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ABSTRACT: The purpose of this research is to derive the principal design parameters gov-
emning the dynamic characteristics of the high response flow control servo valve. For this
purpose, a numerical modeling of the servo valve system and a parameter sensitivity analysis

to a frequency response characteristics were performed. As a result of these analysis, a basis
for improvement of a dynamic characteristics of servo valve was arranged.

Nomenclature

b  : feedback spring length [m]

B; : flapper effective damping coefficient
[m-N-s]

B, : spool effective damping coefficient [N/s}

C; : spool discharge coefficient

Cg : drain orifice discharge coefficient

Cg : fixed orifice discharge coefficient

Cy ' nozzle effective discharge coefficient

C, : spool volume coefficient

D : spool diameter [m)

D, : drain orifice diameter [m]

D, : nozzle diameter [m]

D, : fixed orifice diameter [m]

Js : armature-flapper rotational inertia

[m-N-s?]
K, : flexure tube stiffness [N/m]
K, : torque motor gain

K, : feedback spring stiffness [N/m}
M, : spool mass [kg]

t Corresponding author
Tel.: +82-55-640-3185; fax: +82-55-640-3188
E-mail address: hschung@nongae.gsnu.ac.kr

V; : drain chamber volume [m®]

V, : contained volume at each end of spool
[m’]

Xyy ¢ clearance between flapper and nozzle at
null [m]

X : spool max. displacement from null [m]

Greek symbols

p  : hydraulic oil density [kg-s%m]
. oil effective bulk modulus [m%N]
7 : flapper length [m]

1. Introduction

In general, servo or servo mechanism mean
an organized control system in order that the
system follow random variations of target val-
ue by controlling position, velocity, acceleration,
and attitude of an object. Electrohydraulic ser-
vovalve is valve for controlling oil flow or
pressure of hydraulic system, which valve, in
general, controls hundreds kg/cm2 of pressure
and thousands lpm of flow through weak elec—
tric signal in about some mA. Electrohydraulic
servovalve is an important part that decides
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the whole capacity of control system, in case
of configuring hydraulic servo control system
of the wvarious industrial heavy equipments,
robots, aircraft, and satellite. Therefore, in be-
half of competing with advanced nations in the
area of up-to-date technology in the future,
the most important tasks are attaining localized
hydraulic servovalve skill and servo control
system's design skill. Accordingly, the skill for
interpreting dynamic characteristics™ of servo-
valve as well as the skill for designing electric
machine are surely obtained, which typically
come under mechatronics technology develop-
ment. In particular, electrohydraulic servovalve
of a nozzle-flapper type was developed by
Moog in US,, and established theoretically by
Merritt.? Afterwards, a study on characteris—-
tics of nozzle-flapper part’s pressure and flow
was done by Fengm who offered experimental
apparatus and experimental value toward noz-
zle's spraying power and spraying coefficient.
Lin and Akers” predicted the capacity of
nozzle~-flapper valve and presented their study
results. This thesis analyzed modeling of the
whole servovalve system and interpreted sen-
sitivity toward frequency response character
istics in order to derive influences of each
parameter on the whole system’s dynamic
characteristics through a quantitative (numerical)
analysis.

2. Numerical analysis for servo valve
2.1 Summary of servo valve

Types of Electrohydraulic servovalve are clas-
jed into nozzle-flapper type, z-pipe type, de~
tor type, and other types according to main
es, which sorted into 1 step, 2step, and 3
according to amplification steps. They are
tivided into flow control type, pressure
type, and pressure-flow control type ac-

to control types, are classified into di-

yack way, position feedback way, pres—

ack way according to feedback ways.
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Fig. 1 Schematic diagram of a typical electro-
hydraulic servo valve,

This thesis studied flow control electrohydrau-
lic servo valve of nozzle-flapper type. which 2
step power feedback way. The basic structure
is shown in Fig. 1.

2.2 Analysis for nozzle-flapper

Mathematical model of each operative torque
is decided as follows;

(1) Magnetictorque

T,=K;-i (1)
(2) Torque by flexure tube

T;=K;- 6 2
(3) Torque by feedback spring

T.=M+F,-r

— K, [+ D) o—21+0) O

(4) Torque by flow force in flapper-nozzle part

Fp=(F\—F)r
= (Py~Py)An-7r
+4xChH[ (xp+ 22 (P — P.)
~(xp=x) (P~ P)] - 7

(4)
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(5) Derivation of flapper movement equation

)
dt?

+B, - % = Ty+ Ty To— T; (5)

Jre

Figure 2 presents a various torque that are
generated in armature-flapper assembly part
when inputting electric current into torque mo-
tor.

Fig. 2 Acting force on flapper-nozzle assem-
bly.
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Fig. 3 Acting force on feedback spring.
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Fig. 4 Flapper-nozzle.

Figure 3 shows that there is counteraction
between Fs, force given to both ends of feed-
back spring and moment Ms on the lower part
(connecting point) of flapper.

Figure 4 represents flowing force operating
flapper through fluid coming forth out of noz-
zle of both-side-spraying flapper valve.

2.3 Analysis for spool-sleeve

Figure 5 is a detail drawing of hydraulic ser-
vovalve’s spool. Flow passing through orifice
from feed line is supplied to flapper-nozzle
part of valve. Force operating here on to valve
spool is divided into flow force F; and F,,
generating by pressure from spool’s both ends,
and F; generating by feedback spring.

2.3.1 Continuity equation of spool inside

Pressure change shown in each chamber from
hydraulic servovalve’'s feed line to spool’s cross
section, and nozzle part as well as inside of
drain orifice are decided by following conti-
nuity equation.

aP, .
LA = (Quman-4s) ©

dP, .
L = o (@ QutAx) @

Here,
’J Pt

Pa2
bo— Ff
¥ Fn
ns1 FS

Q59
3., By, Gy

LRy

Fig. 5 Structure of spool valve.
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Vl = V0+As-x,,, V2 = VO—As'xt

aP, _ g
@ -V, (Qut Qu— Qu)

(8

2.3.2 Movement equation of spool valve

In case that fluid accelerates or decelerates
by fluid - flow change inside valve chamber, a
transient state flow force equation inside each
chamber is as follow;

—_— dxt
F, = (LI_LZ)Cd(l)V p(Ps—PL)'—‘ﬁ" (9)

Normal state flow force equation that pre-
vents valve’s opening because of incrzasing
pressure-differences caused by spraying veloc-
ity changes of fluid flowing throttle part by
fluid’'s flowing area control is as follows;

—_ (9

Fs =p@ Co - wx cos §

+PQzCC+szxv“ cos @ 10

=2C,C,w(Ps— Py)x, cos 8

Here, 8 is jet angle. Also, flowing force op-
erating onto valve spool is presented as fol-
lows;

'F;, = Fs+ F, (11

Force generating by pressure of both valve
spool’s ends is as follows;

Fh = (Pnl_PnZ)As (12)
Therefore, valve spool’s movement equation

derived after synthesizing the above equations
is shown in Egs. 13 and 14.

2
dx,,+B dx,

MS dtz S dt

= (Pnl_PnZ)As (13)
+ Fs—F,

d’x,
ar’

(Pyy—Pu) A+ K, (r+5)8 = M,

+{Bs+(L1~L2)CdCU(PS_PL)}'%‘ (14)
+{2CdC,, (D(Ps“PL) COS)’+Kw} c Xy

3. Sensitivity analysis for frequency
response characteristics

As for scale showing dynamic characteristics
of electrohydraulic servovalve, frequency re-
sponse characteristics are generally used. As
for frequency response characteristics, frequen-
cy~e in which 90° phase difference is shown
from the system’s bode plot is defined as
bandwidth of hydraulic servovalve, then, they
are descried by minimum input-output ratio in
this zone. And it becomes an important design
specifications of the system.

3.1 Model linearization and derivation of
transfer function

3.1.1 Linearization for the model of hydraulic
servovalve

In order to predict hydraulic servovalve's fre-
quency response characteristics from mathema-
tical model, the process of model linearization
is required. For this model linearization, values
should be defined at hydraulic servovalve state
variables’ operating point. Above all, in order to
identically state range of each state variables’
values, normalized state variable need to be de-
fined as shown in following equation, then, line-
arization model should be stated with use of it.

Z=;”, Z=xx” (15)
o=4 1=4 ae)
~ P, = P, — P,

P, = P"sl, P, = PSZ, P.=pr UM

Values at 7 state variables’ operating points,
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which state the mathematical model of hydrau-
lic servovalve are calculated as follows. First,
values at operating points of spool disposition,
spool velocity, flapper’'s rotational disposition,
and flapper’s rotational velocity are expressed
as follows;,

xv=01 xv=0 (18)
6=0, =0 (19)

Also, pressure at null of both-ends’ nozzle
chamber and drain chamber is derived from
normal state governing equations, ie., in case
of no pressure change in each chamber, Egs.
20 and 21 are settled;

(—P"l)oﬂ = (73’:2)0» =Py, (?’e)op = Py

c@AoJZ? V1-P, 20)
- Cd/Dn”xfo\/—z_F “VPy—Pgy =0
chfDnﬂxfo\/? - Py—Pa
- cddAd\/Zfs Py =0

Normal state pressure is calculated as follows,
at operating point of each chamber, through

(21)

the above equation.

- _ _RX1+R))

Py = 1+R2(1+R2) @)
= RZR}

Po = 1+ R2(1+R2) 23)

Here, R, and R; are expressed by Egs.24 and
25.

—_Cal,
Rs - Cd/D,,ﬂ'x/o (24)
Ry, = M (25)

CauAgy

In accordance, if linearizing the non-linear dif-
ferential equation by the operating point stan-
dard, which describes dynamic behavior of hy-
draulic servovalve, following expressions are de-
rives;

Movement equation of flapper

2
Lt 4B Y K=

K\((4P, — AP )+ K, i+ Ky x,

(26)

Here,

]a=]fy Ba=Bf
K,=K+K,(r+b)®
- 167TC3/X/0 %Ps(npo_ﬁeg)

PsA,r CEx?
Kl sy 4 dfx/OrPs
Kw(7+ b)xm K z.ra
Kz__.—___, K — —tttrat

Movement _equation of spool

2
M, ‘fi’g” +B, % 4 K x, =
t @ _ @
KS(APnl_APn2)+K40
Here,
M,= M,

Bv=Bs+(L1—L2)CdWV p(Ps_PL)
K,=K,+2C;C,w(Ps— P;)cosy

PsA, K,(r+5)6,
K= BT

Differential equation for a pressure in nozzle

chamber

dip y— _ -
& (4P,)) = —K,4P 1 — K, 28)

- K,—":,T” +K,4P,
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l — _ _— —
L(AP ) = — K, AP, + K0 29

dx, —
+ K’W +K,4P,

Here,

N [ 2Bs 1
K, Vo Ps {CdoAa P ( 2\/1_?,0 )
, 2P
+ CyD,mxg pS ( 2\/ 7301_73 )}
el

R ——
Ko= 5= CaDunr0n| <% -\ Py~ Pa

BA X om
VoPs

K1=

B _ | 2Ps 1 __
Kr VOPS (CdennxfO 0 9 ]'PO_'T)eO

Differential
ber

ation for pressure in drain cham-

Edz(ﬁ’e) =—K.4P,+ KAP .+ 4P,;) 30)

Here,

- B ,/2_135 1
Ke vdoPs{zcde"”"fO o (wr=7s)
2P
rCutal 25 (3, )

-8 [2Ps L
Ky Vdps(cd/Dn”xfO P 9 ?0_?20

3.1.2 Derivation of transfer funtion

When Laplace transform is executed toward
hydraulic servovalve’'s linearization model ob-
tained in the above, following transfer function
expression is derived;

(J.s*+ Bas+K,) 0 = K; (4P, (s)

- M @D
— 4P,y (s) + KnI+ K, X,

(M,s*+B,s+K,) X, = K3(4P,(s)

_ — (32)
— AP, (s)+ K0

k|

Fig. 6 Block diagram of the electro hydraulic-
servo valve.

(s+K,) AP, (s) = ~Ky0—K;sX,

_ (33
+K,4P.(s)
(S+ Kp)d?’,,z(.i) = Kg@+ K[SZ (34)
+K,4P,(s)
(S+Ke)A—Pe(s) = Kj(dﬁnl(s)
(35)

+A?n2 (S))

The spool disposition transfer function and
block diagram when inputting electric current,
is described in Eq. 36 and Fig. 6 respectively.

X.(s) _ N(s)
1(s) D(s)

(36)

Here,

N(s)=K,,(s+ K, ) {Ky(s+ K,)—2K3K,}

D(s)=[{(,s*+ Bus+K,) (s+ K,) + 2K, Ky}
x{(M,s*+ B,s+K,)(s+K,)+2K;K,s}
+{2K, K5~ Kp(s+ K, )H K (s+ K,)
—2K3K,}]

3.2. Sensitivity analysis for design parameters

This thesis selected the main design param-
eter that should be considered when designing
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Table 1 Principal design parameters

Index Symbol Description

1 K, Torque motor gain

2 K, Feedback spring stiffness

3 K; Flexture tube stiffness

4 D, Fixed orifice diameter

5 D, Nozzle diameter

6 D Spool diameter

7 Dy, Drain orifice diameter

8 Xn Nozzle-flapper initial gap

9 Jr Flapper rotational inertia

10 B,  Flapper effective damping coefficient
11 M, Spool mass

12 B, Spool effective damping coefficient
13 B Qil effective bulk modulus

14 Y Flapper length

15 b Feedback spring length

hydraulic servovalve and examined the system'’s
frequency response characteristics changes shown
according to changes of each design parameter.
Then, it was aimed to extract factors giving
major effects on frequency response characteri-
stics and make use of them as design infor-
mation. The parameter of this thesis is shown
in Table 1.

Figure 7 is bode plot concerning frequency
response characteristics of standard servovalve,
and represents amplitude ratio and phase dif-
ference according to frequency transform.

Bode Plot of Servavalve

#
G

(48]

quuency{R;dlsec]

Fig. 7 Bode plot of servo valve.

3.2.1 Definition of parameter sensitivity for frequency
response characteristics
The sensitivity function for finding out pa-
rameter representing governing influences upon
frequency response characteristics of hydraulic
servovalve through an interpretive AM (access
method) is defined like Egs. 37 and 38.

ensitivity for litude rati
S‘_—_IG(]'G))I 4p; (=1,2,...,15) (37
Here,

AGGD)=1GGW) 540~ GUO 5,
Ap;= 0-015;'

Sensitivity_for phase difference

_A(£GiGw) b .
Si= b (=12, 1939

Here,

4(£GG0) = £G(0) ) u3,1p— £G(0) , -5
4p;=0.017;

3.2.2 Review for parameter sensitivity analysis

Figures 8 and 9 show sensitivity analysis re-
sults on torque motor gain, flexure tube stiff-
ness coefficient, and feedback spring stiffness
coefficient. The sensitivity ratio to torque motor
gain ratio shows regular characteristics regard-
less of frequency, which, in particular, doesn’t
have effects on phase difference of the system.
In case of flexure tube stiffness coefficient,
particularly, in case that parameter values rise
in the low frequency range, a phase lag effect
is shown. A rise of feedback spring constant
causes a fall of gain ratio, which effect is
shown in the range of low frequency in par-
ticular.
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Fig. 11 Phase difference ( 1=4,
Figures 14, 15, 16, and 17 show influences and

Figures 12 and 13 represent sensitivity anal-
ysis results on clearance between flapper and

nozzle at null{m]. In particular, sensitivity to-
ward gain ratio is dominant in the area of
high frequency and sensitivity toward phase

acters, but in case of nozzle, its SG (specific
difference is dominant in the area of low fre-

gravity}
guency. But when considering sensitivity of pa~

rameters stated in the above, system frequency
response characters are comparatively insensi~

tween two parameters is shown in the range
tive toward parameter changes.

diameter. Sensitivity toward phase difference he~
of low frequency.

influence results of

diame-
erning

diame—~
ter, and nozzle diameter. In case of fixed or-

of fre-

quency. In particular, effects of spool diameter
are comparatively bigger, characteristics of the

L

0 rises ac-

ifice

ori
L

am ra

drain

)

Fig. 9 Phase difference { i=1,2,3).
Figures 10 and 11 show sensitivity analysis

results on hydraulic servovalve's spool

ter, fixed orifice diameter,

ratic increases, phase difference also shows a
character of phase lead. But gain ratio shows
effects in the area of low frequency. Sensitiv-
ity characteristics of spool diameter and noz-

ifice diameter and drain orifice diameter, gain
governing effects in the range of high fre-
quency and phase difference shows gow

zle diameter are different in ranges

cording to value-rise and falls in the area of
high frequency. Nozzle shows opposite char-

system change as follows; g
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results of interpretation, spool’s

parameter changes upon changes of system fre-

it

18COSI

and quantity) changes and v

quency response characteristics, in movement

changes had no effects on chang

~tion of flapper and spool. As shown in
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characteristics, which is shown quantitatively.
The rotational inertia of flapper is identical, but
changes of effective viscous coefficient in flap-
per-nozzle part, which are caused by fluid, had
comparatively bigger effects on other dynamic
parameters in the area of high frequency over
system natural frequency.

4. Conclusions

This thesis examined movement characteris-
tics of hydraulic servovalve and executed mod-
eling in each main part of valve through dy-
namic characteristics interpretation of flapper-
nozzle and feedback spring and flow interpre-
tation according to spool disposition, in flapper—
nozzle type 2step power-feedback type flow
control electrohydraulic servovalve.

Also, sensitivity toward frequency response
characteristics was interpreted. This thesis sug-
gested the 6th system'’s transfer function model
from the Linearization equation, defined sensiti-
vity function toward each parameter’s changes in
servovalve, and quantitatively derived influences
of each parameter upon the whole system’s
dynamic characteristics, then compared them.
This thesis made a standard to effectively im-
prove dynamic characteristics of servovalve.
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