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A Method for Identifying Fluid Force in Proportional Control
Valves with Spool

Je—Mok, Son

Department of Mechatronics Engineering

Graduate School,

Pukyong National University

Abstract
Fluid force in spool type hydraulic valves is one of major physical parameters

that have great influence on characteristics of the valves. Although spool
valves have been used for a long time, researches on the fluidiforce in spool
valves are very rare. There were researches on. flow force analysis based on
momentum principle, flow force compensation methods, and computational
fluid dynamics analysis  for evaluating thrust force on' spools. However,
research reports on precise measuring/identification of flow force by sensing
electric signals ‘in electrically controlled spool valves _has not to be found in
reference surveys. So, the author develops_a-method of precisely identifying
the flow force on spools by an-experimental proeess in this study.

At the first stage of this study, the author suggests a simulation model of a
proportional control valve with spool position feedback. Physical parameters
are obtained through some measuring process and preliminary, and they are
experiments applied to the valve simulation model. The simulation results

showed a good agreement with experimental results under zero flow rate which



was the state of zero flow force. Therefore, the validity of the simulation
program under no flow force was confirmed.

In the next stage, a method for identifying a flow force on a spool in the
actual valve was proposed. The method was introduced from a concept of a
disturbance observer in automatic control theory. This identification method
utilizes a control method that eliminates an error between the control input to
the actual valve and the control input to the valve in the valve simulation model.
Using this identification method, the flow force on the target valve was
identified, and the accuracy of this method was confirmed through comparing
results of experiments and simulations.

Finally, a stability and a response characteristics of the flow force identifier
itself were investigated through-simulations. And._it was verified that the flow
force identifier had excellent response performances and-stability.

Conclusively, it was confirmed that the flow force on spool in spool type
hydraulic valves with spool position feedback can be easily identified by using

the method suggested in this study.
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Fig. 2.2 Shape of the valve inside

Fig. 2.3 Photo. of the spool
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Jd®), F(s)

input shaping

filter controller amp. solenoid
" (’amp(s) E .
R(s) 4 I(s) F(s) < F(s )l_——l
position sensor
II_I \I
gos(sfl
(0, R(s) : reference input u(f), U(s) : control input
i), I(s) :solenoid current Sool D) EuS)  : solenoid force
S, Fs) :disturbance Sl FulS) 2 Lol ®) - fi0), Fyous) - F(s)

x (1), X(s) : output(spool position)
Fig. 2.4 Block diagram of the spool valve
Fig. 2.4614 AEo] SIA7E H T2 Aloj == AWKARQL vld] e/ A ol
vel BEArE Jeiglt. Bl FEH g aA s denw e

2

G. (8)Gimp (8) Gy (8)G; (5)Gy4 ()
1+ G, (5)Ganp (8)Gyq ()G, ()G s (8)
G,(s)
14 G ¢ (8)Gnp (5)Gyy (S)G, (8)G s (S)

Xs(s)= R(s)

(2.1)

Fy (s)



A Aol G (s) & A7 AEds, G, () = AsTH7e A
Gy (8) = HlE Eello] =9 A2ebs, Gi(s) = 2Fel 7haliA= I3t 2%
9l Abolel WEehr, G (s) = 2F 1A AA e Adds, G, (s) = 9
Blo] dgdtes vehdoh & Ry v AE3% SR nAvES FAE 1),
Aol Aot FAHoR ket 4 9tk

99 Fig. 2.4 9 A@DeIAE 7 ax50] AEA 54 AL Row
Agatel Aggre] Pz A FAHUT TP MRS TYFE QA
FheHlA vE Eewols @ AES wAFA 54 Holi aaFolt)

Fig. 2.4 9 2 (2. D)ol X389 2} 2459 54 A& Udstd ofefe} 2ot
ki
Gc(s)zkp+?+kds

o714 Kk, (=6) = -uleAel, k=700 HEAL k, =0.0054 & mEAAL
vhebl e,

1

G(S)=—F5—7— when -0.4<x <+0.4,
ms® +bs+k;
:2; when x, >+0.4 or x, <-0.4
ms”+bs+k,

1714 m(=0.116 kg) = &8 Ak b[=70 N/(m/s)] = ©4 whz A+
k (= 20920N/m)  k,(=10460N/m) = 23e 452 vhehit),

G,(s)=H
G, () =K,
A7l H = g dH9 Axl, Kpos v AF A AA L ARlE YERATH

Ganp (S). Gy (S). Fy(s) & 77k 2.3, 2.4, 2,584 Al8] 7] &3,
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.
Table 1 Physical parameter of the valve
component parameter value
spool mass(m) 0.116 [kg]
coefficient of
o 70 [N/(m/s)]
friction(b)
K, 20920 [N/m] (-0.4<x,<0.4mm)
spring
1 and coefficient
spootan k, | 10460 [N/m] (X, <-0.4, X, >0.4mm)
sleeve
radial clearance 3 [p¢m]
spool land diameter 12 [mm]
overlap(X,) 0.35 [mm]
range of spool
-1.7<x,<1.7 mm
displacement
solenoid gain K, 30 N/A
solenoid
time constant (7 ) 8 [ms]
gain ( current/voltage,
amplifier 0.25 A/V
K,)
controller k., k. kg 6, 700, 0.0054
position
sensor )
_ gain ( Kpos =H) 647 [V/m]
and input

filter
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position sensor

signal

(a) photo. of test bench (b) Circuit diagram of test bench

Fig. 2.5 Test bench for experiment of the amplifier
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Fig. 2.6 2E9A I Aoy WHo| ALy A5x4 7] (Bosch—
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(a) sol. A (b) sol. B

Fig. 2.6 Solenoid. current under step input(amp«s VT—VRPD, Bosch-—

Rexroth corp:)

oA Erwol= AR 3= AR et EYlkolt B
o

B2l ARE 4ERE ¢ 4 vk Fig 27914 Fig. 2.69) &elwol= A%
o AZ Asel AHL 0, ~1, -2, -, —9, ~10 VZ A& we) el
AR A% AshE FFA Axstel ehisiet.



sol. current [A]

00||||||||||

input [V}

Fig. 2.7 Average. values of solenoid current(amp.: VI—VRPD, Bosch-—

Rexroth corp.)
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Fig. 2.8 Solenoid current under step input(amp.: VT—=VSPA, Bosch-—

Rexroth corp.)
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(a) enlargement of Fig. 2.5 (a) (b) enlargement of Fig. 2.7 (b)

Fig. 2.10 Dither effect

E 9A =W Aojy WHg AF5xE7](VI-VRPD)+= UAYE A7=
?—*JHO% 1A Fig. 2.109 (@A B A% F719 Ao I~ F Hx
(PWM) & d&E 3= Z0F ®BAG. o] A Fih5 A5xd7]9] BE
deolX 2.5 kHzZ dRetet. dbdo] ~EHX] 9= AojE kA U= U
f NFZFxHT = otdZa Ao 712 FAE glolA Fig. 2.108] (b) oA Bl
A 7)o Az R deul 5= HWog Rl

(T

0,

Table 2 Erequency and amplitude of dither signal(amp: VT =VSPA)

input [V] f [Hzl Ai [A]
0 369 0.8484
1 358 1.4429
2 351 1.6264
3 344 1.8789
4 337 2.0962
5 330 2.2811
6 323 2.4352
7 317 2.6143
8 311 2.7200
9 304 2.9226
10 298 3.0356
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Table 2% A& x27] 18] W& o] A5 Fu=(f)e JAZ(AI)S
bl Zolth, A FxA7] qlgo] Asehed wEl tuilie Fues Yolx 1
Az ANE o 5 9}

ool Ul AR Betel old AFEA/Y BA FolH FF 45 B
Al AR NERE7S 54 okdsh 2e HOoR ehd & lt(Fig
9 Za). o] HelA Hve] waks wgsA ekt

Gy (8) = K, =25 AV

2.4 n# &y ot EA

Fig:~2.11 Test bench for experiment of:selenoid

WH o 94s FolA vHE ol = 53]

A 545 FHskA ®elch
Fig. 2.11& i o] v & el =9 54 245 A8 AddA9 A
LERA Zlofth. Eeiol=e] mAARel Tkl AR E vk rbE A A st
o g nld & o= AN

JE] B4 A A3E Fig. 2.12% Fig. 2.13
of el STt
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solenoid current [A]
0--- 0.5 = —omim flmsperme s 15—2——25

solenoid force [N]

displacement [mm]
Fig. 2.12 Steady state characteristics of the proportional solenoid

solenoid current [A]

- 03705 1H, 15—2——25

80 b\ A ) N
o hct‘n:re hystere?js filtering

6(.7-l
50 --. 3
30| ‘

solenoid force [N]

10F

displacement [mm]

Fig. 2.13 Steady state characteristics of the proportional

solenoid (hysteresis filtered)

A3 Ao boleE E£93tY Fig. 2.12% #Zo] ujAddg EA 7 s|AHAIA
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2.5 AZd) ZAL3= §49 $EF Y
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Fig. 2.14 Jet flow through valve orifice
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Fig. 3.4 Response of X (t), X (t) with reference r(t)
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Fig. 3.5 Comparison of U and U (under Ap=0)
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Ap [MPa)
——0----5 - 10 --- 20 -----31

u V]

V]

Fig. 3.6 Effect of Ap on U: experiment data(hysteresis filtered)

Ap [MPa]

u [bar]

“f, 2 f =4C, A()?s)(%) oS ¢

Fig. 3.7 Effect of Ap on U : simulation using eq. (2.2) with C,=0.7,
$=069°
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A oz Aoiydd u gk AlEelANA dolx Aeldy (5 wwste] e
ek wugEa Ap=0< W FA9 FEgol AFo| FAgsx g
Fig. 3.5¢] A¥ellA u sk U7 o}F FAFE s S & § glow, o=
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T Stk

Fig. 3.6°] wBkga Ap~7F 0, 5, 10, 20, 31 MPa¥d u,.ti wH o] Ag
oM Aoz Ao d u & JERAATE A2.2)el A WEAHA Ap 7t A
o wabd B H%5ed f 7kl de$S B Fig. 3.6914 Ap 7t 24 4
Sl wEbA AYdd uvk B w2 3SR E S HolgEd], ol
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A 47 2F AL A +5HY 8

4.1 FA F4 589 =39

AA 3FNA 2(2.2)9 FF

)

ARD [ £(0)
r(1) u(t) ' i(r) valve X E /)

position sensor

L |
— G(s) [ Ky _— G(s) :

x, (1)

" .
f(x,.K)=-K -4C, A( .\‘S)T‘Ucosgﬁ

Fig. 4.1 Block diagram to identify steady state flow force
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Fig. 41614 o Ao Akshs A4 458 53 dnelZe BHHEY
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9 (7} AA Boe AP uE FFHES Aofste 4TS Ak 17

A f, identifier’ & F4RFEH A4S sto] A WHE WH TE Ajo]

of b8 exwd Aoldd ug (9 extzyy F4AEY 2 Byt
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