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Abstract 

The current research mainly focuses on the flow control for the two-stage proportional valve with hydraulic posi-
tion feedback which is named as Valvistor valve. Essentially, the Valvistor valve is a proportional throttle valve and the 
flow fluctuates with the change of load pressure. The flow fluctuation severely restricts the application of the Valvis-
tor valve. In this paper, a novel flow control method the Valvistor valve is provided to suppress the flow fluctuation 
and develop a high performance proportional flow valve. The mathematical model of this valve is established and 
linearized. Fuzzy proportional-integral-derivative (PID) controller is adopted in the closed-loop flow control system. 
The feedback is obtained by the flow inference with back-propagation neural network (BPNN) based on the spool dis-
placement in the pilot stage and the pressure differential across the main orifice. The results show that inference with 
BPNN can obtain the flow data fast and accurately. With the flow control method, the flow can keep at the set point 
when the pressure differential across the main orifice changes. The flow control method is effective and the Valvistor 
valve changes from proportional throttle valve to proportional flow valve. For the developed proportional flow valve, 
the settling time of the flow is very short when the load pressure changes abruptly. The performances of hysteresis, 
linearity and bandwidth are in a high range. The linear mathematical model can be verified and the assumptions in 
the system modeling is reasonable.
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1 Introduction
Proportional valves are widely used in hydraulic systems 
of various machines and devices. Their main task is to 
control the motion of hydraulic actuators. Single stage 
proportional valves can only be used in the small flow 
conditions owing to the performance limitation of elec-
tromagnet, while two-stage proportional valves can be 
used in the large flow conditions [1, 2]. In the two-stage 
proportional valves, the feedback types for proportional 
control include electric position feedback, force position 
feedback and hydraulic position feedback [3–5]. The two-
stage proportional valve with hydraulic position feedback 
was originally developed by Andersson. In this valve, 

a very small pilot flow is used to actuate the large main 
flow. The main flow is an amplification of the pilot flow. 
The behavior of the valve is similar to an electronic tran-
sistor, hence this valve is named as Valvistor valve [6, 7]. 
Because of the superiorities of low production costs, sim-
ple construction and strong reliability, this valve shows 
a broad application prospect. In recent years, the valves 
that use the Valvistor principle have been produced 
by the Eaton Corporation in the United States, a world 
famous hydraulic component manufacturer.

Although the Valvistor valve is a popular industrial 
product, it has an inherent defect. It is a proportional 
throttle valve and the spool displacement is the con-
trolled object [8]. In addition to the input voltage, the 
flow is also affected by the change of load pressure [9, 
10]. Thus, it can only be applied in the conditions where 
the requirement for the accuracy of flow is low or the 
load pressure is constant. However, in many industrial 
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applications, the velocity of hydraulic actuators must be 
precisely controlled when the load pressure changes [11–
13]. This need to make the flow unaffected by the change 
of load pressure. As a result, the application of the Valvis-
tor valve is limited to a rather narrow range due to this 
inherent disadvantage.

To solve this problem, researchers put forward some 
different methods based on the characteristic of the 
Valvistor valve that the main flow is an amplification 
of the pilot flow, and attempt to obtain the pilot flow 
which is not affected by the change of the load pressure. 
Eriksson arranged a mechanical pressure compensator 
between the pilot stage and the main stage to maintain 
a constant pressure differential across the pilot stage 
and the pilot flow is independent to the load pressure 
[14]. Hao et  al. [15] used a hydraulic pump with small 
displacement to regulate the pilot flow by changing the 
pump speed, then the impact of pressure differential 
change on the flow can be counteracted. Huang et  al. 
[16] presented a digital pressure compensator and the 
spool displacement of the pilot stage is adjusted based 
on the pressure differential across the pilot stage, so that 
the pilot flow can be precisely controlled. The common 
characteristic of these methods is regarding the pilot flow 
as the controlled object and the flow is under indirect 
control. However, the amplification factor between the 
main flow and the pilot flow is so uncertain that it cannot 
even be accurately calculated or predicted, because it is 
influenced by many disturbance factors, such as pressure 
fluctuation, machining error, flow force [17–19]. Conse-
quently, these methods are not very effective and the flow 
accuracy is still poor.

It is certain that regarding the flow as the controlled 
object and controlling it directly can improve the flow 
accuracy [20]. However, this will bring an issue that how 
to measure the flow through this valve fast and accurately 
and use it as the feed-back. Usually, there are two meth-
ods for metering the flow through a valve [21]. The first 
method is metering the flow with flow meter directly. 
This method is accurate, but greatly lagging because the 
response of flow meter is slow [22]. The second method 
is metering the pressure differential and spool displace-
ment, then the flow can be computed with the flow equa-
tion. This method is fast enough, but rather imprecise 
due to the indeterminacy of the discharge coefficient 
[23]. Therefore, these two methods cannot be applied to 
this case. Measuring the flow through this valve fast and 
accurately become the bottleneck of direct control for the 
flow.

Artificial neural network is an information process-
ing system simulating the biological neural network of 
the brain by interconnecting artificial neurons and has 
been widely used in practice. Back-propagation neural 

network (BPNN) is a representative learning model for 
the artificial neural network [24]. Accurate inference with 
BPNN have been frequently concerned by researchers 
[25]. Many research achievements have been applied to 
many industry fields [26–28]. This brings a good inspi-
ration for measuring the flow fast and accurately. The 
flow through a hydraulic valve can be precisely inferred 
according to the pressure differential and spool displace-
ment. This nicely copes with the problem encountered in 
flow control for this valve that is measuring the flow fast 
and accurately.

Proportional-integral-derivative (PID) controller is a 
commonly used control loop feedback mechanism which 
continuously calculates the error between the desired 
value and the measured value, and conducts the correc-
tion based on proportional, integral, and derivative terms 
[29]. Fuzzy PID controller is a type of PID controller, in 
which the PID coefficients can be tuned automatically 
based on the fuzzy logic [30]. The fuzzy PID controller 
provide more accurate results in non-linear situations 
compared with the standard PID controller and has been 
successfully applied in the flow control [31–33].

Motivated by the above observations, the present study 
mainly concentrates on the flow control for the two-
stage proportional valve with hydraulic position feed-
back which is named as Valvistor valve. In this paper, a 
novel flow control method for the Valvistor valve is pro-
vided. Fuzzy PID controller is adopt in the closed-loop 
flow control system. The feedback is obtained by the flow 
inference with BPNN based on the spool displacement 
in the pilot stage and the pressure differential across the 
main orifice. By this method, the flow is precisely con-
trolled and unaffected by the change of load pressure. 
The aim is to develop a high performance two-stage pro-
portional flow valve based on the Valvistor valve.

2  System Modelling
The schematic diagram of the Valvistor valve is shown 
in Figure  1. The Valvistor valve can be categorized into 
two-stage proportional valve. The poppet valve serves as 
the main stage and the solenoid operated proportional 
spool valve serves as the pilot stage. The channel inside 
the poppet and the slot on the side surface of the poppet 
close the hydraulic position feedback loop which is used 
to control the poppet displacement. The poppet displace-
ment is proportional to the orifice area formed by the slot 
and valve body. There is an underlap in the slot, so that 
the oil can flow into the upper cavity of the main stage 
when the main orifice closes.

As shown in Figure 1a, when there is no signal input 
in the proportional solenoid and the pilot orifice closes, 
the upper cavity of the main stage is only connected to 
the inlet. The pressure in the upper cavity of the main 
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stage pc is equal to the inlet pressure pa when the oil 
flows into the upper cavity through the underlap in 
the slot xo. The force acting on the top of the poppet 
is larger than the force acting on the bottom of the 

poppet, because the inlet pressure pa is larger than the 
outlet pressure pb. Thus the main orifice closes.

As shown in Figure 1b, when the proportional solenoid 
receives voltage signal u and opens the pilot orifice, the 

a

b

Figure 1 Schematic diagram of the Valvistor valve: a No voltage signal input, and b voltage signal input
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upper cavity of the main stage is connected to both the 
inlet and the outlet. The oil flow through the pilot stage 
leads to a pressure differential across the main stage and 
consequently causes the poppet to move. When under 
steady state condition, the flow equilibrium generates slot 
orifice area. The force equilibrium generates the pres-
sure in the upper cavity of the main stage pc. The orifice 
area formed by the slot and valve body which is propor-
tional to the poppet displacement xm is controlled by the 
pilot orifice. As a result, the main flow qm is controlled by 
the pilot orifice. In addition, the pilot flow qp converges 
with the main flow qm so as to increase the efficiency of 
hydraulic system.

To simplify the analysis, there are some reason-
able assumptions in the system modeling. The assump-
tions are summarized as follows. (1) The flow force is 
neglected because researchers have confirmed that the 
effect of flow force on the Valvistor valve performance is 
rather weak. In the analysis related to the Valvistor valve, 
researchers have given convincing results with neglected 
flow force [6, 16]. (2) The solenoid dynamics is ignored as 
it is fast enough. Researchers have established mathemat-
ical model of the Valvistor valve with ignored solenoid 
dynamics and the results are validated by experiments 
[17]. (3) The pilot stage dynamics is ignored because the 
spool mass is rather small and spring stiffness is relatively 
high [6, 17]. (4) Flow in this valve is assumed to be tur-
bulent because it has been certified that turbulent flow 
occurs at high Reynolds numbers in the poppet valve and 
spool valve [16]. (5) The effect of temperature on fluid 
properties is neglected and liquid properties are constant 
[15]. (6) The oil in this valve is incompressible and the 
leakage of this valve is omitted [14].

In the pilot stage, the force balance on the spool can be 
expressed as

where ke denotes the gain of the proportional solenoid, 
u denotes the input voltage, kp denotes the proportion 
coefficient, and xp denotes the spool displacement in the 
pilot stage. When the input signal opens the pilot orifice, 
the fluid is allowed to flow through the pilot stage and the 
flow can be calculated as

where qp is the pilot flow, Cdp is the discharge coefficient 
of the pilot orifice, ωp is the area gradient of the pilot 

(1)keu = kpxp,

(2)qp = Cdpωpxp

√

2(pc − pb)

ρ
,

orifice, xp is the spool displacement in the pilot stage, pc 
is the pressure in the upper cavity of the main stage, pb is 
the outlet pressure, and ρ is the oil density. Whenever the 
pilot orifice opens, the fluid is allowed to flow through 
the slot on the side surface of the poppet. According to 
the flow equilibrium, the pilot flow can also be expressed 
as

where qs is flow through the slot orifice, Cds is the dis-
charge coefficient of the slot orifice, ωs is the area gradi-
ent of the slot orifice, xo is the underlap of the slot orifice, 
xm is the poppet displacement in the main stage, and pa is 
the inlet pressure.

In the main stage, the force equilibrium on the poppet 
can be described as

where Aa denotes the area at the top of the poppet, Ac 
denotes the area at the bottom of the poppet, mm denotes 
the poppet mass, Bm denotes the viscous damping coeffi-
cient in the main stage, and km denotes main spring stiff-
ness. According to the standard orifice equation, the flow 
through the main can be expressed as

where qm is the main flow, Cdm is the discharge coeffi-
cient of the main orifice, and ωm is the area gradient of 
the main orifice. Based on the main stage geometry, the 
area gradient of the main orifice can be calculated as

where dm denotes the diameter of the main stage seat and 
α denotes the cone angle of the poppet.

In the Valvistor valve, the pilot flow converges with the 
main flow at the outlet. Thus, the total flow through the 
Valvistor valve can be calculated as

where qt is the total flow through the Valvistor valve.
Employing Eqs. (1)‒(7), the system model of the Valvis-

tor valve can be written as

(3)qp = qs = Cdsωs(xo + xm)

√

2(pa − pc)

ρ
,

(4)
Aapa + (Ac − Aa)pb − Acpc = mmẍm + Bmẋm + kmxm,

(5)qm = Cdmωmxm

√

2(pa − pb)

ρ
,

(6)ωm = πdm sin
α

2

(

1−
xm

2dm
sin α

)

,

(7)qt = qp + qm,
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To linearize the system model, define

Then the linearized model can be derived as

where the coefficients are

(8)
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0
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(9)

qt = Cdpωpxp

√
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ρ
+ Cdmωmxm

√
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ρ
,

(10)xp = xp0 +�xp,

(11)pc = pc0 +�pc,
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(13)ẋm = ẋm0 +�ẋm,
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(16)�qt = c3�xp + c4�pc + c5�xm,

(17)

c1 =
2C2

dmω
2
m(pa − pc0)xm0

C2
dpω

2
px

2
p0 + C2

dmω
2
mx

2
m0

= (pa − pc0)(pc0 − pb)

xm0(pa − pb)
,

Employing the Laplace transform, Eqs. (15) and (16) 
can be transformed as

As shown in Figure 2, the system model of the Valvistor 
valve can be presented as a block diagram. The transfer 
function can be derived as

(18)

c2 = −
2C2

dpω
2
p(pc0 − pb)xp0

C2
dpω

2
px

2
p0 + C2

dmω
2
mx

2
m0

= − (pa − pc0)(pc0 − pb)

xp0(pa − pb)
,

(19)c3 = Cdpωp

√

2(pc0 − pb)

ρ
,

(20)c4 =
Cdpωpxp0√
2ρ(pc0 − pb)

,

(21)c5 = Cdmωm

√

2(pa − pb)

ρ
,

(22)kp�Xp(s)− ke�U(s) = 0,

(23)c1�Xp(s)−�Pc(s)+ c2�Xm(s) = 0,

(24)

�Xm(s)s
2 +

Bm

mm
�Xm(s)s +

km

mm
�Xm(s) = −

Ac

mm
�Pc(s),

(25)�Qt(s) = c3�Xp(s)+ c4�Pc(s)+ c5�Xm(s).

(26)Gv(s) =
�Qt(s)

�U(s)
=

ke

kp

(c3 + c1c4)
(

mms
2 + Bms + km

)

+ Ac(c2c3 − c1c5)

mms2 + Bms + km + c2Ac
.

+
+

Xp

Pc

kp
keU

c1 +
+

+mms2+Bms+km

1
c5

Qt

Xm

c2

c4

c3

Figure 2 System model of the Valvistor valve
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3  Flow Control Method
The flow control method for the Valvistor valve is shown 
in Figure 3. Fuzzy PID controller is adopt in the closed-
loop flow control system. The feedback is obtained by 
the flow inference with BPNN based on the spool dis-
placement in the pilot stage and the pressure differential 
in the main stage. By this method, the flow is precisely 
controlled and unaffected by the change of load pressure. 
The transfer function is expressed as

3.1  Establishment of BPNN Model
The BPNN with three layers including an input layer, a 
hidden layer and an output layer is adopted to infer the 
flow. Based on the pressure differential across the main 
orifice Δpm and the poppet displacement in the main 
stage xm, the flow through the Valvistor valve used as the 
feedback qf can be predicted with the BPNN. As shown 
in Figure  4, there are two neurons labelled as Δpm and 
xm in the input layer and one neuron labelled as qf in the 
output layer.

In the BPNN model, the error function for the output 
neuron is defined as

where E is the error function, p1 is the inferred value of 
the output neuron, and z1 is the actual value of the output 

(27)G(s) =
Qt(s)

Qr(s)
=

Gc(s)Gv(s)

1+ Gc(s)Gv(s)
.

(28)E =
1

2
(p1 − z1)

2,

Figure 3 Flow control method for the Valvistor valve

Input layer

Hidden layer

Output layer

pm

xp

qf

Figure 4 Schematic of the BPNN
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neuron. The output of the hidden layer can be calculated 
as

The output of the output layer can be expressed as

where fy is the transfer function between the input layer 
and hidden layer, fz is the transfer function between the 
hidden layer and output layer, n is the number of neurons 
in the hidden layer, wij is the weight between the input 
layer and hidden layer, bj is the threshold of the hidden 
layer, wj1 is the weight between the hidden layer and out-
put layer, c1 is the threshold of the output layer.

3.2  Design of Fuzzy PID Controller
The input voltage u can be regulated by the Fuzzy PID 
controller based on the flow error e. For the fuzzy PID 
controller, the input is the flow error e and the output is 
the voltage signal u. The schematic diagram of the fuzzy 
PID controller is shown in Figure 5. The fuzzy PID con-
troller is composed by a fuzzy logic controller and a PID 
controller. The mathematical expression of the fuzzy PID 
controller can be written as

where e is the flow error, KP is the proportion coefficient, 
KI is the integral coefficient, and KD is the derivative coef-
ficient. Employing the Laplace transform, Eq. (31) can be 
transformed as

(29)yj = fy

(

2
∑

i=1

xiwij + bj

)

,

(30)z1 = fz





n
�

j=1

yjwj1 + c1



,

(31)u(t) = KPe(t)+ KI

∫ t

0
e(t)dt+KD

de(t)

dt
,

(32)U(s) = KPE(s)+
KI

s
E(s)+ KDsE(s),

Consequently, the transfer function of the fuzzy PID 
controller can be written as

For the fuzzy logic controller, the inputs are the flow 
error e and its change rate ec, and the outputs are the 
increments of PID coefficients ΔKP, ΔKI and ΔKD. Then, 
the PID coefficients KP, KI and KD can be expressed as

The fuzzy subset of the fuzzy linguistic variables e, ec, 
ΔKP, ΔKI and ΔKD can be expressed as {NB, NM, NS, 
ZO, PS, PM, PB}, where NB denotes negative big, NM 
denotes negative medium, NS denotes negative small, 
ZO denotes zero, PS denotes positive small, PM denotes 
positive medium and PB denotes positive big. In consid-
eration of the control system of the Valvistor valve, the 
discourse universe of the fuzzy linguistic variables is 
selected as {−6, −5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5, 6}. 
Gaussian function is employed as the membership func-
tion. By means of the weighted average method, the fuzzy 
reasoning is solved with simple calculation and the out-
put is smooth.

4  Experimental Apparatus
As shown in Figure  6, the tested valve is fixed on the 
test bench. In order to measure the pressure differen-
tial across main orifice accurately, the pressure sensors 
are mounted on the main stage and pressure in the cav-
ity is directly measured. Gear flow meters are applied to 
measure the flow through the tested valve and the pilot 
flow. The pilot stage is a single stage proportional valve, 
in which a linear variable differential transformer (LVDT) 
and its monitoring pin are integrated. The spool displace-
ment can be measured by the LVDT and the data can 
be collected via the monitoring pin. Signals are sampled 
by means of the National Instrument (NI) PXI control-
ler. The specifications of experimental setup are shown in 
Table 1. The parameters of the tested valve are shown in 
Table 2.

5  Results and Discussion
In order to collect the training data, the flow is measured 
at different pressure differentials across the main ori-
fice and the spool displacements in the pilot stage. The 
training data set for the inference of the flow is shown in 
Table 3.

(33)Gc(s) =
U(s)

E(s)
=

KDs
2 + KPs + KI

s
.

(34)KP = KP0 +�KP,

(35)KI = KI0 +�KI,

(36)KD = KD0 +�KD.

KP KI KD

dt
de Fuzzy logic

PID controller
e u

ec

Figure 5 Schematic diagram of the fuzzy PID controller
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To find the proper number of the neurons in the hid-
den layer and ensure that the inference is accurate, com-
parisons between the inferred data and the measured 
data are performed at different numbers of the neurons 
in the hidden layer. The numbers of the neurons in the 
hidden layer are 2, 5, 10 and 15. Two typical cases are 
used to carry out the test on the performance of the 
BPNN model. In case 1, the pressure differential across 
the main orifice Δpm is constant at 2 MPa and the spool 
displacement in the pilot stage xp increases from 0.02 

Figure 6 Experimental system of the Valvistor valve: 1. Filter, 2. Variable pump, 3. Check valve, 4. Oil tank, 5. Relief valve, 6. Cooler, 7. Pressure sensor, 
8. Displacement sensor, 9. Flow meter for pilot flow, 10. Flow meter for total flow, 11. Pilot valve, 12. Main valve

Table 1 Specifications of experimental setup

Device Producer Model number Specification

Main valve Vickers EPV16

Pilot valve Vickers TG4V

Variable pump Bosch Rexroth SYDFEE-20/100R Rated pressure (MPa) 28

Rated speed (r/min) 1450

Maximum displacement (mL/r) 100

Pressure sensor Kistler 4260A200 Full scale (MPa) 20

Maximum frequency response (Hz) 2000

Measurement error 0.05% FS

Flow meter Parker SCVF-150 Full scale (L/min) 20

Response time (ms) 150

Measurement error 0.5% FS

Flow meter Parker SCVF-15 Full scale (L/min) 15

Response time (ms) 20

Measurement error 0.5% FS

Table 2 Parameters of the tested valve

Symbol Value Units Symbol Value Units

kp 20.2 N/mm mm 0.15 kg

ωp 2.616 mm Bm 10 N·s/m

ke 5.5 N/V km 1 N/mm

dm 14.14 mm xo 0.42 mm

α 0.785 rad ωs 1 mm

Ac 314.2 mm2 ρ 870 kg/m3

Aa 157.1 mm2
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mm to 0.16 mm at increment of 0.02 mm. In case 2, the 
spool displacement in the pilot stage xp is constant at 0.06 
mm and the pressure differential across the main orifice 
Δpm increases from 2 MPa to 16 MPa at increment of 2 
MPa. When the comparisons between the inferred data 
and the measured data in the two cases are shown in Fig-
ures 7 and 8. The maximum errors between the inferred 
data and the measured data are listed in Table  4. Obvi-
ously, the change of the maximum error is very small as 
the number of the neurons in the hidden layer increases 

Table 3 Training data set for the inference of the flow through the Valvistor valve

Δpm (MPa) xp (mm)

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

1 9.3 17.9 29.0 37.1 49.7 55.0 69.2 77.8 89.3 99.8

2 12.6 25.5 38.6 54.5 67.2 79.7 98.1 112.6 126.8 ‒
3 16.7 31.8 48.2 66.7 84.1 95.3 114.7 129.7 ‒ ‒
4 19.3 36.7 59.1 72.4 100.0 114.6 ‒ ‒ ‒ ‒
5 20.2 40.2 62.1 80.5 105.0 123.7 ‒ ‒ ‒ ‒
6 22.0 45.9 67.4 91.8 114.3 ‒ ‒ ‒ ‒ ‒
7 23.6 47.6 74.3 102.5 121.4 ‒ ‒ ‒ ‒ ‒
8 26.8 52.0 80.5 108.0 129.4 ‒ ‒ ‒ ‒ ‒
9 27.5 53.3 85.1 110.7 ‒ ‒ ‒ ‒ ‒ ‒
10 29.0 57.9 87.2 121.9 ‒ ‒ ‒ ‒ ‒ ‒
11 30.5 60.5 91.3 128.3 ‒ ‒ ‒ ‒ ‒ ‒
12 31.6 63.8 95.3 ‒ ‒ ‒ ‒ ‒ ‒ ‒
13 32.7 67.7 101.8 ‒ ‒ ‒ ‒ ‒ ‒ ‒
14 34.1 68.8 105.4 ‒ ‒ ‒ ‒ ‒ ‒ ‒
15 35.8 72.6 108.1 ‒ ‒ ‒ ‒ ‒ ‒ ‒
16 37.1 75.2 110.8 ‒ ‒ ‒ ‒ ‒ ‒ ‒

Figure 7 Comparisons between the inferred data and the measured 
data in case 1

Figure 8 Comparisons between the inferred data and the measured 
data in case 2

Table 4 Maximum errors between  the  inferred data 
and the measured data

n Maximum error (%)

Case 1 Case 2

2 7.3 7.1

5 4.0 3.9

10 3.8 3.7

15 3.6 3.6
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from 5 to 15. Therefore, the BPNN model with 5 neurons 
in the hidden layer is adequate in consideration of the 
inference accuracy and the computational effort.

The conventional method for the feedback flow acqui-
sition is metering the pressure differential and poppet 
displacement, then the flow can be computed with the 
flow equation. Comparisons between the inferred data 
and the computed data in the two typical cases are shown 
in Figures  9 and 10. The maximum error between the 
inferred data and the measured data is about 4.0% while 
the maximum error between the computed data and 
the measured data is about 11.4%. It can be found that 

compared to the conventional flow equation, the BPNN 
can inferred the flow more accurately.

Without the flow control method, the spool displace-
ment in the pilot stage is the controlled object. It can be 
seen from Figure  11 that when the pressure differential 
across the main orifice increases, the flow increase at a 
certain spool displacement in the pilot stage. Thus, with-
out the flow control method, the Valvistor valve is a pro-
portional throttle valve.

With the flow control method, the flow is the con-
trolled object. As shown in Figure  12, when the pres-
sure differential across the main orifice increases, the 
flow can keep at the set point. The maximum error 
between the experimental and setting values is 3.1%. 

Figure 9 Comparisons between the inferred data and the computed 
data in case 1

Figure 10 Comparisons between the inferred data and the 
computed data in case 2

Figure 11 Flow without the flow control method

Figure 12 Flow with the flow control method
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The spool displacements in the pilot stage with the 
flow control method are shown in Figure 13. When the 
pressure differential across the main orifice increases, 
the spool displacements in the pilot stage decrease. It 
can be seen from Figures 11, 12, 13 that the flow con-
trol method is very effective, with which the Valvistor 
valve changes from proportional throttle valve to pro-
portional flow valve.

In Figures  11, 12, 13, the maximum error between 
the experimental and simulation values is 4.6%. Thus, 
the linear mathematical model can be verified and the 
assumptions in the system modeling is reasonable.

The performances of the developed valve are tested. 
The flow is measured when the pressure differen-
tial across the main orifice abruptly changes between 
2 MPa and 7 MPa. It can be seen from Figure 14 that 
the flow can maintain constant when the pressure dif-
ferential across the main orifice abruptly changes. The 
flow is unaffected by the change of the load pressure. 
The overshoot is about 20 L/min and the settling time 
is about 0.5 s. The flow characteristic is measured 
when the input voltage circulate between 0 V and 8 V. 
It can be calculated from Figure 15 that the hysteresis 
of the developed valve is less than 4.6% and the non-
linearity of the flow is less than 5.3%. The frequency 
response of the Valvistor valve is measured when the 
frequency of the input voltage increases from 0.1 Hz 

Figure 13 Spool displacements in the pilot stage with the flow 
control method

Figure 14 Flow through the developed valve at abrupt change of 
the load pressure

Figure 15 Flow characteristic of the developed valve

Figure 16 Frequency response of the developed valve
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to 100 Hz. It can be seen from Figure 16 that the band-
width of the developed valve is about 18 Hz. Thus, 
with the flow control method, a high performance 
two-stage proportional flow valve based on the Valvis-
tor valve is developed.

6  Conclusions
In this paper, a novel flow control method for a two-
stage proportional valve with hydraulic position feed-
back which is named as Valvistor valve is provided to 
develop a high performance proportional flow valve. 
The mathematical model of this valve is established and 
linearized. Fuzzy PID controller is adopt in the closed-
loop flow control system. The feed-back is obtained by 
the flow inference with BPNN based on the spool dis-
placement in the pilot stage and the pressure differen-
tial across the main orifice.

(1) With BPNN, the inferred data is very close to the 
measured data. Therefore, inference with BPNN 
can obtain the flow data fast and accurately.

(2) With the flow control method, the flow can keep at 
the set point when the pressure differential across 
the main orifice changes. Therefore, the flow con-
trol method is effective and the Valvistor valve 
changes from proportional throttle valve to propor-
tional flow valve.

(3) For the developed proportional flow valve, the set-
tling time of the flow is very short when the load 
pressure changes abruptly. Thus, the flow is unaf-
fected by the change of the load pressure.

(4) The performances of hysteresis, linearity and band-
width are in a high range. Thus, with the flow con-
trol method, a high performance two-stage pro-
portional flow valve based on the Valvistor valve is 
developed.

(5) The simulation results are close to the test results. 
Therefore, the linear mathematical model can be 
verified and the assumptions in the system mod-
eling is reasonable.
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