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Extended Abstract

A Study of Design and Control on
Hydraulic Control Valve Drive by
Piezoelectric Stack Actuator
Chien-Ming Lai
Ming-Chang Shih
Abstract
The objective of this study is to design and manufacture direct drive hydraulic control
valve driven by piezoelectric actuator. Replace the traditional common proportional
solenoid, torque motors, to do for electricity - machine transducer. The design contains the
leverage with the role of guiding the displacement amplification mechanism, experiments
confirmed the amplification mechanism design can effectively enlarged the piezoelectric
displacement hydraulic valve actuation shaft of the trip. And the three-position-five-way
spool valve can also be really achieve the effect of changing the fluid, and can be seen
from the oil pressure measurement experiments, prove that the valve design with high
precision. And in the controller design, the self-tuning fuzzy controller is taken by
reference to control the system be designed in the study. Discuss its results, the steady
state errors are smaller than 0.5um, by controlling the displacement of the valve shaft, to
achieve the effect of flow control. And through the tracking control, this piezo valve can be

used as high-speed proportional valve and low-flow servo valve.

Key words: piezoelectric actuator , displacement amplification mechanism , hydraulic
control valve , self-tuning fuzzy controller , proportional valve , servo valve



Introduction

Performance of the hydraulic system mainly depends on various hydraulic valves,
pumps and hydraulic motors and other components of the system. Therefore, to improve
the performance of hydraulic control components has been the primary goal of hydraulic
engineers.

Mechanism Design

This design of the piezoelectric valve, as shown in Fig.1, the entire piezoelectric valve
mechanism consists of two parts, the first part is to design the hydraulic valve bodies, as
shown in Fig.2,and the second part is the combination of a piezoelectric actuator and lever

displacement amplification mechanism design ,as shown in Fig.3.

Figurel. Piezoelectric valve mechanism
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Figure2. Combined with piezoelectric and displacement amplification mechanism
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Figure3. components of the valve body mechanism




System Architecture
Direct acting piezo-driven hydraulic control valve overall architecture is divided into
three parts, the first part of the hydraulic source, the second part of the piezoelectric valve
design, the third part microcomputer control section. In addition to the feedback of the
valve shaft displacement, the other also in the oil loading terminal installed hydraulic
cylinders, in order to confirm that the body of the design can indeed achieve the effect of
switching the direction, and the use of optical scale displacement of the hydraulic cylinder

of the feedback. The system device detailing, shown in Fig.4.
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Figure4. Components of the system schematic

Experimental Results
In order to make the design of the piezoelectric valve can achieve the effect of the
valve shaft controlled through design Fuzzy controllers were positioned to 0.02mm,
0.06mm, 0.1mm of Step positioning, as Fig.5. Its associated response results can get the

steady-state error of 0.5 um, 0.4 um, 0.4 pm.
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Figure5. Step positioning control response

Figures 6 and 7 for the piezoelectric valve pressure and internal leakage
characteristics. As can be seen from Figure 6 will be a very short time after the valve shaft
in place, namely pressure approaching equal, and from 0.01 to 0.4 seconds between this
article piezo valve shaft position among the dead zone. When the piezoelectric shaft
position control valve to the neutral position, the pressure A, B of the two oil chambers will
vary with the movement of the valve shaft, it can be seen from Figure 7, we design the
piezoelectric valve, the pressure increase position and decreasing the situation is unlikely.
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Figure6. pressure characteristic Figure7. internal leakage characteristic

The valve shaft in position symmetrical on both sides of a small flow of openings

available piezoelectric valve flow characteristic curve of this article, Figure 8.



Figure8. flow characteristic curve

Conclusion

The conclusions of this experimental study are:

(1) the successful design of a piezoelectric actuator combined with displacement
amplification mechanism driven platform, construction of the lever-type displacement
amplification mechanism, via displacement amplification tests can indeed reach 6.9
times the effect.

(2) In this paper, fuzzy self-tuning mode switching controller and border control paper
designed piezo valve shaft in order to control the opening of the flow through the
orifice.

(3) According to the results of positioning control experiment designed controller enables
the use of the Step positioning the valve shaft in the steady-state control error are all
within 0.5pum, multi-step path positioning stage can be reached, go back, two-way
control valve shaft effect, in order to control the flow through the orifice.

(4) From the valve body leakage test, pressure sensor measurements, the median time via

the valve shaft, pressure trend across the load In equal institutions designed to show

the body no significant internal leakage characteristics.
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AT IEE GRS o BREHR S - AEFR A T 0§ X ] e
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AR 2 (Curie) %5 1880 3 R T B H SR 2 $4M G ZPRT
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FEREATH Fagda t ARTEAMF nd 2T i (bound
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PREEEI LS AL IROREN G AECELT #EF A
FoEE EfEL o RHH TR AT ED
(remanent polarization) » M & -2 F2 B (%> = 28 o™ %
WA - R Fl S BUFE M e oom BFTE S N RGEATY g3 E
T e010~15[7 - 8] -
2-4-2 BB % (Creep)

BRI - BEPFF TR o B FRT B RTREE
- BERERER S REEY LR GARTRL 0 LiEF R TR
Bl eFRAVEEF 2w PSS DTF L EZTRETE > BR
RIMAR RN BFR AR TR AT R gL PZT
EHERY EEER AR HERFT 20T (542-1)

AL(H) = AL(1 +Y; - log (=) (2-1)

Hoe AL RG2S F) 0 PZT hieBE oy P BRFF > 7
ke PZT 3 7 F anB% %13 > $0.01~0.02 /& -
2-5 BE st 4238 (Constitutive equation)
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Load flow, Q. |  Open center

Critical
center

Underlap region
| Closed
center

Spocl stroke, x,,

: Overlap region

4 Flow gain doubles near null
because all four (rather than
two) orifices are active

Bl 3-8 7 I B o )5 i B3 ¥
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~
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A2 g deh ¥4 Frg, HY o g9 =2 Pentium4 3.0GHz 5 4§
BAL(RAM) 5 2GB e+ | » # 5o 4R T Kb B2 B 505 T i enim g
By BiF E B4 d Microsoft Visual Studio2010 # CH++ %k S & ez 30

o BRI Y R AR B A R > B ST 2 S % BIEEH 2 Matlab TR

@ nfig+ 5 PCI-1802 S # g+ > A G FHRE2 B
12 =~ 347 B +/-10 R chgp 2 a3 > 32 B 12 = A fR4T R b 2
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150/5/40 VS10 o 4+ B8 Mk ~ B R % > T ZEFERFHFPRT
TERAFE - AB o~ TEL OV-150V > w3 5 3k o e

% 31> F4E > 4@ 3-13 - B 3-14 -

4 31RT RE BAE

Type PSt 150/5/40 VS10
Max. stroke 40 (um)
Max. tensile force 150 (N)
Max. load force 800 (N)
Length 46 (mm)
El. Capacitance 1600 (nF)
Stiffness 12 (N/um)
Resonance frequency 20 (kHz)
P10,
mro4

T M3, 4 mm depth

455 (I
1 ‘ —— P10 gy
1 1T [axe
‘, SENSOR 2R
At 4i045 f1
iy pezo |
LI mm <~
—-J b MI?VX Eﬁm depth \1i
B 3-13 & § ¢ 20 ¢ B 3-14 & 7 7 H @

(4) B F 74 ok B

Bkt BEHTRL 0~150V 0 #1020 F @ % BT # Ik BR-T A
i~ 2 0~10V R B 5LiE (73 % > A F %iE * Piezomechanik GmbH 2 2
e RK42F+LC75B+LA75B-2 2 # 2z« E4rR 3-15 - ﬁ%l >3RS
1~75V o fim 1 E R L -20~150V 0 24 2 A L 20 B mded 32

J -
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4325 F A B

Type
LC75B Function Bipolar AC/DC linear converter
Mains voltage 230 (VAC)
Mains frequency 50 (Hz)
Output voltage -36/165 (VDC)
Current limitation 0.6 (A)
LA75B-2 Max. channels 2
Supply voltage -35/168 (VDC)
Output voltage -20/150 (V)
Max. output current 0.36 (A)

Linearity Output voltage vs. Input voltage

Input (V)

Ma-155 4 & 36K UEEEL TRR

(5) i TR A

AR HERY DR EH LR E SRS ORT AT LRI
g g A APH DT RA S g o A g PUOS FR
BRRFE ZRFF S 0~-2mmo it fgy & R R £5V(0.2mmiV) - 4o ) 3-17 -
Fpe ik > boBl 3-18 > A)5L 5 AEC-5505 > 247 A 5 0.3um > E A%

2

% +0.5%( 2 PlFE4E 5 0.2~1.8mm) ~ 3%(H v £ RIFEY) > i R F

35



-20°C~+120C -

Bl 3-17 iff T in =4 3+ ] 3-18 4 4% E
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WA E TG R 5 o 2 N ARPRis P o A R B F Kk
£ #-1) 2_ Bouc-Wen Model> Bouc-Wen model 2 - f&&. 3] ek i 22410
st & B 1976 & ARy ok o ¥ v B 2R g AT B
Fo i edp F 4T 1995 51 0F G gy R T MR iR a7 5 17

18] >+ fpr¢ MH BT bRz ART AL F LD 22 WRTRS

PR - R R S e et il L2 C FEAM S ARt B Ok
AA o AARRIRF BRSPS PHEN B ALY
BRI ARY RS 2 B A ERAE 2 T TR 2

%iil ’ I—: ;4‘\7 l{—"‘@ /%—T E”ﬁi” ’*t\ fl '\‘ ’ _E'. fgil’lj;\? e T m ;\‘. (4_1) l;;ia;\; (4_2)

X+ Z=f(t) (4-1)
Z = ok — BIXIZ|Z|" ! — yxIZ|" (4-2)

X ¢ =4 (the displacement) -

Z B2 ke 4 (the hysteretic nonlinear restore force )
o IR~ )2 Sl e

By A BiFd RAK 2 Sk

N:EFEEE s BFEEDTFA -
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W E S HR A S AT 2L n=ls FoH(4-2) 5 i

= T o 5 (4-3):
7 = ax — B|X|Z — yx|Z| (4-3)

P EFE R Low fr Guo 1995 & [17]4 e fif 1 7

-~

ETTRS

o
kK
w
)

Bouc-Wen H-4] %t 38 (/] tg B ehi3 & 4o 6 (4-4)7% ¢

h = ad.V — B|V|h — yV|h]| (4-4)

N
Ar

h @ #&% 2a 42 (hysteretic nonlinear) #7ig = 7@ 58 o

V ﬁ%lz\ % /& (the input voltage ) -

de 7 BT thdic (effective piezoelectric coefficients) -

W

SIRERTREFOAHEDS FHADBI B - B

M AR T LA R 40T G (4-5)50 ¢
my + by + ky = F + kd.V (4-5)
_,t[ ¢
y:i 4o
Fext ?}ggﬁjé\ i\" °

meb k: 3 BREMLDFE LR Z R -
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Yo% ¥ R IE BRI AR > TR AT AT G N (4-6) o

my + by + poky = Foyy + kd .V (4-6)

hud
A

po © 4 BHETTRL Sk -

FREIFREPE pp=0- Plin* (45)5 5 ERBFR LY BRI RT

P
b

CRESRMES 2N o 2 R(4-6)N TEIRA B I Ao G (4-T)5N o
my + by + poky = Feye + k(deV —h) (4-7)

Bots #-(4-4) B (4T 2L B4 #"5\'@?5’(@7?‘3?&%‘“’7@7&:%{@] .

R L gt 2R P BT URRTEEHI AT E T @ 3 (4-8)
£R@9F N DT RBIREEL S S - fd WHAF4-2:
my + by + ky = k(d,V — h) (4-8)
h = ad.V — B|V|h —yV|h]| (4-9)
v
Ak
/1 k(d.V—h)
A VNV T
m —
i
_1J
b
Bl 42 BT R Bpd 4 H
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1% MATLAB ¢ ¢ SIMULINK #c%8 » it 43 #-3% (4-8) ~ 544-9)i% -
P> FE2N-FRRTEFREB - F > RTAS S8 © A
g oa~Pry =B S KAF AWML RIS o TR NAEFR
READE B R o 24-15 D82 S0 B4-3- B4-4> A w8

SV RS S g

341 EF T 2B

m 0.275kg a 0.365
b 24525N-s/m B 0.0485
k 2.5x107N/m y | -0.0221
d 3.2x107"m/V
R
e /7 0B
0.025 é 0025
£ / i e
% 0.015 / é 008
i 001 § il

Y4

0

0.005 A

00 0 W 0 4 S 6 7 8 90 100 O A 50 fim oH 9 m
Control Signal(V) CUlm'Ul sl:{nﬂl | rvr‘
W43 5 ) W44 3 RRT 2 B

4-2 R BR BT 53

RBREERT ¢ 7 - ﬁi/ﬁ‘wm/ﬁi Do g e P o R T

42



FOPR B 1 & R I %K A fpkif/ﬁ.% °

4-2-1 g T AR F

[ Ag ~ > )) ;
W\{Q’%/ :
T o TN NG |
Az > 3
, T[> D |
1B ] !
1 2 3

Fle R FEEE FORME 0 @ 2B P At Gt e AL - B AREE 0 T
PSR T B # e dt v S f Bl Hoa fF R B - B3
F 5 TRt doB] 45 0 TSRS A K G A, T G A 1 A
= e kg G gCe 0 434 (4-10) o

A,=C.A, (4-10)

B AR R BLIE R M PR R ug e i FIRE WU E R Uy tT R & D

BA > VA liog2 2 FFgd ty 13 40 4ot (4-10) -

2
W -l = ;(P1 - P) (4-11)

* 3RS A AT 954 (4-12) -

A1u1 = A2u2 = A3113 (4'12)

w=[1- )] 7 fe-m (4-13)
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d B 4-5 7 cof et i B QEAyup 0 fe g 0ARF BRRE 0 §
AR R gV N (4-13)E ) - s i g5 - AR R GRS

GBC, R - B D IFE- ARG 098 21 o eIt AR R

;4 (4-14)
Q=+t F(p -p) (4-14)
1=("2/a,)
moe (PRI G fia J{qtﬁ*ﬁwﬁg (hg 0T -3¢ (4-10)

BNG-14)EE > TE EIRRR ST C AR S S N (4-15) 0 NP Cg b

Q= Caho [2(P ~P) (4-15)

422 - #f REE K

R Al o

YRR = e EFR 0 oW 46 fTT o

B =R-2
r ¥ i
[y
| [ I [ | M |
~ 2 2
| LI |
| ~ | T - |
L L i
L ol & &,
supply T return l
I B0

B 4-6 128 = i R
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BRRAIEA L iR E R 0 LS Rl A S 5 (4-16)

QL=Q1—Qs=Q3—Q; (4-16)

(=
(F\}
S

P,=P —P (4-17)

AP QuET B e E PLAL A RORYE S TLHRNE BT

E: g l;’j”'/”l'g. ’ ? J,{ E} L 1;‘{1

—~

Q; = C4A, /%(Ps —P) (4-18)
Q, = C4A, /%(Ps LIRS (4-19)
Q3 = C4As \[272 (4-20)
Qs = CyAq \/%7131 (4-21)

- BUBGK T IV ET Y AL Ho

Ay

LR AR (4-15) kit o

ST Ai=A; - Ay=A, (4-22)
HEDT v 2R AXy) = A (—Xy) Az (Xy) = Ay (—Xy) (4-23)
dok F oo TR SR

Qi =Qs > Q2=0Q (4-24)

#3% (4-18) ~ (4-20)4r(4-22)% » 5% (4-24) > BIT @ 5% (4-25)

Ps =P +P, (4-25)
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£ (4-17) 4058 (4-25) 7 iz & {9 7| 5% (4-26)

Pg+Py,
2

Pg—Py,

P1= >

P, = (4-26)
B A PRI > T T TR B 2 SRR SR AR

(4-26)fe 3 (4-18) i » 3¢ (4-16)37 19 5]

_ z Pg—Py, K% _
Qu = CaAr [~ (557) £ Xy >0 pF (4-27)

HAR e =8 41* QL =—-Qy FIEEEH LV 7

Qu = ~Cohs [*(257) FXy <0 B (4-28)

TSI R - R R R 3 5 (4-29) 5
_ 1(p. _Xv .
QL = CdWXV\/p (Ps T PL) (4-29)

4-2-3 €% fuif MM b L chie i o
LR Xﬁ-;/‘xi’/” EX s A R E B 4 ’lflf-.{%}ﬂd’k
o A BT PR A e AWt 24 B 4T o F A

TRERITA B RITETI €5 mg#nri;e;;fug b4 4e38 (4-30) o

pQ2”
£j = pVo A2V0 m (4-30)
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Fluid
»
element

Bl 4-7 R phAs B X i i 4

I

Q=i % ¢ WA
Vo=t 4e i i % P 7
Ao = wx, =52 #1% © & ff
Ay=R b B o
O=vf 5 &

FARA S 2 L o b - AR e AR R nE (e 4
PPN AN T s VA g

Fi = —FjcosO (e 4~ &) (4-31)

F, = —Fjsin0 (v~ &) (4-32)

Bl A 4 Bpre 3t R phdt e Rlo SARE AP RE 0 KA S ARALHIR G o 7
W R oehi TR R R AARE R o T Rl 4 F o g3
AR F e 4 o m v T S e ERR OB MPF o iyt

B R S AR R (430) 4 B TE AE T FIIT T R L 2 AR o 7
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4 o3 (4-33)
F; = 2C4CyAy(P; — P,) cos 6 (4-33)
ok F IR 0 A RE R g e B AR AR T OREGRIY Von
Mises[12] » +* & AR e R EF &S 24T > Rl i it s 0 569
% C4=0.6 ~ Cy=0.98 ~ cos 69" = 0.35% £ AP =P, — P, » A% (4-33)7 it {§
% (4-34)5%
F; = 0.43wAPx, (4-34)
%éﬁfu{— SR TR AR R A e AR5
Wk R LAER RIS ek T SR A R MR e id e
M 4 - T AFRGA G nE T 4 g4 2 W AR s
w bin— P BRLE Rt B R T Bl 4T Aok RO E 1 A Ak S
#oRHE TR PRSI SN PRA o BRI ;ﬁfa{s’ IR R
Y s R E R A Y > LA S e e R RME O BRI
ko) d AHEE - T

dQl/
() _ a0,

F3 = M-a=pLA, — -

(4-35)

fd W R AN HQUM A T A BERE RS R NI

MERL > - e 7RI g 0 &30 (4-35)% %

F3 = LCqwy/2P(P; — B) (4-36)
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FIB 46T FaH-ZEER R LR LB B

(i}
s

Fr = 2C4C,w(cos0)(P, — P)x, + (L, — L{)Cqw+/p(Ps — P.) 2y (4-37)

dt
AR 46 e SRR RphiEE S st TS

d?x, dxy

Fi = Msga + Brg + Ko (4-38)
M; =R $h 5 &
Bf spRiii 4 A4 PR IR
Ke =ieind A2 il ¥tk
4-3 Fd 50
f
er | Fa
hl])l? Jr—“—
14
Bpe B / o
X1 v

Fl4-8 % T e 4% 25 e < {8401 sk o
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FBE & SRT R AE S A et B4A8 0 X e BT

EHI e o Xy e LRSS e o RS BEAT AT 5T 7 (4-39)

(4-39)

A=—X2/X1
BT AR AT B R 2 e iAo IR
S P BT o5t (4-40)
_XZ/Xl = bo/ao
Ud s BEREFEI S LR by s I Rt FER

5
d 2 (4-39) + 5 (4-40)T 7 FIT 4L 20 % BB ATE 0 4 72
A =by/ag

(4-40)

Hich 5 (4-31)
(4-41)
g,

R14-8+¢ er A Bpe ¥ Mpe/”\ B A RETRE BOESTh| M~ LR

m Ksp N Bsp N Msp/”\ V”'Jg F&f%ﬁ?i PR ~ FER ’F‘*';E’_ ’ KTIZ:» ﬁ@ﬁﬂ?%:}%’,i
REFEY R T SRIRGFPIFITRE D A4 2 14 0F,

Fo B 5 17 15 8 ~ s~ d ish 20 MR TR W eni®r 4 o Fr W fiR B

Vo 2 BgEd o

‘\

N M

Mpe X1 + Bpe Xy + Kpe Xy = f—F, (4-42)
AFEREHFEL | o PEMESER S f2 5
16 — Fyag + Fybg = 0 (4-43)
RphE &0 X, ™ v i@ b 3 4250 5
(4-44)

MSPXZ + BSpXZ + (Ksp + KX, = Ff— F,
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