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Abstract 

With the widespread application of the computer and microelectronic technology in the industry, digitization 
becomes the inevitable developing trend of the hydraulic technology. Digitization of the hydraulic components is 
critical in the digital hydraulic technology. High-speed on-off valves (HSVs) which convert a train of input pulses into 
the fast and accurate switching between the on and off states belong to widely used basic digital hydraulic elements. 
In some ways, the characteristics of the HSVs determine the performance of the digital hydraulic systems. This paper 
discusses the development of HSVs and their applications. First, the HSVs with innovative structures which is classi-
fied into direct drive valves and pilot operated valves are discussed, with the emphasis on their performance. Then, an 
overview of HSVs with intelligent materials is presented with considering of the switching frequency and flow capac-
ity. Finally, the applications of the HSVs are reviewed, including digital hydraulic components with the integration of 
the HSVs and digital hydraulic systems controlled by the HSVs.
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1  Introduction
Hydraulic technology which generates, transmits, and 
controls the power with pressurized liquids has advan-
tages of high power density, large output force and easy 
linear motion [1]. It plays an irreplaceable role in many 
fields, such as construction machinery, machine tool 
industry, mining engineering, and so on [2–4]. With the 
widespread application of the computer and microelec-
tronic technology in the industry, digitization which is 
essential to the intelligent control becomes the inevita-
ble developing trend of the hydraulic technology. Digital 
hydraulic technology means that hydraulic components 
driven by the digital signals are used to control the sys-
tem output [5].

High-speed on-off valves (HSVs) belong to typical 
digital hydraulic valves, in which a train of input pulses 

convert into the fast and accurate switching between the 
on and off states. They can interface with a computer 
directly and control the flow by the digital signals flexibly 
with no need for the digital-to-analog converters [6]. The 
HSVs have advantages of simple structure, high reliabil-
ity and high fast response. In addition, when the HSVs 
working, the orifice is fully opened or fully closed most 
of the time as the switching time is very short. This fea-
ture makes the HSVs work with small throttling loss, high 
energy efficiency and high robustness against oil con-
tamination. Consequently, HSVs have become the main-
stream of the digital valves and development of the HSVs 
has drawn considerable attention.

The inherent advantages enable the HSVs to be read-
ily applied in the digital hydraulic technology. The HSVs 
can be applied in two ways: digital hydraulic components 
with the integration of the HSVs and digital hydraulic 
systems controlled by the HSVs. In the digital hydraulic 
technology, digital hydraulic components are obviously 
necessary to achieve their objects. The integration of 
the HSVs offers a method for the construction of digital 
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proportional valves, pumps and actuators [7]. Hydraulic 
systems controlled by the HSVs obviously promise high 
energy efficiency and control flexibility. Thus the appli-
cation of the HSVs has become an important research 
branch in the digital hydraulic technology.

Given their advantages and importance in the digital 
hydraulic technology, this paper discusses the develop-
ment of HSVs and their applications. First, the HSVs with 
innovative structures which is classified into direct drive 
valves and pilot operated valves are discussed, with the 
emphasis on their performance. Then, an overview of 
HSVs with intelligent materials is presented with con-
sidering of the switching frequency and flow capacity. 
Finally, the applications of the HSVs are reviewed, includ-
ing digital hydraulic components with the integration of 
the HSVs and digital hydraulic systems controlled by the 
HSVs.

2 � HSV with Innovative Structure
HSVs are the key components in the digital hydrau-
lic technology and their characteristics greatly impact 
the performance of the digital hydraulic systems. Thus, 
developing a well-performing HSV with fast switching 
frequency, large flow and miniature size is critical to the 
digital hydraulic technology. In a HSV, the on and off 
states are controlled by the movement of the moving part 
driven by the electromechanical converter. Valve struc-
ture is obviously an important consideration in the devel-
opment of the HSVs.

2.1 � Direct Drive HSV
Figure  1 shows a 3/2 ball valve with a threaded car-
tridge structure developed by Honglin Machinery in the 
1990s [8]. The spin with two balls driven by the solenoid 
serve as the moving part to alternate the flow path. The 
armature is restored by the hydraulic pressure instead 
of spring force so that the fatigue damage of the restor-
ing spring can be avoided and the service life runs up to 
2109 cycles according to the durability test. The opening 
time is 3.5 ms or less and the closing time is 2.5 ms or less 
with a repeated accuracy of ± 0.05 ms. However, due to 
impact of the flow forces, the forces acting on the balls 
are un-balanced and the orifice is limited to a rather small 
size. The maximum flow rate is 9 L/min at a rated pres-
sure of 20 MPa. To improve the response speed of this 
valve, Kong et al. replaced the single coil with the paral-
lel coils [9]. When at the same ampere-turns, the opening 
time reduces from 15 ms to 1.16 ms and the closing time 
decreases from 1.54  ms to 1.3  ms. Zhang et  al. investi-
gated the effect of supply pressure on the switching time 
of this valve and proposed self-correcting pulse-width 
modulation control algorithm to counteract the effect 

[10–12]. When the supply pressure increases from 4 MPa 
to 20  MPa, the switching time variation can be limited 
within 0.3 ms.

Manhartsgruber designed a 3/2 spool valve with a 
plate-style armature in 2006 [13]. As shown in Figure 2, 
with the custom-built accumulators integrated in the 
valve, the fluid in the chamber at the top and bottom 
of the spool generate hydraulic springs due to the fluid 

Figure 1  Ball valve with a threaded cartridge structure developed by 
Honglin Machinery

Figure 2  Spool valve with a plate-style armature designed by 
Manhartsgruber
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compressibility. The hydraulic springs and spool mass 
form a spring-mass system with a natural frequency 
of 400 Hz. The solenoid with a large circular plate used 
as the armature conducts the resonant excitation at the 
natural frequency and the small plate deformation pro-
duces the restoring force. The hydraulic connection is 
switched with the spool vibration and the duty cycle cor-
responding to the spool vibration bias can be adjusted by 
the pressure in the chamber at the top of the spool. With 
resonant excitation, the valve driven by an excitation 
actuator can work with high energy efficiency by kinetic 
energy recuperation. However, because of the extreme 
eddy-current damping, the spool vibration amplitude is 
confined to 0.5 mm the flow rate is about 30 L/min or less 
at a pressure drop of 0.5 MPa.

In 2007, Tu et  al. provided a self-spinning 3/2 rotary 
valve [14]. As shown in Figure 3(a), with the helical inlet 
turbine blades, the flow force acting on the tangential 
direction of the spool is transformed into the torque and 
drives the spool spin. It can be seen from Figure  3(b) 
that when the spool spins, the inlet turbine continuously 
switch the flow direction between the tank and appli-
cation. The duty cycle is controlled by the spool axial 
displacement which determines the orifice area ratio 
between the two hydraulic paths per rotation. The valve 
can reach a switching frequency of 84 Hz with a flow rate 
of 40 L/min at a pressure drop of 0.62 MPa [15]. With the 
flow force utilization, there is no need of dedicated actu-
ator to spin the spool. This feature leads to a simplified 
structure. However, due to the rotation speed fluctuation 
caused by the fluid compressibility and viscosity, it is dif-
ficult to control the switching frequency and flow rate 
accurately [16, 17].

Figure  4 shows a disc-style 3/2 rotary valve proposed 
by Katz in 2008 [18]. It can be seen from Figure 4(a) that 
there are two motors needed in the valve: one is used 
to rotate the valve plate continuously and the other is 
applied to change the phase angle between the two tiers 
intermittently. As shown in Figure 4(b), the flow path is 
alternated with the valve plate rotation and the switching 
is double the rotation frequency. The duty cycle deter-
mined by the phase angle between the two tiers. The 
valve is able to reach a flow rate of 10 L/min at a pressure 
drop of 0.5  MPa [19]. The disc-style structure can offer 
ad-vantages of loose manufacturing tolerance and no 
centrifugal effect. Whereas, because of the actuator limi-
tation, the maximum switching frequency is only 64 Hz 
[20].

Gu et  al. developed a moving-sleeve type 2/2 poppet 
valve in 2013 [21]. As shown in Figure  5, to reduce the 
driving force, a thin-walled sleeve is applied as the mov-
ing part to switch the hydraulic connection while the 
poppet is fixed on the valve body. The valve can achieve 

an opening time of 2.25 ms and a closing time of 2.15 ms 
with a flow rate of 60 L/min at a pressure drop of 1 MPa. 
However, due to the effect of the steady flow force, the 
relationship between the flow rate and the duty ratio is 
irregular and nonlinear when the switching frequency is 
higher than 50 Hz. This disadvantage make it difficult to 

Figure 3  Self-spinning rotary valve provided by Tu et al.: a cutaway 
illustration on the assembly of spool and sleeve, b schematic of the 
rotary spool
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control the flow rate precisely at a relatively high switch-
ing frequency.

In 2016, Messner et  al. designed a 2/2 ball valve with 
a fast actuator derived from the fuel injection technol-
ogy [22]. As shown in Figure 6, the actuator is borrowed 
from the samples applied in the common rail injection 
systems. The ball is utilized to seal the hydraulic path 
with mechanical contact with the valve seat. To meet the 
requirements for the hydraulic do-main, a ball type valve 
seat is designed to reduce the leakage and the actuator 
is separated from the high pressure chamber. The valve 
can reach a switching frequency of 1 kHz. However, due 
to the compact construction, the stroke is limited to 0.05 
mm and the flow rate is only 0.2 L/min at a pressure drop 
of 0.5 MPa.

In 2016, Noergaard et al. developed a 2/2 moving-coil 
actuated valve shown in Figure  7(a) [23]. The plunger 
fixed with the coil serve as the moving part, which is 

driven by the Lorentz force acting on the energized coil 
in the magnetic field generated by the permanent mag-
net. When the plunger contacts with the valve seat, the 
hydraulic path is cut off. A spring is used to keep the valve 
open normally. Due to the permanent magnet, the actua-
tor can drive the plunger with higher energy efficiency 
compared to the solenoid [24]. However, the electrical 
connection related to the coil must be robust and dura-
ble because the coil is immersed in the oil with fluctuant 

Figure 4  Disc-style rotary valve proposed by Katz: a schematic of the 
valve, b disc architecture

Figure 5  Moving-sleeve type poppet valve developed by Gu et al.

Figure 6  Ball valve with a fast actuator designed by Messner et al.
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high pressure. This leads to a disadvantage of complex 
structure in the electrical interface. According to the 
experimental test, the moving-coil actuated valve achieve 
a switching time of 3 ms with a flow rate of 120 L/min at 
a pressure drop of 0.18 MPa [25].

To simplify the structure, Madsen et  al. designed a 
moving-magnet actuated valve in 2017 [26]. As shown in 
Figure 7(b), the restoring spring is needless in this valve. 
The plunger fixed with the permanent magnet is driven 
by the magnetic force between the permanent magnet 
and electromagnet formed by the energized coil. The 
permanent magnet move with the plunge while the coil 
remain stationary. Hence, the coil does not sustain the 
fatigue stress and the complex electrical interface can be 
omitted. Whereas, there is a disadvantage of long switch-
ing time due to the heavy moving part caused by the per-
manent magnet. The moving-magnet actuated valve has 
a long switching time of 5.7 ms and the flow rate is 142 L/
min at a pressure drop of 0.11  MPa [27]. Moreover, in 
the two seat valves, there is a common risk of the perma-
nent magnet demagnetization caused by the mechanical 
impact between the plunger and the valve seat. To solve 
this problem, the structure of the plunger or valve seat 
need to be optimized [28].

In 2017, Liu et  al. designed a 2/2 poppet valve driven 
by a voice coil motor [29]. As shown in Figure 8, the valve 
is com-posed of a voice coil motor and a valve structure. 
The moving part in the voice coil motor and the poppet 
are connected with screw threads. The piston and the 
poppet are impacted with the lock nut to balance the 
hydraulic pressure at the top of the poppet and reduce 
the needed driving force. Due to its large orifice diameter, 

this valve can reach a flow rate of 100 L/min at a supply 
pressure of 8 MPa and a stroke of 1 mm. Whereas, there 
is a long delay in the valve. The opening time is about 
7 ms and the closing time is about 9 ms. To improve the 
dynamic performance, the poppet diameter, orifice diam-
eter and cone angle need to be optimized [30].

Figure  9 shows a miniature 2/2 poppet valve with a 
magnetic ring provided by Yang et  al. in 2018 [31]. A 
ring with magnetic material put in the valve is applied 
to decrease the reluctance loss. To enhance the mag-
netic flux, the restoring spring with proper stiffness is 

Figure 7  Seat valves: a moving-coil actuated valve developed by Noergaard et al., b moving-magnet actuated valve designed by Madsen et al.

Figure 8  Voice coil motor driven valve designed by Liu et al.
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mounted on the top of the coil. With the electromag-
netic configuration design, the actuator can out-put 
large driving force with a small size. The valve is able 
to achieve a switching time of 1.5  ms with a length of 
36  mm and a diameter of 12  mm. Whereas, the small 
size limits the orifice diameter to 0.5 mm and the flow 
rate is only 0.7  L/min at a pressure drop of 3.5  MPa 
[32].

Koktavy et  al. provided a crank-slider 3/2 spool valve 
in 2018 [33]. As shown in Figure 10, two spools actuated 
by the crank-shaft serve as the slider in the crank-slider 
mechanism. The spool 1 is used to switch the flow path 
and the switching frequency is controlled by the crank-
shaft rotation speed. The spool 2 is used to adjust the 
duty ratio by changing the phase angle between the two 
crank-arms. The valve can achieve a 22.7 L/min flow rate 
at a 0.69  MPa pressure drop with a 120  Hz switching 
frequency. The crank-slider mechanism can provide an 
advantage of efficient actuation with non-constant spool 
speed. In the transition stage, high speed can decrease 

the throttling loss while in the other stage, low speed can 
reduce the viscous friction loss. Whereas the crank-slider 
mechanism brings potential problems of heavy structure 
and large size.

The summary of the direct drive HSVs with innovative 
structures is shown in Table  1. Ball valves can only be 
used in the small flow rate conditions because the forces 
acting on the ball are unbalanced. Due to the heavy mov-
ing part, seat valves are only suitable for the conditions in 
which the requirement of the response speed is not very 
high. In the rotary valve, the switching frequency is lim-
ited to a low range by the performance of the actuators. 
Poppet valves and spool valve can be constructed with 
high switching frequency or large flow rate.

In the direct drive HSVs, the moving part is driven 
by the electromechanical converter directly. When the 
design flow increases, the actuator dimension increases 
significantly while to achieve fast switching frequency, 
the valve has to be made with light weight and small size. 
Thus there is a contradiction between high switching 
frequency and large flow rate. For example, the poppet 
valve developed by Messner et  al. can reach a switch-
ing frequency of 1 kHz while the flow rate is only 0.2 L/
min [22]. Conversely, the seat valve designed by Noer-
gaard et al. can achieve a flow rate of 142 L/min while the 
switching time is limited to 5.7 ms [26].

2.2 � Pilot Operated HSV
Figure  11 shows a multi-poppet 2/2 valve developed 
by Winkler et  al. in 2010 [34]. It can be seen from Fig-
ure 11(a) that the pilot valve is a 3/2 spool valve driven 
by a solenoid. As shown in Figure 11(b), when the pilot 
valve controlled by the pulse width modulation, the con-
trol pressure above the poppet alternate between the 
supply pressure and the tank pressure while the pressure 
under the poppet is always equal to the supply pressure. 
Driven by the control pressure and the supply pressure, 
the poppet can connect or disconnect the hydraulic 

Figure 9  Miniature poppet valve with a magnetic ring provided by 
Yang et al.

Figure 10  Crank-slider spool valve proposed by Koktavy et al.
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path. Multiple poppets shown in Figure 11(c) are applied 
to enhance the flow rate. A ring put between the spring 
and the poppets is used to ensure that the all the pop-
pets move synchronously. The valve can reach a flow rate 
of 85  L/min at a pressure difference of 0.5  MPa with a 
switching time of 1 ms. In 2014, Lantela et  al. designed 
a pilot operated miniature 2/2 valve with the same work-
ing principle shown in Figure 12 [35]. A 3/2 spool valve 
is applied as the pilot stage and a 2/2 ball valve is used as 
the main stage. The ball is driven by the pressure differ-
ence between the supply pressure and the tank pressure. 
The valve can achieve a 1 ms switching time and a 9 L/
min flow rate at a 3.5 MPa pressure drop with a volume 
of 4 cm3.

In 2012, Johnston et  al. provided a three-stage 3/2 
spool valve [36]. The valve is composed of an actuation 
module and a main stage. As shown in Figure 13(a), the 
actuation module can be subdivided into two stage: the 
servo valve produced by Moog with a model number of 
E050-899 serve as the first stage and a cylinder actuator 
with equal areas serve as the second stage. The screwed 
end of the piston is threaded into the spool in the main 
stage. As shown in Figure 13(b), the flow path is switched 
by the spool oscillation driven by the actuation mod-
ule. To enhance the flow capacity, multiple grooves are 
machined on the spool and each valve port has four ori-
fices. Sell et al. provided the control strategy of this valve 
and tested the performance of the valve [37, 38]. The 
results show that the valve can reach a 0.5 ms switching 
time and the flow rate is 50 L/min at a pressure drop of 
1 MPa.

Figure 14 shows a two-dimensional 3/2 valve proposed 
by Jia et  al. in 2016 [39]. As shown in Figure  14(a), the 
valve is actuated by a rotary solenoid. The shift fork is 
applied to drive the spool rotation by amplifying the 

torque and displacement output by the rotary solenoid. 
As shown in Figure 14(b), the fluid with high pressure is 
always directed into the chamber at the right of the spool. 
A servo spiral mechanism is used to transform the spool 
rotation angle into the spool displacement along the axis 
and alternate the hydraulic path by directing the fluid 
with supply pressure or tank pressure into the chamber at 
the at left of the spool. The valve can reach a flow rate of 
60 L/min at a pressure drop of 3.5 MPa. With the optimal 
deigns of actuator and valve structure, the switching time 
reduces from 18 ms to 8 ms [40]. However, the switching 
time is still relatively long compared to its counterpart.

The summary of the pilot operated HSVs with innova-
tive structures are shown in Table  2. Compared to the 
direct drive valves listed in Table  1, the pilot operated 
valves can ease the contradiction between the high flow 
rate and fast switching frequency. For example, the valve 
with good performance developed by Winkler et al. can 
reach a switching time of 1 ms and a flow rate of 85 L/
min [34]. In the pilot operated valves, main stage is 
driven by the hydraulic pressure. Due to the high power 
density of the hydraulic transmission, the pilot operated 
valves have a stronger flow capacity than the direct drive 
valves with similar size. For example, the valve designed 
by Lantela et al. can achieve a flow rate of 9 L/min with a 
4 cm3 volume [35].

3 � HSV with Intelligent Material
Intelligent materials can change their shapes or physical 
properties rapidly by perceiving the external excitation 
including electric field and magnetic field. This feature 
provides a possibility for the actuator construction with 
intelligent materials in the HSVs. This section discusses 
the HSVs with intelligent materials including their merits 
and demerits.

Table 1  Summary of the direct drive HSVs with innovative structures

Reference Valve construction Structure feature Switching frequency/time Flow 
capacity 
(L/min)

Honglin Machinery [8] Ball No restoring spring 3.5 ms/2.5 ms (on/off ) 9

Manhartsgruber [13] Spool Plate-style armature 400 Hz 30

Tu et al. [14] Rotary Self-spinning spool 84 Hz 40

Katz [18] Rotary Disc-style 64 Hz 10

Gu et al. [21] Poppet Moving-sleeve 2.25 ms/2.15 ms (on/off ) 60

Messner et al. [22] Ball Fast actuator 1 kHz 0.2

Noergaard et al. [23] Seat Moving-coil actuator 3 ms 120

Madsen et al. [26] Seat Moving-magnet actuator 5.7 ms 142

Liu et al. [29] Poppet Voice coil motor 7 ms/9 ms (on/off ) 100

Yang et al. [31] Poppet Magnetic ring 1.5 ms 0.7

Koktavy et al. [33] Spool Crank-slider 120 Hz 22.7
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Figure 15 shows a 2/2 poppet valve with two multilay-
ered piezoelectric actuator developed by Yokota et al. in 
1991 [41]. The slider is utilized to adjust the zero position 
of the poppet. On both sides of the poppet, two piezo-
electric elements are applied to push or pull the poppet 
directly with a maximum force of 850 N at a voltage of 
100 V and the flow path is switched with the poppet 
movement. The switching frequency can reach 2 kHz and 
the switching time is less than 0.07 ms. Because there is 
no displacement amplifier in this valve, the stroke is lim-
ited to 0.015  mm. The flow capacity of the valve is not 
mentioned by the authors. But it can be infer that the 
flow rate is rather small according to the stroke. Lu et al. 
designed a 3/2 poppet valve with similar structure in 
2002 [42]. With the optimal design of the energizing cir-
cuit, this valve can reach a flow rate of 8 L/min at a supply 
pressure of 10 MPa and a stroke of 0.03 mm. The opening 
time is about 1.2 ms and the closing time is about 1.7 ms.

Shi et  al. designed a 3/2 poppet valve with two giant 
magnetostrictive actuators in 2003 [43]. As shown in 
Figure  16, the displacement output by the actuator is 
0.035  mm. The poppet and sleeve are both driven by 
the actuator and the displacement can be amplified to 
0.288 mm by utilizing the lever. With the relative motion 
between the poppet and sleeve, the hydraulic connec-
tion switches and the stroke is enlarged to 0.576 mm with 
an opening time of 1.4 ms and a closing time of 1.8 ms. 

Figure 11  Multi-poppet valve developed by Winkler et al.: a pilot 
valve, b working principle of the valve, c main valve

Figure 12  Pilot operated miniature valve designed by Lantela et al.
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Although with the design for enlarging the stroke, the 
flow rate of is still rather small. The valve can achieve a 
flow rate of 1.24 L/min at a supply pressure of 5 MPa [44, 
45].

In 2008, Jiang et  al. provided a 2/2 poppet valve with 
two piezoelectric actuators [46]. As shown in Figure 17, 
the fluid with load pressure or tank pressure into the 
chamber is alternately directed into the control chamber 
with the poppet movement. The difference between the 
pressure in the control chamber and the load pressure is 
utilized to help the poppet move and enlarge the stroke. 
The dampers are applied to stop the poppet. With the 
help of the hydraulic pressure, the inherent disadvantage 
of small displacement in the piezoelectric material can be 
overcome and the valve can work without the displace-
ment amplifier [47]. This leads to a simple structure. The 
valve can achieve a switching frequency of 250 Hz with a 

stroke of 0.7 mm and the flow rate is 15 L/min at a supply 
pressure of 20 MPa.

Mo designed a 2/2 pilot valve with magnetorheologi-
cal fluid in 2012 [48]. As shown in Figure  18, the mag-
netorheological fluid has a feature of high viscosity in a 
strong magnetic field. The pressure above the poppet in 
the main stage alternate between the supply pressure 
and the tank pressure when the pilot valve controlled 
by the pulse width modulation while the pressure under 
the poppet is always equal to the supply pressure. Due 
to the pressure difference, the poppet oscillate to switch 
the hydraulic path. The valve has an advantage of large 
flow rate due to the relatively large stroke. It can achieve 
a flow rate of 60 L/min at a supply pressure of 6 MPa and 
a stroke of 3 mm. However, the large stroke slows down 
the response speed and the switching time is limited to 
9 ms [48].

In 2013, Ma provided a 2/2 poppet valve with a giant 
magnetostrictive actuator [49]. As shown in Figure  19, 
with the optimal design of the poppet sectional area, 

Figure 13  Three-stage valve provided by Johnston et al.: a actuation 
module, b main stage

Figure 14  Two-dimensional valve proposed by Jia et al.: a valve 
structure, b details of the servo spiral mechanism
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the hydraulic pressures acting on the poppet can be self-
balancing. This feature can help to improve the energy 
efficiency because the hydraulic pressure does not resist 
the poppet movement. There is no displacement ampli-
fier in this valve. Instead, a poppet with multiple orifices 
is applied to overcome the disadvantage of small output 

displacement in the giant magnetostrictive actuator 
and achieve a relatively high flow rate at a small stroke. 
The flow rate is about 21  L/min at a supply pressure of 
20  MPa and a stroke of 0.05  mm. The opening time is 
about 1.7 ms and the closing time is about 1.9 ms.

Table 2  Summary of the pilot operated HSVs with innovative structures

Reference Valve construction Structure feature Switching frequency/time 
(ms)

Flow 
capacity (L/
min)

Winkler et al. [34] Poppet Multi-poppet 1 85

Lantela et al. [35] Ball Miniature structure 1 9

Johnston et al. [36] Spool Three-stage 0.5 50

Jia et al. [39] Rotary Servo spiral mechanism 8 60

Figure 15  Poppet valve with two multilayered piezoelectric 
actuators developed by Yokota et al.

Figure 16  Poppet valve with two giant magnetostrictive actuators 
developed by Shi et al.

Figure 17  Poppet valve with two piezoelectric actuators provided 
by Jiang et al.

Figure 18  Pilot valve with magnetorheological fluid designed by Mo
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Figure 20 shows a 3/2 poppet valve with shape memory 
alloy proposed by Qin et al. in 2014 [50]. The two actua-
tors with shape memory are mounted at both side of the 
valve. The shape memory alloy magnetically controlled 
by the solenoid and the poppet is directly driven by the 
force generated by the shape change. With the differen-
tial action, the poppet moves along the sleeve at a driven 
force of 100 N and the hydraulic path is alternated with 

the poppet movement. Compared to the magnetostric-
tive material and giant magnetostrictive material, the 
actuator with shape memory alloy can output a relatively 
large displacement. Without the displacement ampli-
fication, the valve can reach a stroke of 0.8  mm with a 
switching time of 1 ms and the flow rate is 10 L/min at a 
pressure drop of 0.5 MPa [51].

The summary of the HSVs with intelligent materials 
are shown in Table  3. Compared with the HSVs driven 
by the solenoid, the HSVs with piezoelectric material and 
giant magnetostrictive material can reach high switch-
ing frequency. For example, the valve with piezoelectric 
material developed by Yokota et al. can reach a switching 
frequency of 2  kHz [41]. However, the output displace-
ment of the actuator with piezoelectric material and 
giant magnetostrictive material is rather small. Displace-
ment amplifier or multiple-orifice poppet can enlarge the 
stroke and flow rate at the expense of response speed and 
output force. The shape memory alloy can output a rela-
tively large stroke compared to the piezoelectric material 
and giant magnetostrictive material. Whereas, an exter-
nal force is needed to restore the deformation and the 
flow rate is limited by the small output force. The valve 
with magnetorheological fluid can reach a relatively large 
flow rate with a simple structure. However, the response 
speed is slow due to the large stroke. Similarly to the 
HSVs with innovative structures, HSVs with intelligent 
materials also have the contradiction between the high 
switching frequency and large flow rate. Further analysis 
need to be performed to ease this contradiction.

4 � Digital Hydraulic Component with HSV
The HSVs evidently have a disadvantage of discrete out-
put flow while continuous flow is usually needed in the 
hydraulic systems to control the velocity, displacement 
or force accurately. Consequently, digital proportional 
valves are indispensable in the digital hydraulic technol-
ogy. Obviously, besides the valves, digitization of pumps 
and actuators is also essential to control the hydraulic 

Figure 19  Poppet valve with a giant magnetostrictive actuator 
provided by Ma

Figure 20  Poppet valve with shape memory alloy proposed by Qin 
et al.

Table 3  Summary of the HSVs with intelligent materials

Reference Valve construction Intelligent material Switching frequency/time Stroke (mm) Flow 
capacity 
(L/min)

Yokota et al. [41] Poppet Piezoelectric material 2 kHz 0.015 ‒
Lu et al. [42] Poppet Piezoelectric material 1.2 ms/1.7 ms (on/off ) 0.03 10

Shi et al. [43] Poppet Giant magnetostrictive material 1.4 ms/1.8 ms (on/off ) 0.576 1.24

Jiang et al. [46] Poppet Piezoelectric material 250 Hz 0.7 15

Mo [48] Poppet Magnetorheological fluid 9 ms 3 60

Ma [49] Poppet Giant magnetostrictive material 1.7 ms/1.9 ms (on/off ) 0.05 21

Qin et al. [50] Poppet Shape memory alloy 1 ms 0.8 10
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systems with digital signal. Integration of the HSV is an 
effective method for the digital hydraulic component 
construction and has been put into practice.

4.1 � Digital Proportional Valve
In 2014, Paloniitty et al. developed a digital flow control 
unit with multiple direct drive HSVs [52]. As shown in 
Figure  21, there are 16 miniature HSVs integrated and 
the flow rate is determined by the number of open valves. 
It can reach a flow rate of about 25 L/min at a pressure 
drop of 3.5 MPa and the switching time is less than 4 ms 
[53]. To improve the flow rate resolution, a new digital 
flow control unit with 64 miniature HSVs are provided 
by Linjama et al. in 2015 [54]. As shown in Figure 22, to 
enlarge the flow rate, Lantela et al. developed a valve sys-
tem integrated with 32 miniature pilot operated valves 
in 2017 [55]. The miniature valve is designed with differ-
ent flow capacities to achieve different flow rates. This 

valve system can reach a flow rate of 78 L/min at a pres-
sure drop of 3.5 MPa and the switching time is less than 
2  ms. Compared to the traditional proportional valves, 
the valve system has advantages of smaller size and bet-
ter fault tolerance. Whereas, due to the rather narrow 
flow path, the digital flow control unit high rely on the 
advanced technology, such as plate lamination technol-
ogy and 3D printing technology.

As shown in Figure  23, Sauer-Danfoss developed a 
series of proportional multiple valves, in which the 
HSVs are utilized to form the pilot stage. There are 
two types of pilot stages adapted to the main valve. In 
the pilot stage shown in Figure  23(a), four 2/2 HSVs 
form a hydraulic full-bridge. The pressure in the cham-
bers at both sides of the spool is regulated by the flow 
rate through the bridge arm which is determined by 
the duty cycle of the HSVs. In the pilot stage shown 
in Figure  23(b), two 3/2 HSVs are used to control the 
pressure in the chamber at both sides of the spool by 

Figure 21  Digital flow control unit with multiple direct drive HSVs developed by Paloniitty et al.: a prototype, b utilized HSV

Figure 22  Valve system with multiple pilot operated HSVs designed by Lantela et al.: a prototype, b utilized HSV
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adjusting the duty cycle, respectively. Then the spool 
displacement is controlled by the duty cycle of the 
four HSVs. Parker also produced proportional multiple 
valves with the same working principle shown in Fig-
ure  23(b). When used as the pilot stage, the HSV can 
control a flow rate which is much larger than its flow 
capacity. The flow capacity of the proportional multiple 
valve can reach 500 L/min while the flow rate through 
the pilot stage is only 0.7  L/min at a switching fre-
quency of higher than 100 Hz. However, this valve is a 
proportional throttle valve and its flow rate is suscepti-
ble to the load change. Extra pressure compensator is 
needed to control the flow rate precisely.

In 2015, Li et  al. proposed a digital Valvistor valve 
with a single HSV used as the pilot stage shown in 

Figure  24 [56]. In this valve, the poppet in the main 
valve is controlled by the displacement-flow feedback 
and the large main flow is proportional to the small 
pilot flow. This valve is named as the Valvistor valve 
because its flow amplification characteristic is very 
similar to the electronic transistor. At a pressure drop 
of 3  MPa, the pilot flow is 1.6  L/min with a switching 
frequency of 100 Hz and the main flow is 80 L/min [57]. 
The valve has a disadvantage of flow fluctuation due to 
the discrete flow output by the pilot valve. Further anal-
ysis need to be performed to solve the problem. More-
over, this valve is also classified to the proportional 
throttle valve and the load change has a great effect on 
its flow rate [58, 59].

4.2 � Digital Pump
Virtually variable displacement pumps have been pro-
posed to supply different flow rates with a fixed dis-
placement pump controlled by a HSV [60–62]. The flow 
rate to the load depends on the duty cycle of the HSV. 
They have an obvious advantage of universality because 
there are various fixed displacement pump with compact 
structure and low cost. However, the flow rate to the load 
is pulsatile due to the discrete value output by the HSV 
[62]. The flow rate stability highly rely on the switching 
frequency. High-performance HSV is needed in the vir-
tually variable displacement pumps to achieve a relatively 
steady flow rate [63]. Moreover, because of the fluid com-
pressibility and throttling, large energy is lost in the tran-
sition stage of the HSV [64]. To reduce the energy losses, 
soft switching approach to provide temporary hydrau-
lic path alternation in the transition stage. As shown in 
Figure 25, a soft switching mechanism is used to absorb 
the fluid when the orifice in the HSV is partially opened 
and release the fluid when the orifice in the HSV is fully 

Figure 23  Proportional multiple valves developed by Sauer-Danfoss: a pilot stage with four 2/2 HSVs, b pilot stage with two 3/2 HSVs

Figure 24  Digital Valvistor valve designed by Li et al.



Page 14 of 21Wang et al. Chinese Journal of Mechanical Engineering           (2022) 35:67 

opened. Thus, only when the HSV is fully opened, the 
fluid can flow through the HSV with high efficiency [65, 
66]. With the soft switching approach, the energy losses 
in the transition stage can be reduced by about 66% [67].

Artemis Intelligent Power and Sauer-Danfoss devel-
oped an HSV controlled radial piston pump with six 

cylinders [68]. As shown in Figure 26, it utilizes a radial 
piston machine which enables and disables cylinders in 
real time. When in the pump idling state, the low-pres-
sure valves above the cylinders are open and oil moves 
into and out of the cylinders at low pressure. When in 
the working state, the low-pressure valve above each 
cylinder closes as its respective piston reaches bottom-
dead-center. This initiates the pumping stroke and the 
high-pressure valve opens to deliver oil to the external 
circuit. The pump has advantages of low energy losses, 
fast response and high-frequency noise elimination [69]. 
From the idle state, full flow can be achieved within 
30  ms independently of working pressure [70]. It can 
reduce energy losses by approximately 90% in compari-
son to a similarly sized axial piston pump [71]. Shi et al. 
investigated the flow rate control in the digital pumps 
with the similar working principle and provided a radial 
piston pump with constant flow [72–74]. There are five 
cylinders in the pumps and each cylinder is controlled by 
one 3/2 HSV. To achieve nearly constant flow rate under 
a random rotation speed, a controller is utilized to adjust 
the duty cycle of the HSV based on the rotation speed 
in real time and a novel optimal fluctuation regulation 
method is provided to minimize the flow fluctuation [75, 
76].

As shown in Figure 27, controlling the swashplate angle 
with the HSV is another way to construct a digital varia-
ble displacement pump, in which the pump displacement 

Figure 25  Virtually variable displacement pump with soft switching 
mechanism

Figure 26  HSV controlled radial piston pump developed by Artemis Intelligent Power and Sauer-Danfoss: a prototype, b cross section of the 
mechanism
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is determined by the duty cycle of the HSV [77–79]. 
Zhang et  al. designed a controller to achieve constant 
flow, constant pressure or constant power [80–82]. In the 
controller, according to the swashplate angle and supply 
pressure, the flow rate and power can be calculated and 
compared with the desired value with the closed-loop 
control strategy. Then the control signal is generated and 
input into the HSV to adjust the duty cycle. To control 
the large flow rate precisely, Wang et al. provided a con-
trol strategy which take advantage of large flow rate in 
the rotation speed control with variable frequency motor 
and high accuracy in the swashplate angle control with 
high-speed on-off valve [83]. This type of pump has been 
put into industrial practice. Hitachi put a pump with the 
HSV controlled swashplate into the excavator to improve 
the energy efficiency and operating performance [84].

4.3 � Digital Actuator
Linjama et  al. developed a multi-chamber cylinder con-
trolled by the HSVs in 2009 [85]. As shown in Figure 28, 
there are three chambers in the cylinder and each cham-
ber is connected with two discrete pressure sources. The 
cylinder can achieve different static and dynamic charac-
teristics by changing the valve combination. For exam-
ple, the cylinder can output eight discrete forces with 
different valve combinations. The performance of the 
multi-chamber cylinder depends on the number of cyl-
inder chambers and supply pressures. Due to the struc-
ture limitation, there are at most four chambers in the 
cylinder. Consequently, increasing the number of supply 

pressures is the key to improve the performance of the 
multi-chamber.

Figure  29 shows a stepper cylinder designed by 
Plöckinger et  al. in 2016 [86]. The master cylinder is 
controlled by a stepper unit. The operation modes 
including stepper up and stepper down is controlled by 
the 3/2 HSV V3. In the step up mode, the supply pres-
sure is directed to the stepper unit. The piston in the 
slave cylinder I moves up when the HSV V1 opens. The 
fluid flows into the master cylinder from the slave cyl-
inder I and leads to an accurate piston displacement in 
the master cylinder. When the piston in the slave cyl-
inder I reaches the top position, the HSV V1 closes and 
the HSV V2 opens. The spring restores the piston in 
the slave cylinder I to the initial position. At this time, 
the piston in the master cylinder remain stationary, 
because the fluid in the bottom chamber of the slave 
cylinder I is supplied to the top chamber. The work-
ing process in the stepper down mode is similar to the 
stepper up mode. The stepper cylinder with an open 
loop control can achieve precise motion without dis-
placement sensors.

Similarly to the digital radial piston pumps, as shown 
in Figure 30, the HSVs are used to control the cylinders 
in the digital radial piston motors [87]. Each cylinder is 
operated by two 2/2 HSVs connected to the high pres-
sure and low pressure, respectively. The HSV connected 
to the low pressure opens as its respective piston reaches 
the bottom dead center while the HSV connected to the 

Figure 27  Digital variable displacement axial piston pump

Figure 28  Multi-chamber cylinder developed by Linjama et al.
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high pressure opens as its respective piston reaches the 
top dead center. This can drive the crank shaft rotate. Shi 
et al. replaced the two 2/2 HSVs with one 3/2 HSV and 

developed a motor with low rotation speed and high out-
put torque [88, 89]. They studied the factors that influ-
ence the rotation speed. Constant rotation speed can be 

Figure 29  Stepper cylinder designed by Plöckinger et al.: a schematic of the structure and timing diagram, b detail of the stepper unit
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achieved by adjusting the duty cycle based on the rota-
tion speed in real time [90–92].To improve the energy 
efficiency, Roemer et  al. closes the HSV connected to 
the low pressure before the piston reaches the top dead 
center to obtain a high pressure with the closed cham-
ber before the HSV connected to the high pressure 
opens [93]. Nordas et al. reduced the throttling loss and 
enhanced the machine efficiency by improving the accu-
racy and repeatability of the HSV [94].

Digital hydraulic components with HSVs can work 
with high energy efficiency. For example, compared 
to a similarly sized axial piston pump, the digital 
pump controlled by HSVs can reduce energy losses by 
approximately 90% [71]. In the digital hydraulic com-
ponents, HSVs are usually used as the control valve 
which direct a small flow rate to operate the machine 
and the disadvantage of discrete flow can be overcome. 
For example, in the digital Valvistor valve, the pilot 
HSV with a flow rate of 1.6  L/min is able to control 

the main valve with a flow rate of 80 L/min [57]. The 
response speed has great impact on the performance 
of the digital hydraulic components. Thus, compared 
to the flow rate, the switching frequency gets more 
attention in the HSVs and become the trend in the 
future. Fast response and miniature structure can be 
achieved at the expense of flow rate since the contra-
diction between high switching frequency and large 
flow rate cannot be overcome.

5 � Digital Hydraulic System Controlled by HSV
Unlike the conventional valve controlled hydraulic sys-
tems, which are used for precise control with throttling, 
digital hydraulic systems have the potential to be more 
cost-efficient, robust, and less sensitive to contamina-
tion. Digital hydraulic system controlled by HSV shows a 
broad application prospect and has become an important 
research field (Table 4).

As shown in Figure 31, Linjama et al. developed a sep-
arate meter-in and separate meter-out control system 
[95]. Pulse code modulation is used to control all four 
flow path independently with parallel connected HSVs. 
The flow capacities of the HSVs are set according to the 
binary sequence. Each flow path is controlled by a par-
allel-connected HSV series with five HSVs, which can 
provide 25 discrete opening values. The separate meter-
in and separate meter-out control system can give free-
dom to control independently velocity and pressure level 
of the actuator, which can be utilized in energy saving by 
minimizing pressure losses [96].

Figure 32 shows a switched inertance hydraulic system 
provided by Manhartsgruber et al. [97]. It consist of a 2/2 
HSV and a check valve. The check valve arranged in the 
return line is used to prevent the oil from flowing back. 
When the HSV is opened, the oil with high velocity flows 
from the pump to the load. When the HSV is closed, the 
oil drawn by the fluid momentum still flows from the res-
ervoir to the load despite the adverse pressure gradient. 

Figure 30  Digital radial piston motor controlled by HSVs

Table 4  Summary of the digital hydraulic components with HSVs

Component Subdivision Feature

Proportional valve Digital flow control unit Multiple miniature HSVs integrated in a small volume

Multiple valve Main valve position controlled by the pilot HSVs

Digital Valvistor valve Flow amplification between the pilot HSV and main valve

Pump Virtually variable displacement pump Fixed displacement pump controlled by a HSV

Radial piston pump Flow distribution with HSVs

Axial piston pump Swashplate angle controlled by a HSV

Actuator Multi-chamber cylinder Pressure in the chamber controlled by Parallel HSVs

Stepper cylinder Displacement controlled by a stepper unit with two HSVs

Radial piston motor Piston strokes regulated by HSVs
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Thus the average flow is significantly higher than the sup-
ply flow. Compared with conventional valve controlled 
hydraulic systems, the switched inertance hydraulic 
system can achieve higher energy efficiency, it has the 
potential to reach a energy efficiency of 100%.

Figure  33 shows a speed control system for hydrau-
lic motor proposed by Qiu et  al. [98]. HSV is used as 
the pilot valve of the cartridge valve. When the electro-
magnet is energized, the cartridge valve is opened and 
the fluid flow to the tank through the cartridge valve. 
When the electromagnet is de-energized, the cartridge 
valve is closed and the fluid flow to the tank through 

the motor. The flow through the motor can be adjusted 
by changing the duty cycle of the HSV. With the HSV, 
this system not only achieve high response speed, but 
also can avoid the overflow.

In the hydraulic systems, the actuators are usually 
need to be controlled continuously while the output 
flow of the HSVs is discrete. To overcome the disadvan-
tages of the HSVs, researchers connected the HSVs in 
parallel or used the HSVs as the pilot valve to control 
the actuators continuously.

6 � Conclusions
With the widespread application of the computer and 
microelectronic technology in the industry, digitization 
becomes the inevitable developing trend of the hydrau-
lic technology. Digitization of the hydraulic components 
is critical in the digital hydraulic technology. High-speed 
on-off valves which convert a train of input pulses into 
the fast and accurate switching between the on and off 
states belong to widely used basic digital hydraulic ele-
ments. In some ways, the characteristics of the HSVs 
determine the performance of the digital hydraulic sys-
tems. This paper discusses the development of HSVs and 
their applications.

Although numerous structures have been developed to 
improve the performance of the HSVs, there is still a con-
tradiction between high switching frequency and large 
flow rate, especially in the direct drive HSVs. The pilot 
operated HSVs can ease this contradiction and achieve 
a relatively high flow rate with a miniature structure. 
Compared with the HSVs driven by the solenoid, the 
HSVs with intelligent materials can reach high switching 

Figure 31  Separate meter-in and separate meter-out control system 
developed by Linjama et al.

Figure 32  Switched inertance hydraulic system provided by 
Manhartsgruber et al.

Figure 33  Speed control system for hydraulic motor proposed by 
Qiu et al.
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frequency while the flow rate is rather small due to the 
tiny stroke, although with the displacement amplifier.

In the digital hydraulic components including digital 
proportional valves, pumps, and actuators, HSVs are 
usually used as the control valve which direct a small 
flow rate to operate the machine and the disadvantage 
of discrete flow can be overcome. In the hydraulic sys-
tems, the actuators are usually need to be controlled 
continuously while the output flow of the HSVs is dis-
crete. To overcome the disadvantages of the HSVs, 
researchers connected the HSVs in parallel or used the 
HSVs as the pilot valve to control the actuators con-
tinuously. The response speed has great impact on the 
performance of the digital hydraulic components and 
digital hydraulic systems. Thus, compared to the flow 
rate, the switching frequency gets more attention in the 
HSVs and become the trend in the future. Fast response 
and miniature structure can be achieved at the expense 
of flow rate since the contradiction between high 
switching frequency and large flow rate cannot be 
overcome.
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