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Abstract
Water hydraulic proportional control valves using “tap 

water” as the working fl uid are suitable for systems that 
require high levels of environmental friendliness and 
safety as they use “tap water” as the working fl uid. There 
is a high level of expectation for applications in the fi elds 
of food processing machinery and semiconductor manu-
facturing equipment in particular. In the previous report, 
the authors defi ned the transfer functions of three compo-
nents of the water hydraulic proportional control valve, 
namely the compensation circuit, the solenoid, and the 
pilot valve, and examined the effects of design parameters 
on valve performance using experimental and analytical 
methods. These water hydraulic proportional control 
valves use tap water, which has poor lubricating proper-
ties, as the working fl uid, and the hydrostatic bearings and 
damping orifi ces that make up their mechanical features 
function to prevent friction and wear in the spool, and 
stable operation of the spool itself. The structure of the 
hydrostatic bearings also consist of a meter-in circuit that 
is effective for spool operation response, while the damp-
ing orifi ces consist of a meter-out circuit that is effective 
for damping characteristics of the spool; their functions 
are used as required depending on the purpose of the 
valve. This report focuses on the open loop transfer func-
tion represented by the solenoid and the pilot valve sec-
tions that have a major impact on the characteristics of the 
entire valve, examines the effect of hydrostatic bearing 
and damping orifi ce geometric parameters, and verifi es 
analytically the step response characteristics that these pa-
rameters have on the entire valve.

1 Introduction

Water hydraulic proportional control valves are suitable 
for systems that require high levels of hygiene and safety 
as they use “tap water” as the working fl uid. Their appli-
cation scope is vast, including food, beverage, semicon-
ductors, medicine, pharmaceuticals, cosmetics, chemi-

cals, natural energy, and underwater work equipment.
Realization of systems with high levels of hygiene and 

detergency is anticipated, especially with automation of 
meat/seafood processing, which has conventionally been 
manually performed.

In the previous report, I defi ned the transfer functions of 
three components of this valve, namely the compensation 
circuit, the solenoid, and the pilot valve, and examined the 
effects of design parameters on valve performance by 
using experimental and analytical methods for each 
element 1)-5). This valve uses tap water, which has poor 
lubricating properties, as the working fl uid. In this 
structure, the hydrostatic bearings support both ends of 
the spool to prevent wear and friction, and the fl uid that 
comes through the hydrostatic bearings is guided to the 
pressure chambers on both ends of the spool, generating 
damping force to stabilize the spool operation. Due to 
their positions in response to spool operation, the structure 
of the hydrostatic bearing orifi ces consists of a meter-in 
circuit, and the structure of the damping orifi ces consists 
of a meter-out circuit. A meter-in circuit is effective for 
spool operation response, while the meter-out circuit is 
effective for damping characteristics of the spool; their 
functions are used as required depending on the purpose. 
While these dimensions must be set at the optimal values 
to stabilize the valve, no suffi cient theoretical study had 
been conducted so they were empirically determined.

This report focuses on the open loop transfer functions 
represented by the solenoid and the pilot valve sections 
that have a major impact on the characteristics of the entire 
valve, examines the effect of the geometric parameters, 
and verifi es the characteristics of the entire valve from the 
perspective of response characteristics. Specifi cally, the 
dimension difference between the equivalent throttle di-
ameter D’b of the hydrostatic bearing orifi ces and damping 
orifi ces diameter Dn is defi ned as Cr = Dn / D’b to analyti-
cally study: (1) the impact of Cr changes on TL, which is 
the time constant of the fi rst-order lag system for the pilot 
valve, (2) impact of Cr changes on ζ, which is the damping 
coeffi cient of the second-order lag system including sole-
noid and pilot valve sections, and (3) impact of Cr on the 
step response of the open loop transfer function, including 
the compensation circuit of the entire valve 6).

*  Presented in the Scandinavian international conference of fl uid 
power (SICFP2013), Linkoping, Sweden (June, 2013)
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2 Overview of Water Hydraulic 
Proportional Control Valves

The structural characteristics and control method of wa-
ter hydraulic proportional control valves are as follows:
2.1 Structure

Fig. 1 shows the structure of water hydraulic propor-
tional valves. Table 1 shows the main specifications. Since 
they use tap water with low viscosity as the working fluid, 
it is difficult to form a water film in the gap of the sliding 
part. Due to this, hydrostatic bearings are used to support 
both ends of the spool of this valve. The spool displaces 
without coming in contact with the sleeve with the aim of 
reducing the wear and friction from sliding.

There are damping orifices between the pressure cham-
bers on both ends of the spool and the return line. This 
structure creates damping force for the spool operations, 
thus stabilizing the valve operations.

The spool is oriented with the solenoid’s thrust and 
spring force. While general solenoid valves are structured 
so that both ends of the spool are supported by a solenoid 
and a compression spring, this valve uses a tension spring. 
Using a tension spring creates a free edge on one side of 
the spool, so hydrostatic bearings can more efficiently 
function in response to the reduction of moment and lat-
eral force.

Table 1　Main specifications

Item Specifications
Rated flow 20L/min
Used pressure range 3.5 - 14MPa 
Used temperature range 2 - 50°C
Working fluid Tap water

Fig. 1　Structure
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2.2 Functions of the Hydrostatic Bearing 
Orifices and Damping Orifices

Fig. 2 shows the schematic positional relation of the 
spool, hydrostatic bearing orifices, and damping orifices. 
The function of the hydrostatic bearing orifices is to sup-
port the spool within the sleeve without coming in contact 
with it in order to prevent wear/friction, so the design di-
mensions are determined by the load capacity to support 
the spool 1). The fluid that passes the hydrostatic bearing 
orifices is guided to the pressure chamber on the spool 

edge. When this passes the damping orifices, the damping 
force is created. Therefore, the design dimensions of the 
damping orifices depend on the design dimensions of the 
hydrostatic bearing orifices and are not determined in a 
definite manner.

As the hydrostatic bearing orifices’ function to support 
the spool without coming in contact with it and the posi-
tional relation with the spool suggests, the hydrostatic 
bearing orifices function as the meter-in circuit against the 
spool operation and are effective against the fast response 
of the spool operation. On the other hand, the damping ori-
fices function as the meter-out circuit against the spool op-
eration and have the damping effect on the spool operation. 
Whether the meter-in function or meter-out function works 
more effectively against spool operation is determined by 
the relative relation of the two orifices. In other words, if 
the hydrostatic bearing orifices are relatively smaller than 
the damping orifices, the meter-in effect would be stronger. 
On the other hand, if the damping orifices are relatively and 
sufficiently larger than the hydrostatic bearing orifices, the 
meter-out effect would be stronger. If they are the same, it 
is assumed that the meter-in and meter-out effects are com-
bined to effect the spool operation.

In general, water viscosity is extremely small at approx-
imately 1/30 of oil, so it is assumed that the orifice diam-
eter must be extremely small in order to create sufficient 
damping force. From a practical perspective, reduction of 
the orifice diameter creates a concern for contamination. 
Due to this, hardly any quantitative studies on its effect 
have been performed. With regard to this aspect, this re-
port targets these valves and studies the frictional coeffi-
cient, which is required to calculate the damping force of 
the damping orifices, by comparing with oil.

First, the relationship between the orifice diameter D 
and the Reynolds number Re is calculated by using orifice 
dimensions and the actual measurement value of the flow 
volume 2). For example, if the orifice diameter is φ0.6, the 
water’s Reynolds number is approximately 9,000, creat-
ing a turbulent flow. On the other hand, oil’s Reynolds 
number is approximately 300, creating a laminar flow. 
This indicates that the flow conditions differ between wa-
ter and oil, despite the same orifice diameter. Next, Fig. 3 
shows the relationship between Reynolds number Re and 
frictional coefficient λ. Since oil creates a laminar flow, λ 
= 64/Re is applied based on the Hagen-Poiseuille equa-
tion, resulting in the frictional coefficient of λOil = 0.22. 
On the other hand, due to the fact water creates a turbulent 
flow, λ= 0.3164/Re

0.25 is applied based on the Blasius equa-
tion, resulting in the frictional coefficient of λWater = 0.033. 
Based on this, we know that the frictional coefficient of 
water is approximately 1/6 of that of oil.

Based on the above results, Fig. 4 shows the compari-
son of the damping forces between water and oil, which 
are calculated by using the general orifice diameter. This 
result shows that the orifice diameter for water needs to be 
approximately half of that for oil in order for water to gain 
the same level of damping force as oil. From the mass 
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production perspective, reducing the orifice diameter 
makes improvement of the hole drilling precision and 
contamination measures even more difficult. Due to this, 
in order to gain damping force in water pressure systems, 
reducing the damping orifice diameter is not sufficient. It 
is appropriate to use circuit configurations by integrating 
meter-in and meter-out effects, such as those mentioned in 
this report.
2.3 Control Method

Fig. 5 shows the block diagram for the system within 
the valve. This valve can be divided into the elements of 
the compensation circuit, solenoid, and valve. The trans-
fer function for each is represented by C(s), S(s), and P(s). 
The spool displacement is detected by the displacement 

gauge of the operation transformer, and the displacement 
is provided as feedback; the PI control compensation cir-
cuit operates the valve control.

3 Transfer Function

Fig. 6 shows the parameter definition diagram for the 
analysis model. 

Fig. 6　Parameter definition
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As previously mentioned, this valve can be considered 
to consist of the 3 elements of the compensation circuit, 
solenoid, and pilot valve sections. The compensation cir-
cuit is defined as formula (1) as a general PI controller.

 (1)

In the previous report, it was experimentally confirmed 
that solenoid transfer function S(s) can be approached in a 
first-order lag standard form, and it is defined with the 
transfer function in formula (2). Fig. 7 shows the experi-
ment result of the thrust frequency characteristic of the 
solenoid alone and the analysis result comparison for the 
transfer function in formula (2).

 (2)

Transfer function P(s) for the pilot valve section can be 
calculated as the first-order lag system transfer function in 
formula (3) by performing Laplace transformation on the 
linearized mathematical models of the pressure/flow 
volume in each section near the experimental points. 
Parameters in formula (3) are defined by formulas (4) 
through (19). Cr in formula (15) is the diameter ratio 
between the damping orifices and hydrostatic bearing 

Fig. 5　Block diagram
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Fig. 2　�Positions of hydrostatic bearing orifices and 
damping orifices in relation to the spool

Fig. 3　�Relationship between Reynolds number Re and 
Frictional coefficient λ

Fig. 4　�Relationship between orifice diameter and damping force
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orifice. Since there are 4 hydrostatic bearings located in 
the circumferential direction of the spool, these are 
represented by equivalent diameter Db’, which is defined 
in formula (14), as one orifice. The ratio is Cr = DN /D’b. 
The flow from the hydrostatic bearing orifices was 
determined as laminar flow based on the Reynolds number 
Re calculated from the measured flow volume and the 
geometrics, and the orifices were modeled in formula (12) 
as choke orifices. With frictional coefficient λ, which 
determines the damping force of damping orifices, the 
Blasius equation was applied due to the turbulent flow, as 
previously mentioned. It was modeled in formula (19).

Among the 3 elements defined above, the transfer 
characteristics consisting of the solenoid and pilot valve 
without a compensation circuit are represented in the 
second-order lag system in formula (20) as the open loop 
transfer function V(s), which is in the block diagram in Fig. 
8. The damping coefficient ζ, natural frequency ω, and 
proportionality constant K are defined in formulas (21) 
through (23). Furthermore, as shown in Fig. 5, the closed 
loop transfer function VSYS(s) for the feedback control of 
the valve system, including the compensation circuit, is the 
third-order lag system shown in formula (24).
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Fig. 8　�Block diagram for the solenoid and pilot valve without 
the compensation circuit

Fig. 7　Solenoid thrust frequency characteristics
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4	 Result and Consideration

It is important to learn the relationship between the trans-
fer characteristics of the open loop transfer function, which 
is described in Fig. 8, and the equivalent diameter ratio Cr 
for the damping orifices and hydrostatic bearing orifices 
before studying the characteristics of the entire valve.

Below are studies on the relationship between the time 
constant TL of the pilot valve section’s first-order lag sys-
tem transfer function P(s) in formula (3) and the damping 
coefficient ζ of the second-order lag system transfer func-
tion V(s) of the solenoid and pilot valve section in formula 
(20) in relation to the changes of Cr, which is defined with 
the equivalent throttle diameter ratio of the damping ori-
fices and hydrostatic bearing orifices. Fig. 8 shows the 
relationship between Cr, damping coefficient ζ, and time 
constant TL.
4.1 Impact of Cr on Transfer Function P(S) in the 

Pilot Valve Section
When Cr > 1, it means that the damping orifice diameter 

is relatively larger than the hydrostatic bearing orifice di-
ameter. On the other hand, when Cr < 1, it means that the 
diameter is relatively smaller than the hydrostatic bearing 
orifice diameter.

Based on the above, the following can be said regarding 
the relationship between the pilot valve section’s transfer 
function time constant TL and Cr:
①�	 The smaller Cr is, the larger the time constant TL value 

is, delaying the pilot valve section response. This 
means that the damping orifices have a meter-out ef-
fect on the spool operation.

②	 The larger Cr is, the smaller the time constant TL value 
is, accelerating the pilot valve section response. This 
means that the meter-in effect of the hydrostatic bear-
ing orifices is larger than the meter-out effect of the 
damping orifices.

③	 The overall trend is that time constant TL inversely de-
creases against the increase of Cr. The meter-out effect 
against spool operation also rapidly decreases, and we 
can say that the effects of damping orifices are almost 
nonexistent when Cr > 1.2.

Fig. 9　�Relationship between Cr, damping coefficient ζ, and 
time constant TL

4.2 �Impact of Cr on Transfer Function V(S) 
Represented by the Product of the Pilot 
Valve Section and the Solenoid

In the same manner, the below can be said regarding the 
relationship between the Cr and the damping coefficient ζ 
of the open loop transfer function V(s) represented by the 
product of the pilot valve section and the solenoid in for-
mula (4) in Fig. 9:
①	 Regardless of the Cr value, it is always positive. 

Therefore, in principle, the transfer characteristics of 
the solenoid and the pilot valve section excluding the 
compensation circuit are stable.

②	 When Cr = 0.69, the damping coefficient ζ becomes 
the minimum value of 1. The response critical damp-
ing prevents overshoots in the transient response.

③	 When ζ > 1, it leads to overdamping, delaying the re-
sponse.

④	 Damping coefficient ζ exponentially increases along 
with Cr increase, accelerating overdamping.

4.3 �Impact of Cr on the Open Loop Transfer 
Function’s Step Response Characteristics 
excluding the Compensation Circuit

Fig. 10 shows the impact of Cr on the open loop transfer 
function’s step response characteristics. This is when Cr is 
between 0.69 and 1.6.

The smaller the Cr is, the larger the time constant TL of 
transfer function P(s) becomes, indicating the trend to ac-
celerate the rise.

The larger the Cr is, the smaller the time constant TL of 
transfer function P(s) becomes, accelerating the rise. How-
ever, increased damping coefficient ζ of transfer function 
V(s) causes overdamping, which means that this is not nec-
essarily a good response. When Cr is 1 or greater, not much 
difference in the stabilization time is observed.

Due to the above relationship, the pilot valve section re-
sponse is delayed due to the meter-out effect of the damp-
ing orifices when Cr is small, and the response is delayed 
due to overdamping caused by the increased damping coef-
ficient ζ when Cr is large. Due to this, it is considered that 
the appropriate value for Cr is between 0.69 and 1.6.

Fig. 10　�Impact of Cr on the open loop transfer function’s 
step response characteristics
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4.4 Impact of Cr on the Valve’s Overall Step 
Response Characteristics

The above result indicated that there is an appropriate 
range for Cr. It also indicated that the transfer characteris-
tics, which are calculated from the solenoid’s thrust prop-
erty and the geometric construction of the pilot valve sec-
tion, are always stable. This section considers the entire 
valve’s response characteristics, including the compensa-
tion circuit.

This valve generally composes a feedback control sys-
tem including a compensation circuit, and the closed loop 
transfer function indicates third-order transfer characteris-
tics, according to formula (25).

Fig. 11 shows the impact of Cr on the step response of 
the closed loop transfer function. Based on this result, the 
compensation circuit’s impact is studied from the per-
spective of step response characteristics of this valve. In 
this study, Cr is between 0.69 and 1.6, the proportional 
gain KP of the compensation circuit is 1.9, and the integral 
time TI is 0.1sec. When Cr is 0.69, the rise is slow with 
damped oscillation and slow convergence. The trend 
shows that as Cr grows from 0.69 to 1, the rise as well as 
the convergence accelerate. Furthermore, when compar-
ing Cr 1.2 and 1.6, the rise is faster with Cr = 1.6 but it 
rapidly attenuates. The stabilization time is longer than 
that of Cr = 1.2. It is assumed that the fast rise is largely 
affected by the time constant TL, and the damping effect 
rapidly functions after the point of inflection as it reaches 
the target, due to the effect of damping coefficient ζ.

In the same manner, Fig. 12 and Fig. 13 show the im-
pact of Cr with different proportional gain and integral 
time. However, the proportional gain KP is 4 and the inte-
gral time TI is 0.1sec in Fig. 12, and the proportional gain 
KP is 1.9 and the integral time TI is 0.05 in Fig. 13. These 
results show that the smaller the Cr is, the slower the rise 
is, regardless of the proportional gain and integral time, 
and it comes to convergence with damped oscillation. The 
trend shows that when the Cr is too large, the rise is fast, 
but the stabilization time is prolonged.

In general, the faster the rise is, the more likely over-
shoots are to occur. However, this trend is not observed 
with this valve. As Fig. 10 indicated, the rise speed is due 
to the time constant TL of the pilot valve section’s transfer 
function P(s), and the property while the value is ap-
proaching the steady-state value until convergence is due 
to the damping coefficient ζ of transfer function V(s), 
combining the solenoid and pilot valve section.

Due to the above result and the perspectives of rise 
speed and damping force, etc., it is considered that the ap-
propriate value for Cr is between 0.69 and 1.6. The pro-
portional gain and the integral time for the compensation 
circuit should be determined from both aspects of valve 
safety and response, and the appropriate value needs to be 
set within a certain range.

5 Experimental Verification

The analytical verification up to the previous chapter 
has clarified that Cr is optimal when between 0.69 and 1.6 
based on the quick step response launch characteristic, 
damping characteristic, etc. This was experimentally veri-
fied.
5.1 Experiment Method

Fig. 14 shows the summary of the experiment device 

Fig. 11　�Impact of Cr on the step response characteristics 
(KP = 1.9, TI = 0.1sec)

Fig. 12　�Impact of Cr on the step response characteristics 
(KP = 4, TI = 0.1sec)

Fig. 13　�Impact of Cr on the step response characteristics 
(KP = 1.9, TI = 0.05sec)
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for the step response characteristics. The procedure was as 
follows: The valve’s neutral point is adjusted with the stop 
valve closed. While inputting 50% input signal to the con-
troller as the equilibrium point in the experiment, the load 
pressure difference PL between ports A and B is adjusted 
to 7MPa while opening the stop valve. After adjusting the 
load pressure, the input signal is switched to 0. The input 
signal is input to the valve as a step waveform of 0 -> 
50%. The input signal u and spool displacement x are re-
corded by the measuring instrument in chronological or-
der. The provided pressure Ps is 14MPa, and water tem-
perature is 25 +/- 5˚C.

5.2 Experiment Result
Fig. 15 shows an example of the experiment result for 

the effect of Cr on the step response characteristics. How-
ever, the compensation circuit parameter was adjusted to 
further clearly demonstrate the effect of Cr, and the spool 
displacement was normalized by excluding the stationary 
error. When Cr is 0.9, it proportionally rises in approxi-
mately 50m sec before reaching the steady-state value. 
When Cr is 2, the rise is faster than when Cr is 0.9, but the 
slope reduces after the point of inflection when it reaches 
approximately 95% of the target before reaching the tar-
get. This is assumed to be caused by the fast rise when Cr 
is large due to the small time constant TL as well as the 
overdamping effect from the large damping coefficient 
following this point of inflection. This result indicated the 
same tendency as the analysis result that the rise is slow 
when Cr is small and that the rise is fast when Cr is large, 
but the stabilization time is increased due to the over-
damping effect.

6 Concluding Remarks

① When Cr is small, the pilot valve section response is 
delayed due to the meter-out effect of the damping 
orifices. When Cr is large, the response is delayed due 
to the overdamping caused by the increased damping 
coefficient ζ. Due to this, the appropriate value of Cr is 
between 0.69 and 1.6.

② In terms of step response characteristics, the conver-
gence until the target value is slow due to the slow rise 
when Cr is too small. On the other hand, when Cr is 
too large, the rise will be fast, but it leads to overdamp-
ing; the convergence until the target value is delayed. 
The result showed the tendency that the rise is fast and 
the convergence is also fast when Cr is within a certain 
range.

③ The findings above were also clarified in the experi-
ment result.

Fig. 14　�Summary of the experiment device for the step 
response characteristics

Symbol

Designation Denotation Unit
ASPL Spool Cross-sectional area [m2]
D′b Equivalent orifice diameter [Pa]
DSPL Spool diameter [m]
Dn Damping orifice diameter [m]
FF Flow force [N]
FSOL Solenoid thrust [N]
KSP Spring constant [N/m]
KSOL Constant of solenoid thrust [N/A]
LW Control orifice  width [m]
Lbn , LbT LNT Annular clearance lengh [m]
P Supply pressure [Pa]
Q Flow rate [m3/s]
ζ Damping coefficient [-]
λ Friction facter [-]
θ Jet angle [degree]
δ Radial clearance [m]
μ Viscosity [Pa s]
ν Kinetic viscosity [m2/s]
ρ Working fluid density [kg/m3]
kP Proportional gain [-]
TI Integral time [sec]
τSOL Time constant [sec]
β Coefficient of  flow force [N/m]
Γ Coefficient of  viscosity [Ns/m]
C Flow constant [-]
Cr Ratio of orifice diameter [-]

Fig. 15　�Experiment result for the effect of Cr on the step 
response characteristics(KP=1.9, TI=0.05sec)
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