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Abstract

This study describes the merits of PWM control of hydraulic system using high speed

on-off valves. Generally, Electro-hydraulic valves can be classified into two
classification: valves which are controlled by analog signal and which are controlled by
digital. The former includes hydraulic servo valves and proportional valves which
require A/D converters as interface to digital computer and too costly and sensitive to
oil contamination because of complexity in structures. The latter includes high speed
on-off valves which do not require A/D converters because they are normally operated
in a pulse width modulation(PWM) method, and are low in price and robust to oil
contamination because of their simple structures.
The objectives of this study is to analyze the limit cycle which regularly appear in the
position control system using 2/2way high speed on-off valves, and to give a criterion
for the stability of this system. The nonlinear characteristics of PWM and cylinder
friction of this system are described by harmonic linearization and the effects of
parameter variations to the system stability are simulated.

PIE-REL LS aE] AN TEAS
D TI"E]
A, H2EWA F.: 2% 139
cq &AL AF Fp oo R8st

T AJANA(FEA LN 7[AZER), E-mail : yooti@dsc.ac.kr, T : 031)720-2048

(412)



Fp 1 928 w13y

G © =0l Al Ete wEds
ky o frEOlS

ky o RrEAHAT

ky @ Ol S

by, DRI HAHHY
K(ky ky) @ A"l S

L, BAv&4
M:IEE A

Mg + BAEE

Npyw © PWM71 &3

N, Agds

Py, Py A% ¢

P, TE9H

P, . B399

¢ : PWM ¥84s

¢ - PWM #8439 I
Q  FEH(EEAA AUH)
Q, ¢ FEF (A WH)
Qs - AT PWM #HA3
T : PWM 2% F7]

TS : /\H.\LE]/\]Z_

HAZ A= Aoje=

R A o] 87}

235 SUAAH S AAHA A B Q7 91

N FeR AANE AT Y s Ee
BN N2ES OALE AojsE i Fo @
A2 &, 9mo) 279 TAY AFel oste] &
ot AAUBRE BAZWZ(PWM)E FE3
r wao) 9k §¢ Axde PWM tAE
Aole) APLE yEAAWB Y A AHI
NHolx, vlolARZEANY EEOE TERA
Yuel FEL A/D ¥ flo] BE gAY A
o}7b gt Aol VW aane) gA ofelA
PWM sl 33 vldd, wuzsie) 94

A, Add mhE 5o wAY Eqo] EA

th olE wAY EAo] Alawe <bAA &4
wEFEHooF &, 28y Tanakas ©adt o4t
AR 7HFste) @z MEH A7) A Aol v

He AL 2ABAT, Y Noritsugus &
g A olM PWM A3 23
HAE BEAL %3 EAHOE 71eksisled 239
wu el A, i mF F&
Hegonz PWM NS A e vado)
£3) 2HEA @Rt © B AxdME 2/2Way
ZEAAEBE AHEste] PWM A= e #5F 9
jAo} Al2Ee] HAAS #Asle] FAFHE AL
AABIA @tk A"l EAsE PWM
A A B3l v A8 EA3 Wy Eyo] Ak
K]ﬁ, AAY v wMAE EA4L Rdysy,
PWM Ao 2 wvl2e] Blad 5EAL 28553
MPglel ot 7|edFE BN, AILH
8 o8 7FR wilESs sk wel AlA

el MR e FFE HFE AEHoHE T34

<]
LA

o R

2

N

a1
}ol' mlo 2

B AN o 3 oA age] NS
Fig. 19 A%t 2 Al2"ol e AFE o ¢
H PWM FEHE 49 &AW} gz e

2T QAR AL A2l 89
AEE 49y A2B WY x0T, oRE
A

O|EWFEOE A YHZ Ryt o]F AT

o



% foel A

3] =g gAaZ X H e = o]t
gt A FEHE IS FEH 9 PWM +5 °ﬂ~4 374 kpzcdw\/IO]E]'
Wy 4EAQe) alA 13T B} AT, 0
2g SHL AoAzY A5 FL 4P u1
Atk AOAAEL Fig. 29 7ol mHEg 5% Fdafea A9 AEHHNE BEsH
o 479 AREB 4 b o ol W WH (6)3 Zt}.
= X 93] ASES Wy Wy ASY
9]' C- 6 Toﬂ c . Al al, bg}’d 4 dx Vt dPL (6)
FAd 99 2358 W] yxEe $E0®7 Qu=Agr +18, "ar
gAY o] A% phdZ EARE FFL T
Sw W TAL FHRE 4F Q, QE e e
<—>| |——-————>
A} O == A] , )
“]—-i T°:| \_E]' P —!_ ‘t_/’— P ‘.
i M | ——
2 fo
Ql_ Cqg ™ Xpp " W ;(Ps_Pl) (1) Q,T 4? lQZ
N2 z 2
9 7 7 7> 7~
Qchd'-xud'w ;(P2~Pt) (2) Xa Kb Kee X
[ Pr
Ps
POTENTIOMETER
Fig. 2 Modelling diagram of hydraulic system.
ACTUATOR )
@8 NS EFW JAEY SFUYHNS
(M 2T, B, 7| B 289 FAmRS o2
53 Fpoll EFHUT
IOONPUTER OANE |
| Mdzx = A,P,—Fp—F (7
dr ?

o9 o] FAHH Axde) hF HLFFE T
H

Fig. 1 Hydraulic servo system with high 317] 9)ate] AR A A" ] B A2 Q] B8
speed on-off valves. 2 (5)8 E2E (x,,, Pl tstd 5L
wuy o & A8 53l 7 &
R Pt 2T Q2 D 2o Wu2E sl Agasta (6) 2l
& gloh ™
PL=P1_P2 (3) QL=k1xy—k2PL (8)
0, = QI;QZ (4) 22 PWM Z7|=%t
PWMEEZOA w&AAEB 7L Alojd o 7]
e EAe ek (5)9 2 FdA 2] dEASE I Al wet &
YrZs R3E 2 Jdd BAGE vhoA
Q= kyxV Ps— Py (5  9EED. 94¥9 AsE B2z A 343
H2a7E A fAHL, EAzg dgal

(414)



&7

2o wel et dElste PWMe R AojE &
Nzdel dRarg dugos Far) AsMe
PWM /\]Q;\g/ﬂoﬂ 3k E/Ho] u])ﬂsﬂ EMO]UE
AYPsE Sl VeTFFE VA g
PWMAZE wlH 7222 A7k 7h49n) S
¢S EFEte] HX2e] 8 XA L7 o] ¢
q43% E£27 FA9 PWMAES g A
o PWMell tig 734 29S

= OAHd AT s, ARREAL 28 3
3 AFBED BB /)5S AT AT

o Jew z2sg4d A5 aE A PWM
9 AHAE (e & o] FoiR

@kT) = g- sin(w- £T+ @) )

4714, ¢ PWMY $717422 QA5
Wl AFFGAH F7) dAA AL D29 9
AAGIT (9N PWM §8AEE 77 T,

2 = F/1H Azl
T, ASFAFEN TAelY HZE 2
(n—x;mo] Felgzgel &H4o

PWM gf’é!’i] o J% 7ol yehd 4 3t

uli) = [ u - sen(g(kT)), ET<t<kT+ tlq(kD)]
RT+ rlg(FDY <i<(k+DT

(10)
T D>1

A7NM, gD} ={T-D D<1 9 & 3t
0 D< D,

=0 w(Hes PWM E4201L ¢(kT)E kY
Aol PWM  dEAZeld. DeE  FHE
| @(kD)/ Gmax | ©ITF. 283 DyE WEAFAA
AlZkel FEolth Fig. 32 1l H& glu]EA}o]
9 PWM Edd=E et Zlojdh. THeA
o} 7ol 71&2F e FHANYF ay, be T

o33 2k
a1=277; sin(% 1)) 11)

blz% cos (% -r(a»—l] (12)

AAURE AS T FA

ENEREE EELE:

a3t PWMS 71%¥§
glu| EAbe] Zol| Tl ohE

Npmd a,1, %)=

gk A+ 93

Lnﬁ

m\m

[sm( T s (@) +

eos(F - e(@y-1]  (3)

Fig. 45 PWMe 27014 9} o) B9}
me) go Bl Fr1HCE sl ek
A BAFT vk d9AQ wf Bx A5E

el Hal 7ie

¥5E fEaE Ted B

Nemd @, n, ¢)——qe_’¢’g

; .
{e ik . — iRt r(q(kT)))}

(14

T®

"

T

(k+1T

kT

{ I (k+2)T t

Fig. 3 Output pulse trains of 1 pulse limit cycle.

[=3

|

” (k+nT(k+n+ DT (k+2n-1)T

kT (k+1)T (k+n-1)T

Fig. 4 Output pulse trains of # pulse limits cycle.

(415)



’%7] 2o A pr(a,n,d’)% AR &5 R Fatel

%7128 gFoln FFAE 0ol EYA AL
& 5 gt

0l

23 opE S Yol i J|egs

r

A wREAL Fig. 59 2o 2y
T UTh GNA A ukEe FE ek Ay
Q Fo) ZHEAY. Fig. 54 nf@AZL 3
Sl A7 IR e ohE e 2 4o
2 2AHo s ¥E ¢ 9ok

B plt

l

Friction Force

7
-

l

|

I

i
Mga v

Piston Velocity

Fig. 5 Model of cylinder friction.

Fi9)=Gue i+ [Pt Ly =y ensy - (15)
Aegael ARG Aal 9 4E okl st pol 2

AF A @

sgn(v)  (16)

L
Fo+—=—

F(0)=G,- v+ -
1+(2)?

A3 AHEE Aot
Z35hr A0l AFFEFENA HAE £ y(HE
() =12- sin{wh (17
Z Yveld Y, R g3 Jedes o
3 72t
NR(Z):“—I(EQ (18)
A71M, a(9)E 1B F] Fgodgoln T}

(416)

g3t 2t

ay( ==L fozﬂ[Gkasin(x)—i—{Fc-l—

7

sin{x)dx (19

sgn(sin x)

L,
14( Bsinﬁxk )2
c
JHER (198 Hsd tgS A0

~ F. L,-
NR(U):Gk+4 ~ A% C +
v o+

In | 2+ rtc (20)

~2
o=V o+

24 Hof

B ooy

PWMAIESH fehA 2ol Ae) ok 52 )
4 et oldl ML by
AV A8 S AN 22 WA
o e 7Tt FEANO DR LR

AYWOR Yol bsaek fEG  (6), (7
(8), (14) 2 (200& AHgsted A Azdel 2
EHEE F45Y Fig. 63 2ol Bk 4714,
wnEsel WelrE YHOR sa Advu
2 2YoE S= Bp-AAUA AYFE N,

i ot

ri J[m _8,
= ot ox T x

®

£ 73 029 QDT 2T rldE APRe
o Al FFH g NedTTt B
zgs o A
N a0
Niw, v)= s(s?+ o5+ ¢3) (2D
o] 714
_ k4B8.A,
AT Ty M
o= ok L
48, A)
STV M

SELIE EE R
A EAfo] 2] za}xgoqfoﬂ U@ BEe ZHRe
Aol g ARze %
Az B PuEAelge WA



1&4

ARBE A

A BN a7t EARTE dold & 9l
o Ao)7] 749 B gu|EAlelFo] Yol
¢ YES A071E 248 Aol Fig. 6

2E AAAIFEze] s SRR

(22) 3 #*t.

2 g

-Tis

1+ Ke « Npgst * No=0 (22)

SHERN L RS eSS BRI
9 k,d Folth (22)& UT BaslA 4
U g 3717k oGk ddA o ME A
SE A PEE Fo B8 Fad

3. AFE AlZ2 ol

(22)0 Nppy(aq, n, $) W9 A5 127
719 g gl 71709 gepoln, JYFus
wdl E¥oltt, Ns(ow, )& AFFIHF 09
EJES AFA7 ve) gtk wg 459
AEF7) g9 £=259 AFA7) pAtolde T
&9 Ao FEeh

N
)

I

a=tj (23)
T3 AL EEAN PWME E3) rlEAe)2
o) Yty AEFAE wsh

A Hole=
PWM 21557 T Ateld] th&¢] #A7 Ayt

T RAALRY DA AN B A7 %

_ _T —
0=, n=12,3, (24)
IHEZ (22)0A wRY Wy e AL
K, @, ¢olth.

$4 =19 182 YA EAZY) B4 ofR
$ A7 A8 27t A9 e 2 g9 o
o tel KO} 3re WspIFIEA FE o9 gt
$ 7 g9 Kol didl 5 o e WsAA S
(22)9) B4R )7t B 2ASA
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Fig. 6 Block diagram of PWM hydraulic system.
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Fig. 8(b) The results of the stability analysis.
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