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1-q+n/¢

AT

§22 9 FF 0,>¢ 2 A ol A o, = okush L o] WS
%k olst=E AlstHth

k+1 C]O' _77+GB(m/g) =0,. (28)
o) & Thea gol mdW 4 Atk

B — B _
Gk,:qkﬂaé_s (m/g) n}e (m/g)-n 29
1-q 1-q

A% o] & (GB(m/g)-n)/(1-q) o] FHaw, o FEe Lk
b o, 9A FolA A HH o, <¢ = WSS "k vpEspA R

o,<—¢ < AFNE o,>—¢ & WHA Ak WA o |>¢ oW

ofy
a
(o
>
)
o
=
2
S
A
_
lf

et "ok a28a o |<g

AN o & et Be T e g Atolz Aldu,

1-q+n/¢) 1-q+nl¢’
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31)

0"

_ g o GB(m/g) _GB(m/g), o=
1-q+nl/¢) 1-q+nlg

O N P GGl PR S s
1-q+n/¢

59

flo

(CBM/Q) ;v oot pe wEHolM el 1-qinis &

1-q+nl¢ b
e gA R
(GB)(m/g)<n+¢(1-q). (32)

(g2l 28 5% &)

ek Bx JEH WaE o] & Al]ksks oAb A1 SDA W A 84
elgtat Ao} A9 3ol el WHo| s, o& 4 24 Ul

A8 @57k etk Aol 98 malh B e Al Al
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71 20 e AV]= Aol dF HuUgEY #2 goR AdEd

= [ f <M <u'" & RESSi

e 2 = dnbdor Ar AAEl FAA] MR RE B AR
EgfolB e HF Ak AViE Al AL Qe ffFERY 29
A A el AAl Al Ad&eld FaE gt 1elal

teat 2e oY gE Wi PYEE BN 5 vk

Fel 3 e 9@ Aol 4y E3UF Qo 7Y 1, 2 & wEeke AR
Al2ED (e s dEds W'y A )l TEF 2 AL
ks aeEnh A (14)-17) 9 oAk AlZF SDA W A g-star, Al
devEE 0<npl/¢g<q<l, 0<g<l, n>(GB)(m/g), O<a<l o=
At oluf ofgisl T FH H5AS ke FrolHA giFl

4 2 AgE Pk 4o Yl e 1,7 0 SAEHH o
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®PO-P+7,P @®PI,—7,H ®'PT,

* I'PI, - 27, IPI, <0, (33)
. 1
* * FZPFZ —WTS
A-BK -B -6B -B B
®=| 0. 1-g 0 |I,=| 0 |r,=gl
0 0 a GB 0

H=[K 1 5],K=(GB)1G(A—[q—%}|},5:(es)1(a_q+%],
A7IA *= St AR A ghelth

23 9 F5 A4 2 o ga Aol AY EZHAIE |of<g

gEdt. el dsds gHel 5% wib 4XY W A (6) &

Xref — AXLef ] (34)

webd] 4 (9E olgsh Aol d¥ 4 ane thew o] ®d
7453ttt
u =—f +(GB)1[GXSL ~GAX, —az,+qo, —7 Sat(%ﬂ

=—f +(G|3)1[_GAek -az, + (q —%j(Gek +2, )} (35)

A

=-f —Ke, -9z,.
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4 @9 4 (352 olgdtel thea go| e tolyuag T 5
o1t

ref
k+1

= Ax, +Bu, —Bq, +Bf, — Ax (36)
=(A-BK)e, — 6Bz, —Bg, +Bf,.

€ X X

k+1 = kel

4 (16)9 (04% olgste]l AF FY AL obesl Lol

!
[181_'4
2
b

AT,

fk+1 = fk +9 (GB)il |:O-k+1 —qo, +7 Sat(%j}

= f, +df, (37)
=(1-9) fk + of,..

b 2 (14), (36), (37) = ol&dtd tad P2 HFE AAEE

3= S I~
x93 4

w,,=0w, +I'q +T, fk ,
u, = —HWk, (38)

; u
q, =U, — u"msat(uﬁj,

AV w=[el q ] olth A @9 & obd 2% 2323 o] ¥

7hss
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Wy, =®w, +TIq, + T, f,
Oy u, =-Hw, U,

lim u
g =u,—u sat( j
u

3% 232 oA Azt SDA ol H4E Hn Ax"eM F& o

A2 BHol A7HE W HIFZ ALY NFE
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webA e 3 S A (38)F o] HHHA Wyo 55 1

o
N
—
.
ro

Aol A A7l 9% 4 89 Aol Qg wHAE QL W, 914
W &e dejs) dslEs A dujst olg A&7 da Bew

2 A9 1,28

Fo 1 (g Fgh W) [71]: 2 (38) oM q 7F 0 °]a w,=0 ¢

A EO A, el 4" f o AV ARE o w7t B2 Vs d B

(|

A= gme. = v o] 13 7hs e
R={w, |w, and f, satisfy (38) with g, =0, w, =0, f <M?}. (39)

9] 2 (/¥4 E) [71]: 2] (38)2] w, ol tisto] ofgje} e 2%

rlj
AN
_C;L
rlr

FrolwA WA oW 4 A AR p o] EAT W o]

oft
oft
ol
-
oy

w, o Hes A E g 9k
E={w, |w;Pw, <1}. (40)

w, o FEE BASH] Ssl A7I7F AldkE Qsk el uid =
Agre AR AT S f2<M? Ql 1ol Fojd w, ERA
B {w V(w, )= ol 3l BE ow ol disted AV(w,)=

V(W )-V(w,)<0 Z wEs= p sl EAechd ghldl E o= wg
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A& R FLA}(over-approximation)dt A eo)w wy, = ¢Hg sl e

X3 A= ok 19 2435 FuF F SUvh

»
|

N4
f

a9 233 &2 FHg g

e Al =719 o'k o] gloje fHsr] %t 23S vt

2ol Hejdh

AV (w, ) <0, (41)
w[Pw, —1>0, (42)
fi 1>0 43
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H

29, (-Hw, —q,)>0.

utebA 2 (43), (44) 7F FolA AL A (42)F wEdE w, 99

=

(41)°] A Wkt flElAl= obglel 22 S-procedure &

AT,

2

2

AV (w, )+ 27,9, (-Hw, —q, ) +7, (W, Pw, 1)+, (— '\;k +1J <0.

Za HFE AAHCE HEE Hdydo] EAsth o

2ol 7+ ZZH(sector condition)?! YE=H H524S 7 S Q)

1=

=

o,

459

ofej o}

oA, A

o

=

(45)

A=, 4 @) £ A @AY 2Y »EAow mdsbssta, 744

Ja Pl A Asue bde. mep oy 4

g st

(¥ 35 5% &)
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24. 449 23

MG MR AR Ajksls o]ab AlZE SDA W 9

HESITE AR AJAE 42 v 2.
® 400W M X RE W 23bit 17 Y (RS Automation, Korea)

® 400W A K. Zzglo]H (RS Automation, Korea)

!

o BAAF 3 U AZY

® Ao A EZQ|o] (RS Automation, Korea)

=l

B pe 9 REE 29 241 9 2o] AR 19

tetul e o} Ale)7]e] AR 3 2410 FAEAT

35
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¥ 241 AY vy L g

s} g W )
J 2.32x10* kgm?
ki 0.33 Nm/A
T 0.125 ms

ylm 5 A

G [200 1] ]

q 0.9 -
g 0.03 -

n 0.3 -

¢ 10 -

a 0.97 -
fl. 2,000 Hz
f. 871 Hz
fues 1,615 Hz
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B A= BEx xE= 15 3, EE ESEE 2000 rev/min,

N
>
oY
4>
>
o~
rlo
3
3
w
t
=
o
)
N
%
2,
o
ol
@
)
=)
&
rVU

A HEE

o

243 7 Ao AL ARkek= o]k AlZE SDA W ¥ [56]¢ 4 AlQEsh
s wastnh AY Ade 19 244 9 2ok e ER YA
F2ea A3 Ans Fdiste] 19 245 o Z=AEATE [56]014]
A]reks W AEA] FEAAAA A olle] (912 WE - BE SA)
9 %5 od(HE WY - wE )0 727t FuA w3 9 A

CEMIES:

)
:
¢
2
rO
off
o
rlr
o2
rE
)
ofo
>,
do,
2
Ay
g
{px
b

sAuow AR WHel A, A= el [se]dM Ak
Wyt Aol msh Azl @A dehgth mebd Ackehe
wlo] Aol Y Esrh WAstolE FAHQ AEo] Ax LE

SR A FEHES & Ao A A % 242 o gokeith
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; u
u'Msat| —k
u

et ; 0, (t Load
—_— t%zcrs%i\ Motor ® (Coupling, —>
Ball-screw)
Xk
Encoder
0,
State
Generator
I9 242 AA ALAH ESE
(a) Reference position
100 T T T T T
80 |- 1
= 6ot |
&
40t i
20 1
0 1 1 Il Il 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)
(a) Reference velocity
2500 , x : x x
2000 F v ~— - e i
=
g 1500 | -
=
Z 1000 - .
=
500 - .
O 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)
I3 243 AHPEX FH
39
.__:I'x _'q.l.- ik



(a) Position error
4 T T T T

- -
—~
2 I I I I

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)
(b) Velocity error
1600 : : : : :
5 800 .
g JAN
~— 0
g
£ so0or .
_1600 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)
(c) Control input
6 T T T T T
3
o
-3
_6 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)

~

(d) Disturbance estimate (fx)

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)

I 244 EATEI AAR AR AAH AY A

(HZHA: 156] W F L, A A st o]At A7 SDA WY A )
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(a) Position error

1 T T T T T
05 1
~~ 0
R 05 1
~
~ -1 a
15 1
_2 1 1 1 1 1
0.425 0.45 0.475 0.5 0.525 0.55
Time (sec)
(b) Velocity error
1400 1 : : , :
é 700 [ 1
~— 0
g
£ moor 1
_1400 1 1 1 1 1
0.425 0.45 0.475 0.5 0.525 0.55
Time (sec)
(c) Control input
3 T T T T T
2 M 7
~—~ 1 -
=
-1 -
_2 1 1 1 1
0.425 0.45 0.475 0.5 0.525 0.55
Time (sec)

(d) Disturbance estimate (f;)

0.45 0.475

0.5
Time (sec)

0.525

0.55

I8 245 EAIFI) AAE AR AAY AR Ay (FE5 77 )

(HZHA: 156] W F L, A A st o]A A7 SDA WY A )
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® 242 A% A% 2o @S 77 o F)

=7 o]k A%t SD W o]4F A]ZF SDA
e (A% 4 2 71A) [56] o [57]
A e 2
A 92 (rad) -1.8208 -1.8126
A=A ol e
A 713 (rad) 0.3375 0
5 o
AR A 3= (rev/min) 322 288
5 o
SFHA I3 (rev/imin) 288 252
S 106 0
AR A 3= (rev/min) )
2 73
Aol 4g xsl Az 138 101
(msec)
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A3F AGG AR ALDAA oA Ak SDA Ao
Y B P

3.1 Ao g mE3}A )4t AZk SDA W Ao
2hu| g 73 B E(58]

g

Foll= ARG ME AAERD gyo] BE FakelA ojal Ak
SDA Ao el wd Wl diell Aot 2 22 Aol 99

AEBP7E BA o ofefel 2 B2 etk

0 1
HEZ A, B= T kT ) T oYy mEYA kv @ AF M
’ 2M M ’
FH e A, f, = A% (cogging force), "HE & EAsh= v H

elgkolut. Aol A= Esprb HA ke A olak AR SDA W
ol AlZE sD W Fdsk, o4k A S

ole) tholul A% BA g dHAs W AL et g

ref Axref + Bu ref (47)

k+l
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o] 7] A Xref I:pref Vref \___ A~ HE o], pref1__ B fo—t—

Sw WE, ur e AnEas 9ge) Aade) ARl duds BH
st vlda A8 e dew 2ok
s, =Ge,, (48)

o714 G=[c 1] & AL MH, ¢ & &pold wMUEE VIEIE
ougtt. e =[e, e, "= ol WEH, e, =p -pf = UA o,
e, =V, —Vv & &% ofgjo|t} o]at A|zk SD W2 ebgelA st
21 (7)), (8)7 T} olak AlF SD W2 A|AHE mdl A
AHEAEZE Q17FskE Wl PHE S FF)
glgto] gltkd o7k 0 1 FF AE @k sHARE A AR
Al 2Elo = glgho] EAfstH, Alof7]e
A ole7h dvpbt Am, Awp
ofe] &gko] QI7pd W 91 of2}”
Asf ole vole el g
HA g9 kg o8 HF ¥

NOERE, s |<g Z AolHE Ageld EAET. a=la ol
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ref
k+1

= Ax, +Bu, +Bf, — Ax —Bu,"

i =Xy —X

= Ax, —Bf, +B(GB)" (foﬁl —GAX, + Lq —%j SKJ
+Bf, — AX™ —Bu" (49)

= Ae, +Bf_+ B(GB)“lG[—Aek +Bu™ + [q —%jek]— Bu/

:(A_B(GB)lG(A—(q—%jIDek +Bf,

=(A-BR)e, +Bf,,

2Mc(l—q+nj
o174 R=[r, r2]=(GB)lG(A—(q—QJIJ °lil, = :

2M (cT +1-q +’7j

kT (cT +2)

ojth. A (49)¢t (10)= ol&3ste] ofefel ol

, =

W7F F7Fe (augmented) e trolUHlAE F=8 o Sl

e ., A-BR B e 0
|:i;+:|:|: 0 1 j||:j:|+|: 2X1:|(fk+l_fk)’
K+l 1x2 -9 fk 1

(50)

ek

e,=[1 0 O]LJ.
2 (B0)ell= A AAE o gollHAs ®HEsL, AL A
=80 fA s =HoR Atk old & ¥l gt

9A eelel Ag Fai et 2
E(z) (A-BR B ][0,

oL LRSS Y
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A7NA E(2) 3 F(z) & 27 94 olel 2 9ete] 2 i@ gholeh. A
G)E AAEd, d9E & F 19 3 o) @w WA 9o 9w
AAAE Al o AFRaT} AFssth Wepd A () e o

e 5 ek,

_

E(2) kT’ (z+1)(z-1) |
O g el o)

S8 thea 2o ARAS @ 5 Atk AA, A5 9wl

T+ HA exkE 0 o etk ol HEgL % 2 (final value
E
[e)

(52)

F(z) =i,
lim(z-1)E,(2) (53)
kT? (z +l)(z—l)2 z

R G T O

=4, 4 Gt 4 A NE 21 Atk ©lF p.p,.p, & EdY

et 2k

_2—cT
T2
p,=1-9, (54)
P, =a- 7.

o] FHE20 T 1 Aol #hE Ztod, z Tl Al (1,00 HellA
Holdars wE SES Holal 91A o7t 0 0= W FEeitt ofd
1

o sidati= AL AEC i =4-9F HAAE 1™ 311,
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Fa 9 A3E 9 312 o ZAEEY MEY F7]E 0125 ms
ol tf,
X 311 o]4F AIZF SD W Al HNE W =3 XA,

D1 D2 D3 c g q n @
Case 1 0.988 0.970 0.960 100 0.03 0.99
Case 2 0.988 0.940 0.960 100 0.06 0.99

0.3 10
Case 3 | 0.988 0.970 0.930 100 0.03 0.95
Case 4 0.969 0.940 0.960 250 0.06 0.99
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Pole-Zero Map

Pole-Zero Map

0.1 017
0.08 - 0.08 -
0.06 - 0.06 -
0.04 0.04
%) @
% oo Ps P2 P14y % oo P2 Pz P 4
> >
g 0 XX x O g oF X X x O
5 5
£ 002 £ 00
-0.04 -0.04
-0.06 -0.06
-0.08 -0.08
04 . . o4k . . . J
0.9 0.92 0.94 0.96 0.98 1 1.02 0.9 0.92 0.94 0.96 0.98 1 1.02
Real Axis Real Axis
Pole-Zero Map Pole-Zero Map
0.1 T 0.1 T 1
0.08 0.08
0.06 0.06
0.04 0.04
K] K]
% oo Ps P, P 7 £ o0 Ps P2 7
> >
g o X X X Q) g o X X O
g -0.02 g 0.02 p 1
E E
-0.04 -0.04
-0.06 -0.06
-0.08 -0.08
04 . . o4k . . . J
0.9 0.92 0.94 0.96 0.98 1 1.02 0.9 0.92 0.94 0.96 0.98 1 1.02
Real Axis Real Axis

(c) Case 3

(d) Case 4

39 311 9% Q] W 9A ol AgAse 497 9.
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Disturbance-to-error Frequency Response
-80 T T

- Case 1
m
S 100 k£ Case 2
) Case 3
D |
3 -120 Case 4
=
& 140 | .
=
-160
10° 10" 102 10°
90 T T T
©
© of 1
()]
[
S 90t E
[0)
@
S 480 F 1
o
-270
100 10" 102 108

Frequency (Hz)

I3 312 I 4ol A A o dALggs Fo o

= 4 (6523 2ol =4 Al AL AAE ATk B A[AE A o)At
AlZE SD WH e e £Hol Zhsdtth Al S50l ARl A

AHE 0 o2 W= FHAL 5 vk o5 faid= c o g 7ok

&}, q—%% Zofol @it} 13 312 & BW IR AR sirtol
WA B2 SRkl g 91A olele A7) FOlEE AL % & ok
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3.2. Alo] 4g x3} A WH A of
gzu|g 59 gllgli}& M3k SDA
) = [50] o A

32.1. 7 &

oo = = E L .z [e) T Ol_i 3 _1L‘ | An Z—]
) ) O]_U:] :2 3 4G 74
= X S
o
2% . J_L}\ = 1 [e)
a = T [e) 1 1 o . .3
| = o ]

, Al 4" 2317}
WAgstel = o] A

B
¥
N
rO
o
0%
o
(0
ok
ol
38
o =2
_O|L
Y
rET
&
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olo
il
o
2
o,
X
<
o
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&
o
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3.2.2. Al EFo]A A

ol 3.1 A Yol TEl AlAE mdor ¢=0920 1 F$-9}
a=0995 <1 7% thd AlEold AItolty ywA] Al shetu]E
ZAL % 3210 BAEAL A AA PH Hx 9= 02m, Hu
E£T= 06 mls, 7FEE A7 6 ms otk @S 06 A = Q7FEF T

AlEdeld A 47 19 321,322 ¢ Stk

¥ 321 AJEYolA 9 A8 ey A

Ip2to| g o chHe
M 6.44 kg
ks 40.4375 N/A
T 0.125 msec

ylim 3.96 A
c 339 -
q 0.9792 -
n 0.2078 -
) 10 -
g 0.0416 -
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(a) Position command

220 T

o
Decelerationi

L

180 '

0.2 0.3

(b) Position error

(mm)
S A NVonvro

(c) Current Command

0.2 0.3

o

0.1

0.2 0.3

(d) Velocity

0 0.1

0.2 0.3

Times (sec)

% 321 «=0.9204 w] A EHo|HA A
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220

210

(mm)

190

180

(mm)
S A NVonvro

(a) Position command

o
Decelerationi

o

|
|
[ 1
|
| 14
| I
0.1 0.2 0.3 : 0.4 : 0.5
(b) Position error : :
I 1
I I
I I
| 1
I I
I 1
1 1 1 I 1 i |
0.1 0.2 0.3 I 0.4 ] 0.5
|
(c) Current Command :
I I
I I
I [
T [
|
1 L 1 1 1
0.1 0.2 0.3 I 0.4 105
I 1
(d) Velocity I I
I 1
I 1
) |
I 1
I [
I I
1 1 1 I 1 I |
0.1 0.2 0.3 I _o04__ _ _1l105
Times (sec)

1% 322 o=0.995Y w A|EFolAd A}
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323. 289 (Decoupled) & thol gl A £

S

Aol 18 Ese HFo]l glowA mE FH des 2] SlH,

A Aol dE E3A] oflg] tolulm A7F o BA yEhh=A] 24 R
Aol e mESA oflg] teoliH As vt 2k

M—(A BR)e +Bf (55)

o714 s |<¢ Z Aol A& dHds WPl A @ne wHshs

O

sk AR o714 Aol Q18 X3Pk S ole] tholuu s
ches}
€ =X — XLe-tl
= AX, + Bu"msat(u j+ Bf, — AXLef — BuliEf (56)

=Ae, +B(u"sgn(u, )+ f, —us).
Aol 49 x3} AH Foll WA P Ao 5F H HA FHoR
At 4 (56)> ot A3 Zrh
e..=Ae +B(u™msgn(u, )+ f,). (57)

a2l A (57) = Al 233 HolA A gk viel o] A b shE

weba Ale] dge oAl mlEst ggor X]istAl "ok ojuf oY



z =0, —Ge, =~—Ge,. (58)

2 (B8)= ZAF 7hs @ ol Al 18 23} Aol = 7, 7t TET
AX AHOIARE o, & ZE FHOE Ao7F HE ASolr] wjitoltt
uwebA] Ale] ¥ wxEst JgoR QIS o]FE o] tholyuAE

e 2,

ref
k+1

€ =Xk+1_x

= AX, +Bu, +Bf_— Ax}

k+1

=Ae, +B(GB){—GAek —az, +(q—%jo—k }Bﬁ (59)

=(A-BS)e, +Bf,
= ®e, + Bf,

o711 S=[s, s,]=(GB)'G(A-al), ®=A-BS o|tt. 2 (59)s}

Eo)& Hladnd 4 @9l a-F 7F A Gl o vh e

>

otk ol 4 (59) )% (decoupled) o] Tholujul e} v g}
okatd, Aol 48 vxgAlo= 4 (55)Y = SHS ZEOLE, Ao
e Eah F oA EL Ao 4 (599 e $HE itk webA

2 (B9E & AAT B Aol A" E3pF & i TSR, tA

rlr

xahE A rowA 914 olejzk 0 o W=l FEE 5 gt ol

Gy
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3.2.4. YA ¥ (Phase portrait) 7|8k 288 of g
gojyg A HA 9 BHx e W
dudF

Sk AlEEeld Aake] A&zl M e AH WaE

19 (phase portrait) ©. & @3St ol 19 3.23,3.24 9 #r}.

Phase portrait

0.4 r

velocity error (m/s)
o
o N

o
N

04 | . | . | |
-1 0 1 2 3 4 5
position error (m) %1073

19 323 ¢=0920¢ W @& FANA 3 1™
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Phase portrait

04r
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(60)

Qjgo] 17} 11
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Abstract

Robust Discrete—time
Sliding Mode Control Method for
Disturbance and Control Input
Saturation and Its Application to
Industrial Servo Systems

HAN Jiseok
Electrical and Computer Engineering Major

Department of Electrical and Computer Engineering

The Graduate School
Seoul National University

This paper presents a discrete—time sliding mode controller for
industrial servo systems subject to disturbance and control input
saturation. The discrete—time Sliding mode control with Decoupled
disturbance compensator (SD) method preserves the separation
principle, which is a decoupled property of the sliding mode dynamics
and disturbance estimation error dynamics. However, when control
input saturation occurs, the separation principle does not hold. In this
paper, a new discrete—time sliding mode controller is proposed,
which is called the discrete—time Sliding mode control with

Decoupled disturbance compensator and Auxiliary state (SDA). The
80



proposed method preserves the separation principle even in the
presence of control input saturation. Furthermore, the stability of the
error state is analyzed with a given restricted reference profile. The
design methodology for the discrete—time SDA is also proposed in
industrial servo systems. When the control input saturation does not
occur, the performance can be adjusted by locating the poles of the
disturbance—to—error transfer function. When the control input
saturation occurs, the error dynamics are changed, which are called
the decoupled error dynamics. These dynamics can be designed in
the way that the error state converges to zero fast and does not
exhibit additional oscillations. The proposed method and tuning
methodology are applied into an industrial ball—screw system and a
linear motor system. The experimental results show the high—
performance and robustness to the disturbance and control input
saturation. The proposed method is expected to provide high

practicability in various industrial servo applications.

Keywords: Industrial servo systems, discrete—time sliding mode
control, decoupled disturbance compensator, auxiliary state,
separation principle, control input saturation.
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