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A Study on the Friction Compensation in CNC Servomechanisms
by Fuzzy Logic Control

Sungchul Jee*

ABSTRACT

This paper introduces a friction compensation fuzzy logic controller, which utilizes a rule-based approach.
The paper explains the algorithm of the proposed controller and compares it with a conventional PID con-
troller in simulations and experiments. For the experiments, the two control algorithms were implemented
on a 3-axis milling machine in contour milling. These simulation and experimental analyses show that the
proposed fuzzy logic controller has superior performance over conventional PID controllers in terms of part
contour accuracy.
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Fig. 1 Friction models:
(a) Gilbart and Winston’s model;
(b) Canudas de Wit et al.’s model.
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Fig. 2 Block diagram of the P-control system to estimate friction.
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Fig. 3 Friction-velocity curves for a hydrostatic slideway.
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Fig. 4 Friction-velocity curves for a plain slideway with little
lubrication.
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Fig. 5 Structure of the proposed fuzzy logic controller.
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714 K& AR Adeln, u (k) AIZFEA kellA 2]
AR Aojgoltt, 2F oz FAIA ol FEAA
9] npEE FE3}] Yot AR H|AE viE-AE-v)
¥(PID) ¥24]9] 5A=8] Aloi7]7} 4= A}

Aoj7le F AY T Aojr] 8o ) 2tz 749 o
AAEEol A=At Fig. 69 Uehd uigl o] AA|
2 HRA=2] Aol e A L 59 24
FE)3% NL¥ PLE A E AdEE@A 428 99l
o] Fehe 2714 Ao A&¥FES By
Fig. 6914 NL& “&9] #o Ay, NM& “29 go
2 Folty”, NS¥ “&9 @o2 A}, ZRS “A9 94
olty”, PSE “%9] goz Ay, PME “¥ gloez 3
Ztolty”, PLE “<ko gtoz Atof gt gutae
2 e(k)d Fe F 24585 &3 €, vlA R
Ae(b)E F T &3

Ae(k)=q e(k)y=p

Fig. 6 The membership functions.

HA AFHEL A 2AFog FALY “IR(Z
JE) THEN(AH124)'% 2 S 2t R aAF
dAxe 2709 HA 4o dis) 42 749 AAPFE
Aoy onz, BF 49709 AR Eo] BYEHA
2 wojxo] AREHNUG, of AJFAEL Eq. (4)9} 2
ol ¥8™ & slon AAE Aord 2 FIHES
Table 1) YA}

R;: TE=A andAE=B thenU=C , i,j=1,..7

)
d i ~i

ANE Aoj7ldA AtHEL 33t 22 ded

Table 1 The proposed fuzzy control rule base.

Control If Ae €
Actions | NL NM NS ZR PS PM PL
NL NL | NL | NL | NL | NL | NL | NL

NM NL { NL {NM | NM | NS | NS | NS

NS NL | NM |NM [ NS [ N§ | NS | ZR

Ife € ZR ZR1ZR | ZR {ZR | ZR | ZR | IR

PS ZR | PS | PS { PS§ PM|PM|PL

PM PS | PS | PS | PM | PM | PL | PL

PL PL | PL |PL jPL | PL|PLjPL
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(i) IfEisPS and AE isPS then U is PS;
(ii) If E is PM and AE is ZR then U is PM
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\ N
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‘L(max)
Wu)
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PS/"\ /'\PM

U

single-valued
control command

Fig. 7 The fuzzy reasoning process.
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B AT AAE HA =] A o}7)(fuzzy logic con-
troller: FLC)°ll thal AFE AlEdold& $3sidx,
&8o] A9 ¢ BE] hAS 7HA 3v18 CNC ¥
Pl s AAY &2 F4 4¥S ek AEY
oMo 29l SAuEGEL A A2 BED &
ARBIEE dtgon, o] #EL Table 29 WERAYTH
Algdeld g AYolxe Aol MEF7](sampling
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o] 94X A% A3 (linear encoder)l] 3 35
At Fig. 8& 3 Fo thdt Ao} A 27l ASF=E
BlEd, F Fo dial #Ax=g Aor1g FAsAT.
HA&d uls} o] X9} Yoo WalaFo] HZ|



A9H

=g A7l g4goz 2t Table 3& A& olA
o APolN FUdE oz 29 HA=g Aol Y&
g 258584 g FERES Yeig. 258 S
o zdtat $YHHEL Fig. 69 ebd ute} o] o] 23t
€ 2550 397 ARES AU

Table 2 System parameters.

Open-loop X-axis K,=2835
Gains Y-axis K, =28.96
Time X-axis 7, =0.055

Constants Y-axis Ty =0.056

Table 3 Center values for the membership functions.

Membership e Ae u
Functions

NL -21 -4.5 -55
NM -14 -3.0 -35
NS -7 -1.5 -15
ZR 0 0.0 0
PS 7 1.5 15
PM 14 3.0 35
PL 21 4.5 55

A€ Aojrle] H5S vindr] Hall &% 24 (con-
tour error) & &3t §Feale A &3 3
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N do s

24 2

feh m\m

£=——= 9

@70l rol i 4ol XYAEAZ O ¥¢ 4%
o dalAe &7t a3t 2ol T

=P +(P,—r) -r
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g, 28Y 33 2N wws} o] Fod F 3
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A& Aozl 7t AdS FE37] H8 HAA = A
o}719] 28 & U&7 o] F RECE F sy

&%
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() = 1, (k) + 1K) ()
AN wk)e Aol e 42 AEY Ho|
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3% 2ol $%e o

u (k) = [e(k)); u, (k) = @,[Ae(k)] (12)

o 3 0= HAE AAE Yehlle E5d e
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R E AE >»| (Fuzzy Logic
— Controller)
5 > [-Control
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Fig. 8 The overall fuzzy logic control system.
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A7 () u, (k) thg M€ (sector)E TR &
ALE 4 K, & k, 2 Holshd tdgo AN 4¥
Lig=

K™ () < u(k)e(k) < K™ [e(k))

. (13)
K™ Ae(k)] < uy(k)Ae(k) < K7™ [Ae(k))

AANE A= Aojrig FAs k™ K™ & ¥
g A Hiyd Huigez, kM KT e ol
A9 Haz Adigtez Z4z7t 7138 4= gl o9
2L A Hgel sl 1 FUEE Tk HA =g
Aoj7) Aoz Bsgict. AAE HA =g Aj79
A% K" =00ln2 S7t9] ule 2 vE AL 47
(K™ + K™y /29 k7= /22 FoEh, &H, e,
ng 2 AR Adez 7 K,, XK, 9 K, &
PID Aoj7le] Aoiga e thadt 2o FRE # vt
(K, & Kpoll AEF717F £EH).

Lo
e

u(k) = u(k—1)
+K p[e(k) — e(k - 1)} + K e(k)
+K ple(k) - 2e(k — 1) + e(k — 2)]

(14)

Alggoldd Ao 2 919] PID Ao}7] AQFH
& goz 29 F719 sA=e Aoj7} ANE Table 4
o Uehfidrt.

Table 4 PID and FLC gains.

Gains PID and Equivalent FLC
Proportional 24 _{
Integral 0.1
Derivative 6.7

4.1 Algio]M Hnt

A gH oA & &3 L 458 713 44, 4, 4
7 2Aele] A $59 71E &F0] AdHIeH, M2
e olg& e dal Algdoldel FRAUY. A B
A& tE HAALE d7] S5 ERE HAvHEA
N2 AY k& AEF T +5%9 B3 HES
FU. B 28 BEe| hiRo] dig o 33
APd3E Edz ofBYd L oJFEE v (29
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mm/sec)®] T2 3 AEH N T2 ¢Yys}
Atk &, 3ol e Aol Y FT 1A (Fig.
4 F2)E 12 mm/secd] £28 JIEOR do] 1 ol
o &% PPN £ 23 F42 SAAF o,
2 oj}e] FeiME 2ENER T A4 4%
sttt o] wpaoje] AT whEghe] 8% £33
HE(AF,)E Fo], Ay og A BolHdA e
2 29 njErde o139 A3} g},

For the X - axis:

13.95 + AF, forV 212
Fv)= 0.05V? - 116V +20.49 + AF, for0<V <12
¢ -0.04V? -1.00V - 1827+AF,  for -125V <0

~11.84 + AF, for v <-12

(15)

For the Y - axis:

1276+ AF, forvV 212
Fv)= 0.04V? — .12V +19.99 + AF, for0<V <12
¢ -0.02v? -0.68V - 1684+ AF,  for —12<V <0

-11.80 + AF, forV<-12

HA=g Aoj7]1g PID A7l && 4453 A
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(1 BLU = 10 pm; feedrate = 0.4 m/min). -
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Table 5 Simulation comparison of contour errors (unit: 10 pum).

Conditions Max. Error RMS Error

Contour |Feedrate| PID | FLC | PID | FLC

Straight| Low 9.3 6.6 18 1.6

Line High 9.4 8.3 1.9 1.6

Low | 11.9 100 | 4.2 2.7

Circl
T T igh | 399 | 257 | 217 | 114

Low 25.2 174 5.0 3.2
Corner

High | 46.0 4.2 ) 78 5.3

direction of cut

X
11.6° >

{(a) A corner contour

Contour Errors [BLU]

Controller Outputs

4 45

Tim% fsec]

(b) Contour errors and controller outputs

Fig. 11 Simulation results for a corner tracking
(1 BLU = 10 pm; feedrate = 0.3 m/min).
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Fig. 12 Experimental comparison of contour errors for a lin-
ear contour (1 BLU = 10 pm; feedrate = 0.4 m/min).
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Fig. 13 Experimental comparison of contour errors for a cir-

cular contour (1 BLU = 10 pm; feedrate = 1.0 m/min).
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