T A W
5o Fe paEE 2AY sebule GE, GR. GA,. GU.Z st 23
A, ¥ Aol B 17 HA AojBE 24 UF JFEne 77 19 37,

3.85 o] [-L,L] 739 (IC1),~ (IC8), , (IC1),~ (IC8),o.= ETH ),
’I‘* A
L
(IC4n acsax
ICs1 acan
6*
-L O Lo
Icen
(IC1x
(IC7n Icsn
-L

a9 3.7 ¢ 9 o " dY I £

Fig. 3.7 Possible input partition combinations of e and
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A
a
L
(IC4n (IC3),
(IC51 Ican .
r
-L > L
(Icen
Icin
Ic7n Icsn
-L

a9 38 ¢ o o o W AY T £

Fig. 3.8 Possible input partition combinations of * and o’

3.2.4 HIH A3} &2 F

HA AojB2ls HA AojB229] 2oz Ve HAYRS W5
N7 9% FuEzoe PAFA FFES Aeh wAsy e 4
(3.2007 2.

= Z(membership of member) X (value of member)

(3.20)
! Z (memberships)

o714 i=1,20]t}h
HA AAEF1e Ui &9 AXHIS Ay I3t (101),, (102),, (IC5),}
(1C6), o1 A HIAA S} & 2 32D o] vehd & gloh

IF GR., < || s GE, X |e,| < L, (3.21)

0.5XL
2L— GE, X |e,]

au, = [GE, > e, + GR, >, ]

WA Ao B2l td 28 ANATES AF T2 (103), (IC1), (I07),3
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(108), 514 WIB A5 S 4 (32209 o] YEE & 9.
IF GE, < |e,| < GR., < |r| < L, (3.22)

3 0.5 % L
T 2L - GR, < |

au, [GE, X e, + GR. X1, ]

W7 AojB220] tF 2 MAPRLS A B (1C1),, (I02),, (IC5),9
(1C6),91 4 M A8 3+ 2] (3.29)3 o] Lpepd % Qith.

IF GA X |a| < GR,X |r| < L, (3.23)
 025%xL
W = ST =GR [y |G ]

HA AojEZ20] ha &8 AXNHAFS U I (103),, (I04),, (ICT),3}
(IC8),ol A ¥ =8 st 2

IF GR., X |r| < GA < |a,| < L, (3.24)
0.25 X L
au, = 20— GA, < |a] [GA, < a,]

3.2.5 HA PID Aoj7] ¢
A (32D ~ A 3208 Bakd WA AE B 28 U, HA Ao B2
o] 29 dU,E HaT 2AY HebiE GUE FFOEM HA PID Aol
229l Aol 2B du = e L

(3.28)= Al4td

EN

A WEA7I= 24 325 ~ 4

D=1l
IF GR, < Ir)| < GE,Xle)J< Land GA, < la)|< GR X|r|< L,

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

du,, = | | |
YT TR GB <le]  * 1 20— GEy<le] ¢ 2L—GRux ||
(3.25)
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2) =74 2
IF GR,X|r]< GE,xle,/]< LandGR, < |r,] < GA, Xlg|< L,

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

W = =GB <l T 20— GE, <le] T 2L-GA < [a]  “
(3.26)
3 =1 3
IF GE, Xle,] < GR, <Ir]< LandGA,X |la)) < GR, <Ir|< L,
THEN
p 0.5 X LX GU,, X GE, N 0.5 X LX GU, X GR, N 0.25 X LX GU,, X GA,
T T L= GR <l " 2L—GR <] % 2L—GR <|r,| "
(3.27)
4) =74
IF GE, <le)l< GR,<I|r|l< L andGR, X In)] « GA_ Xla)l< L,
THEN
p 0.5 X LX GU, X GE, 0.5 X LX GU, X GR, 0.25 X LX GU, X GA,
U T T L GR <] R 2L—CR <] % 2L—GA xla] %
(3.28)

3.3 @% ¥E 7|9ke] #A) PD A|o)71€ AH&3 DC 2 = A|ojA|=H
AEd el

e
)

oAt Ralw s 22 nwpE £37) A7k DC RE 9 74
2 9ste] B AolA AAG 2w W uke] WA PID AojA

ANEFIAS Adsta, I AHE HEG Alagdd A7FEE
AN 2® Fgo] FFoE ety A H oA AEE do] A& AS 3
Asl7] Y3 BHRom Zu AEHE =931 HA PD Ao WHHS ALt
Z

At 25 v B9 IFE &= DC
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Jm
oX,
flo
i
o,
£
P
o
H
>

Ho] Q7lsle 2% vk B3 Ao w, = AxE FLol u,

Feoz2A Hato] 09 A 7he-AQt #EE 7T

105241 0.9963 6.4608 —313.218 1
Tk =12 0.012 —0.0227]"””’«*#[0.2123]“k*1+[ 6.4608 ]le-fﬁ[o]“’k*l .29

rr

2

w,_, ~ N(0,0.01%)
2, =[1 0]z, + v, (3.30)
v~ N(0,0.5%)

Azl 7t 2% vk B4 g = DC BE A7 239 10%2 248k
o JIEdEe 4 0s~ 2594 dEHHAL 24Vl Oisste Ve 4E=E
34rad/s 2 ARSI, 25~ 4soA] PE AL 12V thLst= 172rad/s 2 A
3} T

Y 395 5 v E371 V" DC 2RH &5 AojA| "o tfsl] Zvt
GE| S)ue] WA PID Ao/ ALESHel s Aol AyE ABFoIH 2
Folt}, et M AAZ ZEdd, w4 25 vk EFvF VS

o2

‘

RS AoiAzEe] EYoltt. TR WE| 71we] WA PD Ao sHel A =7
Hev Azd FSOR AT AN AP B A a8 AL
sy % otk 2eu Axdle) ¥l A&t NEddel =UeA Za)
L AL B 4 Yk oL HEsl AvtE 28 vl 230 ggow s
of W% WA PD Aol7le] HE Fao] HYPol= BT F&Es} /E
U4 gol =28kA 2ahe Zolt

a9 3108 Zvr ZE 7]¥ke] A PID AoJA2H S Aol dEel AHLE
Uebd Tgizo)a, I3 3118 99 AlxH QVtH FF nE E3E e
A Aot
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a9 312+ 2% ZY 7Hke] HA] PID AoA2EoM Al xHle] dA] =9
I}z mEﬂ-"/I dF F4 =9 Atolo] ARl olkmulold ZEA2E YEhd A
o= A HAA ARt Y ojH|o]d ZEAMAE I BEZF Hdol 0014
T, B A " s 2% vhE BEAY dEFSE I3 o]

29| BEH Hgo] oF 6rad/sPS B F T oz ARE ¥ e Fol
Ae Alz=mle] Aol dE Heh uoh 22 R AW wdHn 2% vhE
Ed g ok &2 WA g¥e mlds] igd 5 7] fEo] Axde] A
Al ek FE FAHA Afele] 4 eAE AXA HAL, oI A o]kl
ol ZEAM 2| g AAAG Ato] 52 Aopr FE ] B A= o] F

AA FEFOEAN A FHLAE 062 £ AF F g7 wFel
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Angular velocity response
350 T ; :

o

na
3

8

angular velocity(rad/s)
z

8

— Reference Input
Fuzzy PID controller based on Kalman filter

0 D.IS 1I 1:5 2 2.I5 El’a 3?5 4
Time(sec)
19 39 % v E=v) 2rtE DC BE] £XA01S 93 29 ZE 7)o
57 PDAIA 2 o] s gwt
Fig. 3.9 Angular velocity response of fuzzy PID control system based on

Kalman filter for DC motor velocity control under Coulomb friction torque

Control input
30 T T T
25 -
20
)
&
& 15
=
> L—
10
5t
| Fuzzy PID controller based on Kalman filter

0 05 1 15 2 25 3 35 4
Time(sec)

% 310 ZvF Iy 7]6ke] 32| PIDAA A 2=819] Ao ¥
Fig. 3.10 Control input of fuzzy PID control system based on Kalman filter
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Applied Coulomb friction torque
0.015 Ipp . : : 4 .

0.01 |

Torgue{Nm)

0.005

(=]

(8] Dg ; 1; é EE é ;5 4
Time(sec)
a9 311 #AE Fstg I7kd F% vhE EA(0C 2E A4 B39 10%)
Fig. 3.11 Coulomb friction torque as nonlinear load
(10% rated DC motor torque)

Innovation process

Innovation process(rad/s)
r = & tn o ~
T . T

] 0.5 1 15 2 25 3 3.5 4
Time(sec)

a9 3.12 Zvk ZE 7)Hke] 3 A PID AojA|2Ele] o]Ho]d ZZ M2
Fig. 3.12 Innovation process of fuzzy PID control system
based on Kalman filter
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A 4 % npF FH71E 717 25 IE 7)Y
A PID Ao Al=H]

o] ZoAE DC BH &£& AJAI=HAA ZF& vt Ea9 A2E g,
4 2ol A7HE A Aol A =olg Ze FE 71uke] H A PID Ao Al
2"S AHgSTE s AARE s, 2% FE Y olkHo]ld ZEAHAE ]
g3t % viE EZo EAFFE ﬂﬂs}j_ I 3A7E FAse HA npE
FA71E FATH. o] FAVIERE FAHE 5 uF Ede FHHE Y&
ew Fozx FF npE BEIR Rlety wAsE A E LAE A A
g Z=k FE 7]9ke] #A] PID AojA| 2=EHS Aotsth. 19 412 oW Ao

3 718 b 29 BE W] 34 PID Ao} A 28]

e

Hol] 22 n@ E37} AVME Y-S A AE WA
A3 &9 A Atele] #A N tste] Lotk 4 ZE MHE EA g 7}

AU7MEA e 45 H 3 WA 28 B 4 @D ~ 4 @9k

x,=Ax,_,+Bu,_,+ Ew,_, 4.1
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T,
ey

Uy—1

ref + Fuzzy PID |V Stochastic LTI Kalman |
:4; Controller DC Motor Model Filter
- 3
W ;—I.
I® ;I-,. Friction
Delay Estimator

3" 41 2% v#E 3715 7 29 ZE 799
#Z| PID AoAA 25 EEAE
Fig. 4.1 Block diagram of fuzzy PID control system

based on Kalman filter with Coulomb friction estimator

2, = Cx,+v, 4.2)
2, =C(Ax,_,+Bu,_,+Ew, )+, (4.3)
2, =CAx,_,+CBu,_,+ CEw, | +v, (4.4)

2% nhF E3 5 ol AbEE, JE BAAR Y PN 4 @45 -

4 (48)7} 7o) vpEhdTh.

x,=Az,_ | +Bu,_, +D7,  + Ew, (4.5)
2, = Cx,+v, (4.6)
2, =C(Ax,_ |+ Bu,_, +D7  + Euw, )+, 4.7
2,=CAx, +CBu, ,+CD 7t CEw,_ tu, 4.8)
T " B VMR A UHEA e Aee ATHoE AHYd
21 (4.4)eF 4 (4.8)= ¥lustA CDT, THEe Aol AS £ F AT
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e dagFAAe Azwle] 48 AUA o, F Zo] 4N dES &85
of FAHIL, mA YYd FF vk B3 5 = AW LA Zgd F
gtk 2% v Ea7t 7bE DC BE &£& AojA2He] ZA&Es FHE 9
g Zdnt e S 4 (499 ZAoHlZ]l ZRt ZE dudgEoe R

Hx 7] wEel AA A&EE 9 F4 AEE Aol 2 e} 2
4.9A A o3} CD7, 7 2

z,(-)=Az,_,(+)+Bu,_,

P.(-)=AP,_ (+)AT+EQ,_,E”

K,=P(-) Cc[CP(-)CT+ R,

z,=z,(-)+K[z,— Cz, (-)

z,=Cux,

P.(+)=I-K,CIP,(-) (4.9)

42 oMo 7)ute] mpF =3 dygEE
421 HA FAH7)¢ 71& Fx

299 $4 A& A9 ool Ze A sl ke A goE Fastn
dAE o AMEF 7K T ot HaS FIHHE A HEHA g &
< Ag % A "L olRe 4 (1o wdHG

N
§= {12)|weki|}/N, i=0,1, N (4.10)

71N w,e AEH AT kA BAHE owulold L2Azol Ne
stia st HolE Aol WAE At §3 ol Axgolth No| Y

=
T 3A = dAe] AEP ARt kA Eoles ool ZEAA w, 7t
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S> 7

w Fuzzy “
o - Friction i
—» S= E |w€k7i| /N ) Ly
i=0

Estimation
Algorithm

% 42 olHo]ld ZEZA~E o] &3 npE EAjAFo A

Fig. 4.2 Test for friction presence using innovation process

of Wb F4 LuelEe HAsE AN UPEE Bosie A
) 425 Dol AT 5 e BUE 2T vhEe Z4 ons
BHss oz SHI A7]9 BHFH NaPOo=H ool e ekt

A71A ne TH#eR AoHe dgelw WEAHom 73 Sge EdE A

[\\]

Ir
1>
=
—

I 432 =% v EZe &4 =
Hl HA wpE 4719 7] eAEE YepRiTh

sl Eolal, KU = A vhd 4719 &9 dy, T AT =AY vy
olty. L2 A < Arst A7 AR A s detvEEA A np
F871 AAATY AR st 2A d2be Eolv{13]14].
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Fuzzy Estimation Block 1

" i :
w w H Fluzz sl I
i’ KE ek | % Mmagm‘ p| DEfuzzifier| .
'l Rulel 1 !
g : :
W R e e e e e e e -
@ N Fuzzifier
..o“ H Fuzzy o i
ok | t |Estimation —w| Defuzzifier .
: Rule? 2 ;

Fuzzy Estimation Block 2

a9 43 A vk F47)9] 7=

Fig. 4.3 Functional diagram of a fuzzy friction estimator

Wy = 2~ 2 w,, = KExw,,

Wy =Wy [ T wyy, = KRXw,;,

Wy = Wy —we, )/ T Wy, = KAXw,,

KE=1L/lw,l KR=L/lw,

KA=L/lw,] KU=4/KR

dhu, = ku, + ku, 7, = dkuy, X KU (4.11)

422 HA F4 HA3F daF
O9 44 QYR ASHE wy wy, wy ol AAZ 2AL A2 HE o] &
ste] Aste A w,,ww, S ANIAFOR AFAIE HA3 daeF

olty, w, = EPSt EN, w, S RPS} RN , w,= AP AN HAANFL zte

a
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E 41 WA nhE 24719 A 4 4

Table. 4.1 Fuzzy set definition of fuzzy friction estimator

EP Error Positive EN Error Negative
RP Rate Positive RN Rate Negative
AP Acc Positive AN Acc Negative
orP Output Positive ON Output Negative
014 Ouput Zero
OPM Output Positive Middle ONM Output Negative Middle
Membership
EN, RN, AN 50 EP,RP, AP
0.5

ek Wries Wa

O¥ 44 HA vi2 FH7|E A 499 A5
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Fig. 4.4 Input fuzzification for the fuzzy friction estimator




Membership
A

ON 0z ~___or

—L L outputl

¥ 45 HA FAER 1o W3 =¥ A=A
Fig. 4.5 Output fuzzification for fuzzy estimation block 1

Membership
A
ONM OPM
> L0 ———
0.5
output2
—L/2 L/2

I9 46 HA FBEE 29 ik ¢ A=A 3}
Fig. 4.6 Output fuzzification for fuzzy estimation block 2
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423 HA F4 73

AFE A W w0,
Ao ARA AN AEAH A4 J2E sl wEoiATh
2457 9 WA npE FA7)el AeEHE
zHET, WA F4

A A o

HlEt o 2 HAEE=E Hx] A JFHS AL
npEe] A71E
WA $4 FAL IF~ THE
22 13 HX 27

=

.
SRR

Tx]

® 42 AHA FA4 A

Table 4.2 Fuzzy estimation rules

HA F4 EF1 tig HA F4 121
Rulel IF w,, = EP and w,, = RP, THEN outputl = OP
Rule2 IF w,, = EP and w,, = RN, THEN outputl = OZ
Rule3 IF w,, = EN and w,, = RP, THEN outputl = OZ
Ruled IF w,, = EN and w,, = RN, THEN outputl= ON
HA F4 E52 Ui HA F4 1122
Rulel IF w,, = RP and w,, = AP, THEN output2 = OPM
Rule2 IF w, = RP and w,, = AN, THEN output2 = ONM
Rule3 IF w,, = RN and w,, = AP, THEN output2 = OPM
Ruled IF w,, = RN and w,, = AN, THEN output2 = ONM
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Fig. 4.7 Possible input partitioning for w,, and w.,
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W
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Fig. 4.8 Possible input partitioning for w,, and w,,
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4.2.4 HH A3} G2 F

WA 2HBE1 WX F4E229 2P0 Y AXNATL ¥ ﬁmﬁ}
NA7) 98 dneEow BAFA BEHe AssH wHAsE FEe 4

b, = Z(membership of member) X (value of member) 412)
Z (memberships )

WA FAEL216 0@ 29 AARFS AY T2 (1), (02),, (IC5),%
(1C6), 1A MIHA8} 34 2] (4.13)3} o] hebd % gl

IF KR, X |wy,| < KE X |w,| < L, (4.13)

0.5 % L
2L — KE, X |w,,] [

ku, = KE, < w, + KR, X w,]

HA AAEZ1] vk FY AXNFFE 4 ¥ (C3),, (C4),, (C7),%}
(IC8), o A BIHA &} std 2} (4.14)2 2ol JEbd 4 Ut}

IF KE, X |w,| < KR, X |w,| s L, (4.14)

0.5 % L
2L — KR, < |w,|

ku, = [KEkaek—i-KRkark]

WA AR thd 28 AXNATES A F2 (1C1),, (IC2), (IC5),%
(1C6),o1 4 WA A3 s 2] (4.15)3 o] Lpeha 4 9l

IF KA, X |w,| s KR, X |w,| < L, (4.15)

ku, = KAkaak]

A AojEE2el tid 28 HAWFL AY T2 (103), (IC4),, (IC7),%
(IC8),91 4 v A3 sHd 2 (4.16)9F 2ol YEd 4 U,

ali
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IF KR, % |w,,| <« KA X |w,| < L, (4.16)

0.25 X L
2L — KA X |wy|

ki, = [KA, < w,]

425 WA wF 47 29
A (413) ~ A (41602 Edte] A FHBEIS FY huF WA FHLED
o) 29 hu,® Usty 2AY WHAEE KUE FHORA HA npE 3479

99 nF B3 F4 g o E ot 2 BEATE A @1 -~

v}
iy
:i
rlo
BN
A
o

(4.200 0.2 Atdoh

D =z141
IF KR X |w,,| s KEX|w,|s LandKAX |w,| < KRx|w,|< L

THEN
- 05><L><KU><KE N\ 0.5 X LXKUXKR n 025 X LX KUX KA
T L KEX [w,]| T 2L—KEx|w,| % 2L— KRX ||
(4.17)
2) =7 2
IF KR X |w,,| s KEX|w,|s Land KRX |w,| < KAX|w,]|s<
THEN
~  0.5XLXKUXKE +0.5><L><KU><KR n 0.25 X LX KUX KA
T L—KEX w,| " 2L—KBxX|w,| 20— KAX [wy]
(4.18)
3 =13
IF KR X |w,.| < KEX|w,|< LandKA X |w,| < KRX|w,|< L
ek rk ak rk
THEN
~  05XLXKUXKE n 0.5 X LXKUXKR n 0.25 X LX KUX KA
T T L= KR [w,| T 2L—KRx w,] T 2L— KRX |w,]
(4.29)
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4) =3 4
IF KE X |w,| < KRX|w,|s LandKRX |w,| < KAX|w,|< L

THEN
- _OSXLXKUXKE | 05XLXKUXKR ~ 0.25xLx KUXKA
T L= KRX Jw,| T 2L—KRX [wy| P 20— KAX [wy]

4.20)

A A 41D 2ol W AT AnviY ~AY HelvlE KE KR KA7}

M7 HW A (41D ~ G20 N e BRE g Lo] HoR 2] (42D} ol
shtel g2 AUHL, E, B, Bt 4 (4227 g

7, = Euw,, +E,w, T Ejw,, (4.21)
E = 05X KUXKE

E,=05xKUXKR
E,=0.25 X KUXKA (4.22)

AolM MHF BNLIFS o gkl W W e F4 AWIFL A
Boh Azde] 2% vhd E3v QbEE 4 Bu e $HL o g3
W AEY Az Bk olwdlold ZRAAE ngos 2T 0 Ea
o WAl s B Bk oz A @103 2Tk 74 AT 2T
0 B3 Arle WA nhE F4 Gueze A%l 4 @2DE P

,(-)E Aeted 9gos vew B A
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~

2 (-)=Az,_,+Buy_,+Dr,
P.(-)=AP,_ (+HAT+EQ,_,ET
K,=P,(—)C"[CP,(-)C"+R]™!
T, =7,(0)+ K, [z, — Cr, (=)

P, =[I-K C]P,(-)

le = Ez Wy, + Ep W + Ed Wep

F4 d1gF, FH9E ¥ o EaE J=
4 d1gFe] 55 A=E vehdth
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Initial conditions

zy, Py

»
»

4

Predicted estimate & A priori covariance
ik;(_):Aﬂgk;ﬂﬂLBukﬂﬂLD;k;ﬂ
P(-)=AP_,(+)AT+EQ,_,E"

k- k—1
v
4 Kalman gain
K,=P(-)cT[cp,(-)CT+R]!
Measurement Filtered estimate Estimate
L ~ = —» ~
2, -Tk-:xk( )+Kk[ C-Tk( )] Ty

y
A posteriori covariance

. B [I_Kk;C]Pk;(_)

l

N
:Z|7n(k i

l

S> n

No

Yes

=E w, +E}) W,y +Eyw,,

Fig. 4.9 Flowchart of state estimation algorithm based on

Kalman filter with friction estimator
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43 vt F371E€ 713 29 € 7]6ke] HA] PD Ao <aEE
2% % £ FPL 428004 U9 T e s A n@ 3
SaeES AHgeta 2w BE s]we] WK PD Ao} dmeFe 344

AWt d1ugEFS AHEste] DC BE] £5 Ao Al2®lE FA ST

o2

11804 AHREe] vk 5 ol hHoRM CD7 ol AFeE Y o
A7k BAFE AL BAHAL 0B AAs] SAskel B Ve W g

24 dneEL oY v F4 @ 7,5 At DC E &% AojAx
@ 5

o) AAE Aol YHAN 2T wE EAS A AAFOEA Aol Az
of AP 5e FINNES A zdS FHY 5 AUk

2% vpE E3E F4T 29 HH e 4 2402 53 drh
z,(—)=Az,_,+Bu,_ 1+DT,
P(-)=AP,_ (H)A"+EQ_ ,E"
K, =P.(-)cT[lcp,(—)cT+R] !
T, =7,(0)+ K, [z, — Cr,(=)]
P, =[I-K, C]P,(-)

2, =Cx,
T, =, Wy T E, . + Eyw,, (4.24)
2l 420 Bate] AL 4 Z2AX 2, & EdFd wet Hx PID A7)

o] gL sty F=w AlA 7FE AH ref, o} AE T LARNE e, B
st o] & wEro 2 A 71A] #A PD Aol d¥€s e F o,
JAL 2 (4.25)9} 2

e, =ref,— 2z,

r.=le,—e, /T

a,=lr,—r,_ /T (4.25)
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ol Z2 d¥YS wig ez 3 HA PID Alor]e] ¥l Ao dY FE

W, = 2 2y wyy, = KEXw,,

W, =W,/ T wyy, = KRXw,,

W = [We, =W 1}/ T wy, = KA Xwy,

KE=1L/lw,| KR=L/lw,],

KA =L/l KU=4/KR

dluy, = ku, + ku, 7, = dkw, X KU 4.27)

A (42D9] MA WHEEL ol gst] WA F4 HAH LuAZH WA F3

72, 94 4 HFAG dneEe AN F AFHOR vF 24 g 1, &

Hew A7 22 obE Ea0 9% AHAL 5 Atk oA 4 (123
2o, ol AL AMEE 2] (4.29), (4.30)3 o] AP}
x, =Ax,_,+Bu,_,+D (TZH— 7A'ZH) + Fw,_, (4.28)

z, = Cx, + v,
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wy=Az,_+Buy_,+ D, —7 )+Ew,_, (4.29)
=Awx,_,+Bu,_,+ D7, —D7, +Ew,_,

= CAx,+ CBu,_, + CD7, —CD7)_, +u,

._|i_
B Ex % FYSA FRETGE 4 WA 2ol Do CDW}

AR dEe e & 7 o olRe 41delA 2R A el FHol
CDn 2 s A7l= AddHeas B3d ¢ ok 4 @304 Az=gd
A7 FF vpE B3 A s
B el FdEE AT

DC ZH &% A ofA|2Hef o]

_,4
2
o
2
il
o
=
n
Y
2
>
>

T,
o

2

+ s
X0
o
e
T
e
rlo
ox
off
=
s
o
ot
r (%]
ol
O
N
do
ol
O
£

44 v FH71E 71 29 BE 7)) 3% PD A o7& AR
DC =8 Al=Hl9] Alg# o)A

WL 2% u}zg B30 YFOR Qleke] Zt&ExT) V|ER el =Dk £e
I AR eAt dAsgTh ol SAsy] fldte] & delA ALF HA
mE #4718 7k 2wt gE Z)ike] 92 PID AlojA 28 AHgste] DC =
Blo] & Alojel] g AEHoIAS AL O e A=A

2l (43D 18 41004 AHEE DC BE &% AojA ="l e A2
ANE Y 54 UEhd Zlola, 4 4282 =¥ BAAH FH F5Y
EA4S yepd Aotk MEF AR 0.010]a, ©]4tksl W o 2= Eulerd
3} ZOH(Zero-order Hold)E A&ttt =& Alx®olA 2, =[w, i,]”, w,=e¢,
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05241 0.9963 6.4608 —313.218 1
T = | Z0.012 —0.0227]%#[0.2123]“k*1+[ 6.4608 ]leﬁﬁ[o]“’k*l 4.3D)

w,_, ~ N(0,0.01%)

z,=[1 0]z, + v, (4.32)

v, ~ N(0,0.5%)

DCEH &% AlojAzde] npd B3 5o 224804 vetd 25 vpad =d
S AgE9T. 22 npE Eg= DC 2H AAEIY 10%2 ARG 7=
AHe Z+zt s~ 2504 YHERAYG 24Ve] ULEE= 7FE AEE 3ddrad/sE
ARSI, 25 ~ 4soll A dE A 12Vl t-S3t= 172rad/s 2 A A SFF T

99 4108 2% 12 B35} A7E DC 2E &5 AojAzge ta) 27
3ol A AT Tu BE sure] 3% PID Ao A 283} 4ol A AANG v
ZH71% 74 2wk BE 7199 HA PD AejA =Y Agstel 2}
£ 598 Aotk WAl He 2wk W suke] W= PID A o)A
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#el0) 7% Qg e olf ol 49 Hhsk Lo) 29 40
PHE Ea FAge]l AAR Zgshe
Ay el Aol F=MAA 4gHs) wEolch

Angular velocity comparison
: : . T

350 T

300 (k
:m:- 250
k=
o
£ 200 |
[s]
=]
o
=
= 150
v
o
=
® 100 b

—— Reference Input
0r Fuzzy PID controller based on Kalman filter
Fuzzy PID controller based on Kalman filter with friction estimator
o I I I I I I I
o 05 1 15 2 25 3 3.5 4

Time(sec)

39 410 vhE #3718 b A9sh AR @g Ao 2wk "E sie)
x| PID A|ojA| 28] 74T ulaw
Fig. 4.10 Angular velocity comparison of fuzzy PID control system based on

Kalman filter whether friction estimator in or not
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Control input comparison

30
25
20
=
&
= 15
=]
= =S5
10
I
Fuzzy PID controller based on Kalman filter
Fuzzy PID controller based on Kalman filter with friction estimator
0 I L I I L I
0 0.5 1 1.5 2 25 3 3.5 4

Time(sec)
I¥ 411 vi#E 34715 7 A5ok 7HAA S A4 ZW ZE 7|6k
A PID Ao} AlxEle] Aojdd nw
Fig. 4.11 Control input comparison of fuzzy PID control system based on

Kalman filter whether friction estimator in or not

Coulomb friction torque comparison

0.025
—— Applied Coulomb friction torque
—— Esti d Coulomb friction torque
0.02 .
0.015 .
E A
< - u
2 o001 |
2
=]
'_
0.005
0
0.005 1 I I I I I I
0 05 1 15 2 25 3 35 4

Time(sec)
1% 412 DC ®E £& Ao 2="ol Vb FF nhE E49%
49" 2% vE EF v
Fig. 4.12 Comparison of Coulomb friction torque and estimated Coulomb

friction torque in DC motor velocity control system
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Innovation process comparison
B T T T T T T T

4 J
2F
| Fuzzy PID controller based on Kalman filter
D 1 1 1 1 1 1 1
0 05 1 15 2 25 3 35 4
Time(t)
10 T
Fuzzy PID controller based on Kalman filter with friction estimator
5 -
o MMMMW&

Tvme(sec}
¥ 413 vh&E FAH717F sle Ao sle 499
ZgE FE] o] Mo ZEA 29
Fig. 4.13 Innovation processes comparison of Kalman filter

whether friction estimator in or not
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