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Dead-zone compensation for the electro-hydraulic proportional
directional valve without spool displacement feedback

WU Qiang, ZHAO Hai-juan, JI Xing-yu, HUANG Jia-hai
(School of Mechanical and Vehicle Engineering, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: Aiming at the non-linear problems of flow caused by the dead-zone of the proportional directional valve without displacement sen-
sor, the dead-zone model of the proportional directional valve was analyzed. The output flow static characteristic curve of the proportional di-
rectional valve before and after compensation were compared, to obtain the difference between the expected and the actual output flow value.
The voltage difference between the two curves at the same output flow was calculated by the linear relationship. The compensation voltage was
fitted and a linear dead-zone compensation method without displacement feedback was proposed. By the established simulation model of the
proportional directional valve flow control system, the static characteristics of the proportional directional valve output flow before and after
dead-zone compensation were simulated and analyzed. The static output flow characteristic of the proportional directional valve at the case of
different valve port pressure drop were tested by the employed of digital electro-hydraulic proportional controller on the proportional directional
valve test bench. The results indicate that the proposed dead-zone compensation method can be flexibly applied to digital electro-hydraulic
proportional controllers and can effectively reduce the dead-zone of the proportional directional valve without displacement sensor.

Key words: proportional directional valve; dead-zone model; non-linear; digital compensation

Y75 H#A 2020 -02 - 02

EEWR : HEKARREEEG R (51775362) ; ILPYA B AR # R4 % B H (201801D221226)

TEEE N R (1994 - ), B LA N LS AR, 2 A I L 3 ) 7 1H AR 5E . E-mail : wugiang_vip@ 126. com
BEBRRAN KN, B, 802, 04T, E-mail ; huangjiahai@ tyut. edu. cn



%5 10 HH SRS TGRS R ) LR LU B8 1) BRIBE DX M s R AR A - 1205 -

0 51 F

WEZ e )3z T FH Y oA 7 1 0, 38 4 1 0 T
B PSRN N YA 3 M D = e = S il N O
H

FF N T SRS LA TAE R 32 2R BEJE 7 28
P2 018 SRR 3 25 L8] ] i USSR A — o R
FFEIX, B — 5 T BB P9 B0 AT 5, 1R D 950 WA
B FEXTEEE R AL 5% ~25% , BT A, ™

S HA R R PERE D L AT RS L A9 BRI BE IX

v FL AR VR ., 2 H 5 4 A T T I Y — > Pk
A

A AP BFIY T A6 X X H R L 18] 4 o e A
RSN, R T (AN S IR B AT 3L
B AMETE N S T AN T, B o A 35 M5 5 R
H e R/ I, AT SE BB R AE1X., (H 33 o ) 32 7
BETTAA D AR A2 L (o 08 M A oy D 2 3 A28 b
191 WA BE X B R B T B 1 42 1 434 2, DA 2
PR b A T A FE X, X S T R T
A AR TR AR BT 0 B e M T vk ol T L A1) A
RGN PO ; S AR A Y SR T T PID £
P B B A7 FL Gt B IR 5 s ik X A7 i 4 Bk R ) BE DX b
PR WS A SO RR TR BAEIX . ARk, TR
e M AR MRS )32 I T H U L A1 1 7
Pt b AN AR A SR BRI R e g R
P e A YA ROk T R KT A R

IR K HA R PR B X Ry i s TS
FL IR T X TSR I8 A K SR FH 19 TG 57 B A S
EbA5) 7 T 1), U] £ A 2 A7 B IX 2 B A S BiF 5 Sk o
T IC RO B S0, 128 A9 7 1] 1R o7 3 42 ol BB AN
KHAR A5 g 1 o0 X kM5 T vk 4 =y HL2i A vk fg , )
HAT MR35 X

BT IR ], 28 28 B A5 ] HJ A6 XA Y i £k
RBCIX B ANZE Pk B i A A, 4 S e A o7 7% R A5 i 2 1k
FOIX MW 5 38 2 Lo 3] 1 A K AL TR w,, , B KK
W Q. FUBUS, P04 M2 T B2 0 o451 170
g b R SRR 2R, IF 5 R B A MEE S EL 4B ]
fil e b U T RS R il 2R R AT X L, 45 7R AT B [
B N AMETT S AMEE W H R 22 I 2 A
I R AR T ML 5 DAL S HE 75 3] L A5 5[] 1
b AU SAME TR Z ] 5 R o

1 Hea i
SR L5 ) R A 1

\

(-m§\§;

ATB
5 3 1 P) 2 4 7 6

B 1 Hef o ) R 25 I
1 — K2 - 354 I%;3,4 - 725 ,5,6 — vufs BoRESk
T — ZAE R Ay A R 0h 42 3%

FEAsI 7 1w 1 R S8 DA LN 18] 2 s

O/(L-min™")

B2 HeA )y i AT XA
P 2 WAL, LB i [ A DX A Y — AR IX B

NENE B2 45, (O FE 517 i 1 ot i Q 9 3R3A
EwE

K(u - umin) s Upin
K u— BRI AT 55 Q— LBy o) I i
= Ui — ZEMPRIE X 5w, — I BRBEIX 5 — K— Ze ki
RHR K— Tk AR

2 SEDXCAME IR
2.1 FMESER

FEAB 7 1 i S I i A PR =2 [ 1 56 2R
3 PR,

S UK Uy,

O/(L-min™")

Mz fE 2
N

O L Au _

s

0
U U, ou! Unas u/v

B3 LRy i i o O e S A L R SR R



- 1206 - N i5)

T & 37 &

K3 o, LA — IR 9], ARG, He 7
I P 4 O 5 A R TR ) G B T O B ek Ok 3R
ZNSHIE
0 <u<u,,

Qﬂ 0 (2)

K(u - umin) ’ Ui <u< umax

min

A K— AMERT AR R K = 0,0/ (U = ) o

HI P 3 ] A, S0V ER A LU A9 T ro e 6 i o 3 Y
AL IR SR L, B K5 BIAMEE IR, HU A 75 1)
B A S R G RN -

Q, = Kyu (3)
K Ky— #MEE AR RER Ky = Q0 U 3 Q,— #b

B e B A LA D7 1) g R

HERARIEN v = u, B ARKIEF(2,3) 8 L35
SRAFAME 5 ST BL A4 L9107 1) i 13 R Q, , R b
o X R ) L 510 1 PR AR, BRI

K
u'y = foui + Uy, (4)

H1 18] 3 AR rT A AMES U Aw BRI w'y 5 o,
B"J%,Eﬂ:

K
A =u —u = (Ko D\ 10 5
W=l = (o b, ()

¥ K F Ky AR BT 15
Au = - umi"ui +u,,, (6)

umﬂx

B 5 ) LR w, A

u, = u; +Au = (1 - umin)ui + Uy, (7)
u

2.2 WMETTEEH

J80 P YR BB ) e R P Ak B8R o A )
PER 5T w, 30 T P A5 R BEAE  (A/D SRAR B |
PWM A, e ZOREPE A5 5 1 L 3 3 o PWM
TR 5 25 L, PRI A B L (51 A B sl v e o, S B X
b o i it K ) B

P50 L YA E A9 47 ) gt 1) 92 o DB ) A b
BAFS Au' g

Au’ = KCK»\I)KPWM( -y Lain + umin) (8)

AP K — (5 SR BEREHR A  45 5 K —A/D e bk
YR 2 Koy —P WM BEHRAY R L

TERCF IR L A5 v, DR JE T B AN A
155, 5 ZRRBLUE 5 F B 5 5 A A B L]
AR, T B A ME R A C IR E B AR e i
e K PERR >

i C U, EF R (8) A S Ak # s

TR R A
AMER LA E A 4 R
N5 A/D KA
REW L l A 2
AR Bk WInMEE S
HPWMAE S T ] —
P AMELE S
FEPEI S5 R P I S PWM {5 &
AR F

A

o] g 22

=100%
HEN R PWM S HL{ES
o T EE R
(a) FRFHRERE (b) TR 7 i R

K4 MRk

3 @A

3.1 LeBIAEERIRERE G REEER
F T L5 T 1o e ) A7) P R A RT A5 R y FL RELARN
FELJER A ER I, L 19 P R R 2 B L P E T T R M
diy (t)
—u (9)
AR, — P9 2k A5 R BHL r,— i K A I B
L,— e e ik A AR IR s w, (1) — PO R i 114 F,
JE 510 (0) — Jitask ) e R ) LA o
T L RAEHL R R, , AT A5 4 Ua ik 2 el 1) Pl d
AU AR S A R T B A, B
u (1) = Kgig(1) (10)
s, (1) — BB T 5 K — HL i 67 S 05 R A
Fb A Tk K A R B S PR g (8) S AL w, (1)
ICERAEDCZ TN PR, B
uy (1) = K, [u; (1) —uy(t) ] (11)
o T He B ke TR U — DL 4 g A
A 2 BN RGN
1.(1) = Kiiy (1) (12)
A K— B R BERR LI - 1325 .
TEHT B LSS BRI, 1574 7 28 o IR %) 17 806 45 157
BR DL R e Ak sl ER a5 g (BELJE ) L ) RS
PRk VI
(AR 7N PIR & iR P

up(t) = (R, +71,)iy(t) + 1L,



510 1] ES

SR, A« JC IR B B A5 L L 19107 1] BRI SE X AMES T ik 05

fi = m P g B
Kax(0) +£, (13)
S, — LI BT WS 0 BB — ML
UK, — BRI s, (1) — RSB, —
AR 5
e T 1
0() = V() /APy (1)
(VIR 0 ST EHAR(O ~ 14) i
PRI 3 MATLAB, Simulink {3208 7
L R 560 B AR 1
.
FECBE B HCR IR 1| R
®1 HERESHR

ZH HE
WK # L R R B Ke/ (V- A7) 2.4
ML B R B K/ (V - A7) 0.37
MR, +r,/0Q 2
a8 Le/H 0.02
MM RIEE K, /(N - mm™) 25.51
FHJE &% B,/(N-s-m™") 31.6
Tk S IR SR i & m./kg 0.02
Fe R BEAR L  — S 46 K/ (N - A7) 26

ZA ELZ A0S 2 il RN T IX 3K
LU A5 7 1) R 1 SEE PR S — 3, Horh, e i Rk L i S
B ikl 2% Sck [ 12 ], e REGHR A S
ZCmk[ 13 ],

3.2 (FE&RSH

iR

(1) 55 ey i i F 4 E1 2241 MPa
HI5 MPa; i AfEHIES MO0 ~10 V, £ K5 0.2 V/s
(R ASE I A5 5, X L 481 7 1 1 A S 9 o S R 1 R AT
P E s

(2) [l L 7 1) B AR 4 | 151 25 41 MPa,
HIAFERIE T4 0 ~10 V (B ERAE S, % Hetdl i [ 1
MR AR T B

TEARFEZE R, iy o i M e 4 B s
FWE 5 FiR.

A5 n]

(1)1 MPa 58U, AMAMERT, 440 A B #5115
S0 ~5.23 V Z[alfst, HeB e i R O, £ A
52.3% WAEIX ; At SEIX S5, H A8 7 1) i S 3 B S
ARFEGME S BE b, e Ry 14,7 L/min 380 T
HEDX M, H A5 ) R 7 B AS T LA P i
FEHE S SEXI /NS 2% |, S R AR 14.7 L/min;

- 1207 -
16 o s
R 1 MPa, #MZEHi]
~ = | MPa, MG
ERELS
S0t
2 st
S|
w O
B o4t
b
0 N . 1 L )
0 B 4 6 8 10

PGS u /v
(a) FE 2520 1 MPa F M2 i i I 5t i A vk i 28

301
....... 5MPa, MR
251 1l =
~ —— 5MPa, #ME5
a
£ 20
o 15
S
w10
S
5 -
. ) )
0 B 4 6 8 10
RS S u/v
(b) FE 2205 MPa T ¥ME T IS I 12t i AR 4 1t £
20
1.6
E —_— EMESE
§ L2F B A M
Y
o 08F
0.4}
1 L L L ! !

0
06 08 1.0 12 14 16 18 2.0

1) ¢/s
(c) B2 1 MPa T #MEHT G AL #3545 P ith 28

KIS ARH2E MRS () B4

(2)5 MPa 58U, AR IAMEET, 25465 A R0 5 il 15
FAEO ~5.21 V Z[a], L7 o i i O, 47 7
52.3% WFEIX s G FEIX J5 , A9 T 1o ) o 3 5
AREERIE S BAE L, e R 24. 8 L/min; B 1
BEDCHME e, HE A5 e W ) D R A T AR e
FEHE T, S INE] 2% , Fe i AT) y 24. 8 1/min;

(3)1 MPa {00 &, M b2 Ja R S84 H B
P R R BLGE WL E] 2 0.1 s ik n] AR Y, 1%
MR XoF L 51 T 1] B LS 6 B 14 B A RE B

A
4 SR KRB

WRIEHTSCITIA , 23 PR BB AME SRS |, s
FARKS 2 A2 55 A BB L 1) 42 1 i v, oA T LA S B
o PRI, A BAIEAE X AME B RCR S H R T T —
ABE BRI L ) 75 16] 1, LAFH T 5258 % e 31 7 1)
B B A i A% 1.8 mm,



- 1208 - HL 22

T & 37 &

TESCHG R SEEKE HL By a1 BB AB 1A , He Al
J7 I I Ak 128 2OIR A 5 U o 18 Sk s PR g, 0
LS P 36 3 IR 15 R R 7 R L TR 22 5 ke
H Parker #2311, e K FE AT 150 L/min; R4
{35 NI USB — 6343, 12 R AEAUAT 4 (i 5t Fn 24 3%
s Ao 11, ] LTI AR 1S 5

EL A 1) 4 A5 0 ~ 10 VB34 0. 01 Hz
MRREAE S .

FESEH FTE 248 1 MPa fll 5 MPa f1E0LT , £ #H
A3 B T RN R S EG AT T 1) 1 A i 9 R S
P, A 6 Bis .

18 coees FMETT
16 k- —MESE
4
14 *
~ #
£ 12F &
E L d
- 10F ,:f
2 r
S & ,-f'
o6 o
2 s
4F &
&
2t . ¥
0 = 1 1 ol 1 L J
0 2 4 6 8 10
PGS u/v
(a) FE 250 1 MPa F M i i 12t i A4 0 ith 28
30 o e
0 eoooe KM
95 — M ME)E
TS:
‘E 20}
215t
Ql
1
= 10F
5 -

G u/v
(b) FE2£ 45 MPa T &M JG I 2 h AP ith 42
B 6 LL a7l e o o o e A R T 2

H1 1 6 T :

(1)1 MPa BT, ARAAMEES HA1 7 ) & i H i
HALIX R 53% , e KU E T 15. 2 L/ming HE0 1 4
J& , Fe A7 1w iy i R AR DX /N B 4% | e KA
15.2 L/min;

(2)5 MPa 5B  ASIAMEE IR HAG T 1] F i i1 3
HAEIX R 53% , e R i Ky 24. 8 L/ming HEfN T A
Jei , LA T 1 A 1 O A AR DX N B 5% |, e R N
26.4 L/min,

5 ZEiE

ASBIFFE A XS JC I ARSI 14 FL Y L4511 i e
FEAERYBE DK TR, 4 AL DXASE TR 3 4 S A8 DX B A2 4

By AR I T —FhOJCTE (LA 15 B I B Y e At
DCAMETT 1% s ST T 5 BB RN AT 1 204, A%
TR LB G G bz T C iSRS, T LS,
BJa oA T BAESE I AMEE Y ROR, Rl in T 7 — N AEIX
BRI L7 1 1, XoF e AT T 525

D BAERE M XA D5 i ] LA e i3 4
e LA 7 1) B A R PR B, 0 LB A PR RE LA M,
A LA S8 A9 5 1o e R R AR TR kb
A7 AR AT LA o 3 A X0 v e i i R

SCYGAE IR AR AR S ALK LA T 1) 1 4 B
XM 53% ys/NE 4% ~6% |

A AT UL, SERG AR S 0 AR EEA —5. L,
SEH T B AE AT I, Al R N TR R
e il & b, 3T A 8 s/ N T B A% i s LU 91 5
T R Y BEIX

222 ik ( References) ;

[1] XU B, SU Q, ZHANG J, et al. Analysis and compensation
for the cascade dead-zones in the proportional control valve
[J]. ISA Transactions, 2017 (66) :393-403.

(2] XURAE. W s J5 1) IR AE X BRI BB I [T ] - L blL
1,2010(24) :63-65.

[3] ACUNA-BRAVO W, CANUTO E, AGOSTANI M, et al.
Proportional electro-hydraulic valves; An embedded model
control solution[ J]. Control Engineering Practice, 2017
(62).22-35.

[4] HAN G, SHI G, GUO Q. Sliding model position control
based on disturbance observer for electro-hydraulic propor-
tional systems[ J]. Modular Machine Tool & Automatic
Manufacturing Technique, 2019(1) :26.

(5] o, 72288 s L L RS DR 38 MM T s 11
WL ] RS 5% ,2016,36(9) :10-12.

(6] Vran R AR LB R G M 5 it [ M. bt HLAk
Tl Hi ikt 2005.

(71 XUFEE. o Lo 7 1] R ZE X REAMEE [T ]. HILIK 5 W
J£,2002(2) :89-90.

(8] RAEM, AYMEHT, Fi 2 B, 4. XCHLEEER LA T vl 1R 25 £
EERIGEXAME AT 1], AL T, 2019,36(3)
262-266

[9] BESSA W M, DUTRA M S, KREUZER E. Sliding mode
control with adaptive fuzzy dead-zone compensation of an e-
lectro-hydraulic servo-system [ J ]. Journal of Intelligent
and Robotic Systems,2010,58(1) :3-16.

[10] PRATUMSUWAN P , THONGCHAI S . Precompensation

for a hybrid fuzzy PID control of a proportional hydraulic

system[ C |. Electrical Engineering/Electronics, Computer,



510 1] ES

SR, A« JC IR B B A5 L L 19107 1] BRI SE X AMES T ik 05

- 1209 -

[11]

Telecommunications and Information Technology, Pattaya .
TEEE,2009.

GUO Q, SUN P, YIN J, et al. Parametric adaptive estima-
tion and backstepping control of electro-hydraulic actuator
with decayed memory filter[ J]. ISA transactions, 2016

(62) :202-214.

A5 AR
ok ROEEIE, E R, A5 JORRUVAL I B A HR A 1] B SE X AMEE T R ST [T ] AL TR ,2020,37 (10) 11204 - 1209.
WU Qiang, ZHAO Hai-juan, JI Xing-yu, et al. Dead-zone compensation for the electro-hydraulic proportional directional valve without spool displacement feed-

back[ J]. Journal of Mechanical & Electrical Engineering, 2020,37(10) ;1204 - 1209.

(12]

[13]

[14]

FLE TG, W25 B, B MY, S5 Eb M) R A 2k R JRR A 0 2
[J]. MRS E,2012,40(7) :115-116.
T, S A e A5 PR TR AR IR R IR SES R 1 B2
FREHR O[T ] R HEE R, 2018,36(1) :92-97.
A B . T AL IR A B AR IR R SR S B 38 I
TR )], WES S 5% 4,2019(5) :3742.
[YmigE:T%

]

(ML TR ) 2435  hitp : //www. meem. com. cn

(L34 1197 ®)

[7]

(8]

[9]

[10]

[11]

[12]

X A TRREL. SRV TR 4 HLIE RERZ i X R 11
WFELT]. WAL, 2016,44(9) :12-15.

KOVACEVID A, STOSIC N, LAN K. Smith. Three dimen-
sional numerical analysis of screw compressor performance
[J]. Journal of Computational Methods in Science and
Engineering. 2003 ,3(2) :259-284.

JOHN B, VOORDE V. ALE calculations of flow through ro-
tary positive displacement machines[ C]. ASME 2005 Fluids
Engineering Division Summer Meeting. Houston, Fluids En-
gineering Division,2005.

RANE S, KOVACEVIC A, STOSIC N, et al. Grid deform-
ation strategies for CFD analysis of screw compressors [ ] ].
International Journal of Refrigeration. 2013, 36 (7):
1883-1893

KOVACEVIC A, STOSIC N, SMITH I K, The influence of

rotor deflections upon screw compressor performance [ CJ.

VDI-Schrauben ma-chinen, Dortmund, Germany, 2002.

HORIM L, CHANGHEE K, JANGSIK Y, et al. Study on

the performance of a centrifugal compressor using fluid-

structure interaction method [ J]. Transactions of the Ko-

rean Society of Mechanical Engineers B. 2016,40(6) .

357-363.

[13]

[14]

[15]

[16]

[17]

(18]

[19]

BT IR SO AR BT T s 1R MR AT IR
JeoIHT L] B T ,2006(3) :37-39.

CAO F, GAO T, LI S, et al. Experimental analysis of
pressure distribution in a twin screw compressor for multi-
phase duties[ ] ].
ence, 2011,35(1) :219-225.

F/NG TR, AR R, S T URAT AL T 0E 5 Rl &
TR AR i) 7 (9 AL T3 S [T ). W 5 <3, 2013
(7) :59-61.

SR R E PR LT CFD BOBSURAT R4 LAY =
eSS BT T[T ] PP IEHLAR T 72 ,2013,24(24)
3366-3371.

BOwIMEHE, PN A SURAT A 1S5 R R i R
BUARLLT]. o E PR T2 ,2012,23(18) :2228-2233.
ZEFCT, M H O AF. A TR G ] B UL T
FRAGHLA G [ ] PRV B TR A2 2440 A AR
h%,2019,35(6) :6-12.

XU Q, FENG J X, ZHANG S C. Effects of different loads

Experimental Thermal and Fluid Sci-

on structure stress of “L”-type large-diameter buried pipe
network based on fluid-structure-heat coupling[ J]. Inter-
national Communications in Heat and Mass Transfer,

2017(86) :222-230.

[ 4w - 5 BRAE |





