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a b s t r a c t

The large transient power hydraulic systems, characterized by high pressure, large transient flow and
high output power, have widespread industrial applications in converting powerful hydraulic energy
to kinetic energy in a transient period. A conventional large flow rate directional valve is unable to be
used in these applications due to the slow response. A directional control valve with fast response and
high flow capacity simultaneously is presented for the large transient power hydraulic system in this
paper. The valve utilizes a three-stage structure with two high-speed on/off solenoid valves as the pilot
stage and two cartridge poppet valves as the secondary stage to overcome the fundamental trade off
between valve response and flow capacity. A precise mathematical model of this valve considering both
turbulent flow and laminar flow is developed. A test apparatus which has the ability to provide and mea-
sure transient large flow is built. The flow rate is estimated based on the pressure dynamics. The property
parameters in the simulation model are optimized against measured data. According to the dynamic
characteristics analysis, the valve response is split into the starting delay and opening time. The step
response is rapid enough to provide a large transient flow, while the high flow capacity is not reduced
due to the fast response. The main control pressure is characterized by its change time and critical open
pressure and these two parameters determine the main-stage response. Some key structural factors con-
cerning with these two parameters are discussed in detail and optimize to further reduce the response
time.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The large transient power hydraulic systems have widespread
industrial applications such as hydraulic operating mechanism
for high voltage circuit breaker [1] and high-speed hydraulic cata-
pult system [2]. They need to convert powerful hydraulic energy to
kinetic energy in a transient period. The control for these systems
is difficult due to the high hydraulic pressure, large transient flow
and high output power [1]. The control valve is one of the most
important components in these hydraulic systems. In order to
meet the demand of large flow for hydraulic system, the control
valve needs to have high flow capacity. In existing research, the
two-stage or three-stage valve structure gives an attractive solu-
tion to attain a high flow capacity for the control valve. There were
literatures on multi-stage structure used in proportional/servo
valve [3–7], directional on/off valve [8] and high-speed switching
valve [9]. In addition to high flow capacity, the large transient
power hydraulic systems have tougher requirements of response
than general hydraulic systems. However, the design of this kind
of control valve is difficult because there is a conflict between large

flow and short response time due to the factors like high flow
forces [10], large spool mass and stroke, etc.

Most current methods to reduce the response time are by
means of fast response electromechanical devices. High-speed
on/off solenoids are usually used in high-speed switching valves
as electromechanical devices. Their step response time is less than
3.5 ms in the present literature [9,11–14]. Moreover, it can obtain a
larger magnetic force and a lower power by adjusting the struc-
tural parameters of the solenoid, proposed by Tao et al. [15]. Com-
pared with the high-speed solenoid, the piezoelectric system is an
alternative way to reduce the response time. Piezoelectric actua-
tors have advantages of a fast response and high output force
[16,17]. However, their drawback is small stroke even at a large ap-
plied voltage, which restricts orifice gap and in turn limits maxi-
mum achievable flow rate [18]. Additionally, Magnetorheological
(MR) fluids are a kind of potentially simpler and more reliable
material as electromechanical devices. The particular advantage
of MR valves is no moving parts and can offer fast switching speed
[19]. The reported response times of MR fluid and MR devices cover
a broad range of 0.1–100 ms, depending on the method applied
[20]. However, a potential disadvantage of this actuator is insuffi-
cient block force [21]. It means the MR fluid is not suitable for the
large power hydraulic systems. Therefore, comparing these
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electromechanical devices, high-speed on/off solenoid is an appro-
priate choice for electromechanical devices in high flow capacity
valve.

Another method to shorten the response time is optimizing
structural parameters of the control valve. Liu et al. [22] researched
the effect of return spring stiffness and pre-tightening on the dy-
namic characteristics of three-way proportional reducing valve.
Hu et al. [9] pointed out that the time between the step of the con-
trol signal and the response of the pilot valve was important for
reducing the valve response lag in the three-stage high-speed

switching valve. They proposed that a smaller gap was helpful in
improving the valve response. Fu et al. [6] studied the parameters
influence on main stage dynamic characteristics in the large flow
cartridge servo proportional valve. The optimal parameters were
selected to lower the response time, reduce the vibration fre-
quency and overshoot of the valve step response.

Previous research on the high flow capacity and fast response
valve focused on the proportional/servo or high-speed switching
valve. However, the valve only needs to control the flow direction
in the large transient power hydraulic systems. It should have both

Nomenclature

Aa chamber A area (m2)
Ab chamber B area (m2)
Ac2 secondary valve control chamber area (m2)
Ac3 main valve control chamber area (m2)
Acp cylinder piston side area (m2)
Acr cylinder rod side area (m2)
Ain pilot valve inlet chamber area (m2)
AK pilot valve chamber K area (m2)
Aout pilot valve outlet chamber area (m2)
AP main valve chamber P area (m2)
AT main valve chamber T area (m2)
AZ main valve chamber Z area (m2)
AVi valve orifice area (i = 1, 2, 3) (m2)
B magnetic flux density (V s/m2)
bm viscous friction coefficient
Cd discharge coefficient of orifice 4
Ci discharge coefficient of orifice 5
Cqi valve discharge coefficient for turbulent flow (i = 1, 2, 3),

Cq1 = 0.707, Cq2 = 0.72, Cq1 = 0.804
Cqli valve discharge coefficient for laminar flow (i = 1, 2, 3),

0.04
Cri radial clearance (i = 1, 2, 3) (m)
Cv velocity coefficient
Dcp cylinder piston diameter (m)
Dcr cylinder rod diameter (m)
dc clearance between the spool and the sleeve (m)
dHi spool hydraulic diameter (i = 1, 2, 3) (m)
dsi spool diameter (i = 1, 2, 3) (m)
do orifice 4 diameter (m)
dso orifice 5 diameter (m)
Fe magnetic force (N)
Ffi flow force (N) (i = 1, 2, 3)
Fm solenoid output force (N)
Fs1 pilot valve spring force (N)
Fs2 secondary valve spring force (N)
Fsm solenoid spring force (N)
Fvi spool viscous damping force (i = 1, 2, 3) (N)
im solenoid current (A)
ks1 pilot valve spring stiffness (N/m)
ks2 secondary valve spring stiffness (N/m)
ksm solenoid spring stiffness (N/m)
Lm inductance (H)
Lsi total spool length in contact with sleeve for damping

(i = 1, 2, 3) (m)
mi spool mass (i = 1, 2, 3) (kg)
N coil turns number
pA chamber A pressure (Pa)
pB chamber B pressure (Pa)
pc2 secondary valve control chamber pressure (Pa)
pc3 main valve control chamber pressure (Pa)
pc3cr critical open value of main valve control chamber

pressure (Pa)
pcp cylinder piston side pressure (Pa)

pcr cylinder rod side pressure (Pa)
pin pilot valve inlet chamber pressure (Pa)
pK pilot valve chamber K pressure (Pa)
pout pilot valve outlet chamber pressure (Pa)
pP main valve chamber P pressure (Pa)
pT main valve chamber T pressure (Pa)
pZ main valve chamber Z pressure (Pa)
Dpi valve pressure difference (i = 1, 2, 3) (Pa)
qi valve flow rate(i = 1, 2, 3) (m3/s)
qo orifice 4 flow rate (m3/s)
qso orifice 5 flow rate (m3/s)
rc main spool port fillet (m)
Rei Reynolds number (i = 1, 2, 3)
Recri critical Reynolds number (i = 1, 2, 3), Recr1 = 100;

Recr2 = 100; Recr3 = 254
Rm electrical resistance (X)
Reddy eddy currents resistance (X)
si spool stroke (i = 1, 2, 3) (m)
Dt1 starting delay (s)
Dt2 opening time (s)
UL inductance voltage (v)
Uin input voltage (v)
vcy cylinder velocity (m3)
VA chamber A volume (m3)
VB chamber B volume (m3)
Vc2 secondary valve control chamber volume (m3)
Vc3 main valve control chamber volume (m3)
Vcy cylinder piston side volume
Vin pilot valve inlet chamber volume (m3)
VK pilot valve chamber K volume (m3)
Vout pilot valve outlet chamber volume (m3)
VP main valve chamber P volume (m3)
VT main valve chamber T volume (m3)
VZ main valve chamber Z volume (m3)
xcy cylinder displacement (m)
xgap gap between the solenoid and pilot spool (m)
xi spool displacement (i = 1, 2, 3) (m)
xlap spool underlap (m)
xm solenoid displacement (m)
xs1 pilot valve spring precompression length (m)
xs2 secondary valve spring precompression length (m)
xsm solenoid spring precompression length (m)
xtest measured data
xsim simulation data
a poppet half angle (deg)
b oil bulk modulus (Pa)
d air gap in solenoid (mm)
l dynamic viscosity of oil (Pa s)
m kinematic viscosity (m2/s)
h jet angle of the fluid (deg)
q density of oil (kg/m3)
u flux (Wb)
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