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Abstract Pilot two-stage proportional valves are widely
used in high-power hydraulic systems. For the purpose of
improving the dynamic performance, reliability, and
digitization of the traditional proportional valve, a novel
two-stage proportional valve with a pilot digital flow
distribution is proposed from the viewpoint of the dual
nozzle-flapper valve’s working principle. In particular, the
dual nozzle-flapper is decoupled by two high-speed on/off
valves (HSVs). First, the working principle and mathema-
tical model of the proposed valve are determined. Then, the
influences of the control parameters (duty cycle and
switching frequency) and structural parameters (fixed
orifice’s diameter and main valve’s spring) on the main
valve’s motion are analyzed on the basis of theory,
simulation, and experiment. In addition, in optimizing
the value of the fixed orifice’s diameter, a new design
criterion that considers the maximum pressure sensitivity,
flow controllability, and flow linearization is proposed to
improve the balance between the effective displacement
and the displacement fluctuation of the main valve. The
new scheme is verified by simulations and experiments.
Experimental results of the closed-loop displacement
tracking have demonstrated that the delay time of the
main valve is always within 3.5 ms under different
working conditions, and the tracking error can be
significantly reduced using the higher switching frequency.
The amplitude—frequency experiments indicate that a
—3 dB-frequency of the proposed valve can reach
9.5 Hz in the case of +50% full scale and 15 Hz in the
case of 0%—50% full scale. The values can be further
improved by increasing the flow rate of the pilot HSV.
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1 Introduction

Electrohydraulic proportional systems are widely used in
robots, aircraft actuators, tunnel boring machines, and
wind power equipment owing to their good control
accuracy and fast response [1,2]. Compared with the
proportional valve system, a digital valve system (DVS)
consisting of several on/off valves has certain advantages
such as low throttling losses, good programmability, and
high reliability. Nowadays, DVS is acquiescently con-
sidered a competitive alternative technology to the
proportional system, as supported by research publications
[3—5]. A high-speed on/off valve (HSV) serving as a core
component in DVS works in a fully open or fully closed
state. HSVs have also been widely used in electrohydraulic
brake systems [6] and hydraulic pressure boost systems [7]
owing to their several benefits, such as zero-structural dead
band, high reliability, high efficiency, and low cost.

Many recent studies have focused on the structural
optimization and controller optimization of HSVs.
Paloniitty and Linjama [8] and Wu et al. [9] designed a
miniature on/off valve by optimizing the distribution of the
magnetic field. A self-correcting pulse width modulation
(PWM) control proposed in Ref. [10] not only can improve
the dynamic performance of the HSV but also maintain the
same dynamic performance in different working condi-
tions. Moreover, smart materials, such as piezoelectric
[11], dielectric elastomer membrane [12], and giant
magnetostrictive materials [13], are also applied to
electromechanical converters of HSVs to improve dynamic
performance, but this approach entails high cost and small
output displacement.

However, increasing the HSV’s output flow rate is more
important in many high-power applications. The two
conventional methods to achieve this objective are as
follows: One is to improve the flow capacity of the HSV,
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and the other is to design a parallel-connected DVS. As far
as the HSV with large flow capacity is concerned, a two-
stage structure is a common technique. Winkler et al. [14]
proposed a new large flow switching valve, in which the
pilot stage is a small fast switching valve and the main stage
is a multi poppet valve. The nominal flow rate of the
proposed valve is approximately 100 L/min. Wang et al.
[15] designed a two-stage large-flow HSV for a hydraulic
pressure converter, in which the three-way and two-
position HSV of NACHI Company (Japan) was used in
the pilot stage. As for the parallel-connected DVS, Matti
Linjama and his research group [16] contributed numerous
valuable works in this area. They first conducted a
feasibility study on water—hydraulic parallel connection
technology and experimentally verified that the parallel
connection technology could effectively improve the
efficiency of the system [16]. Some other new structures,
such as the digital flow control unit [17] and the digital
hydraulic power management system [18], were proposed
for large flow applications in succession. Moreover,
Lantela and Pietola [19] proposed a high-flow miniature
DVS, in which the nominal flow of the P—A side is 30
L/min @ 0.5 MPa, and the laminated process technology
was used for the valve manifold. The research results
showed that the proposed DVS could control the flow
instead of the standard proportional valve with ISO 03 [19].

In summary, the two conventional ways mentioned
above can achieve a large flow rate, but problems still need
to be overcome. For the HSV with a large flow capacity, as
the high switching technology is used, the major
challenges are the pressure fluctuation and vibration,
especially in the high-pressure system. Moreover, the
parallel-connected DVS needs a large number of on/off
valves, which results in a comparatively large size and high
cost of the valve package.

The priority control of the two-stage proportional
control valve seems to be an effective way to obtain a
large flow rate, in which the small flow rate HSV is used as
the pilot stage and the large-sized spool is used as the main
stage. The displacement of the main spool is approximately
proportional to the duty cycle of the PWM signal.
Compared with the two approaches mentioned above, the
priority control has less vibration and can lessen the cost
due to the use of small number of HSVs. A previous
research [20] designed a novel configuration for a two-
stage servo valve, in which two normally closed valves
actuated by two piezoelectric ring benders were piloted to
generate the control pressure. Zeng et al. [21] studied the
influences of the pilot HSV’s characteristics (voltage and
duty cycle) on the performance of the main valve’s
displacement based on AMESim simulation. Wang et al.
[22] studied the influences of certain factors (control
signal, switching frequency, and pressure of the control
chamber) on the dynamic performance of the main valve.
Huang et al. [23,24] proposed a two-stage proportional
flow control valve, in which the main stage was a flow

amplifying valve and the pilot stage consisted of several
on/off valves. In this study, the fluctuation of the pressure
is analyzed by theoretical analysis, simulation, and testing.
The research results indicate that a higher switching
frequency of the HSV can smoothen pressure and
displacement.

A novel two-stage proportional valve with a pilot digital
flow distribution is proposed in this study. In Section 2, the
working principle and mathematical model of the proposed
valve are presented. In Section 3, the influences of the main
parameters on the main valve’s motion are analyzed. In
Section 4, the value of the fixed orifice’s diameter is
optimized. In Section 5, the closed-loop displacement
tracking and amplitude—frequency experiments are con-
ducted. The main conclusions are summarized in
Section 6.

2 Working principle and mathematical
model

In this research, a two-stage proportional valve with a pilot
digital flow distribution is proposed from the viewpoint of
the dual nozzle-flapper’s working principle, as shown in
Fig. 1. In a traditional nozzle-flapper valve, the two
variable orifices have a differential and coupled control.
However, in this research, the dual nozzle-flapper is
replaced by a digital flow distribution consisting of two
HSVs, and the analog control signal is converted to
digital.

The valve system consists of a pilot stage and the main
stage with a linear variable differential transformer. The
pilot stage consists of a digital flow distribution (HSV-A
and HSV-B, i.e., two-position and two-way) and two fixed
orifices, which are used to control the pressure and
direction of the fluid flow in the pilot stage. The main
stage is a pilot-operated spool valve, which is centered by a
preload spring. In view of accurately controlling the output
flow rate of the main valve, a position feedback control is
established on the basis of the linear variable differential
transformer and the control electronics.

The working principle can be described as follows:

1) In the inactive condition, the two HSVs are both de-
energized. Additionally, the pressure in chamber A is the
same as that in chamber B. Thus, the main valve maintains
the central position by using the centering spring.

2) In the condition that the HSV-A is de-energized and
the HSV-B is energized, the flow from chamber B to the
tank (port T) through the HSV-B is provided. The pressure
in chamber B decreases, causing the main valve to move to
the right side.

3) In the condition that the HSV-A is energized and
HSV-B is de-energized, the flow from chamber A to the
tank (port T) through the HSV-A is provided. The pressure
in chamber A decreases, causing that the main valve to
move to the left side.
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Fig. 1 Proposed two-stage proportional valve: (a) Schematic diagram and (b) structure diagram.

2.1 Model of the pilot stage

2.1.1 Dynamic characteristic of the pilot HSV

A two-position and two-way HSV is used in the pilot stage,
as shown in Fig. 2. In actual scenarios, the motion of the
ball valve lags behind the command PWM signal because
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Armature Rod  Ballvalve  Spring

i
\c\

Fig. 2 Schematic diagram of the pilot high-speed on/off valve.

of inductance and mechanical hysteresis. Therefore, the
relationship between the HSV’s opening area and the
command PWM signal can be defined. As shown in Fig. 3,

A —— Command PWM signal
—— Opening area of HSV
Apmax
Opening T
movement Closing Closing
delay movement
Opening
delay
R lom—> < lem
0 >
tod to T 'L'T+tcd TT+tw T

Fig. 3 Relationship between the HSV’s opening area and the
command PWM signal. HSV: High-speed on/off valve; PWM:
Pulse width modulation.
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t,q denotes the opening delay time; ,,,, denotes the opening
movement time; #,, denotes the total opening time; #.4
denotes the closing delay time; z., denotes the closing
movement time; #. denotes the total closing time; Apmax
denotes the maximum opening area of the pilot HSV; and T'
denotes the period of the PWM signal.

In the MATLAB/simulation platform, “transport delay
module” and “rate limiter module” are used to regulate the
opening/closing delay time and the opening/closing
movement time, respectively. The dynamic model of the
HSV is shown in Fig. 4.

2.1.2  Fluid model of the pilot stage

The modeling process of the proposed valve is similar to
that of the traditional dual nozzle-flapper valve. As the two
fixed orifices have the same structure, the flow rates of the
two fixed orifices can be written as

0n = Cotgy [P, M
p
Op = Cedr) 2(’”5—;""), @

where Oy, and Oy, denote the flow rates of the fixed orifices
1 and 2, respectively, ps, pa, and py, denote the pilot supply
pressure, the pressure in chamber A and chamber B,
respectively, Cr and 4¢ denote the flow coefficient and the
opening area of the fixed orifice, respectively, and p
denotes the oil density.

The two HSVs with same structure are both controlled
by the PWM signal. Thus, the output flow rate of the two
HSVs are discrete in a single PWM period, which can be
written as

2(p, —py)

Codpmaxy | —— 0<t<1,7,

O = P “4)
0’ T2T < tST,

where O,, and Q,;, denote the output flow rates of pilot
HSV-A and pilot HSV-B, respectively, p; denotes the
pressure in the tank, C,, denotes the flow coefficient of the
pilot HSV, and 7; and 7, denote the duty cycles of the PWM
signal used for driving HSV-A and HSV-B, respectively.

In a single PWM signal period, the average output flow
rates of the two HSVs can be also defined as [23]

_ 2(p,—

Qpa = TlcpApmax M’ (5)
P

_ 2(p,—p

Qpb = TZCpApmax %’ (6)

where Qpa and Qpb denote the average output flow rates of
HSV-A and HSV-B, respectively.

The net flow rates into chambers A and B (Q, and Q)
can be calculated by

Qfl Qpa
—CfAf‘ /2@5 pa p pmax lz(pa pt
Qb = Qpb_Qﬂ

[2(py — (p,—
_ TchApmaX (pbp pt) _CfAf (p ppb)

The flow continuity equations of chambers A and B are
written as

CpApmax > O<t<T]T,
Qpa = p (3) dpa ﬂ dxm
E:ViA Qa_AmF_Ce a | (9)
0, Tl <t<T, a0 T Am¥m
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Fig. 4 Dynamic model of the pilot high-speed on/off valve.
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dpy, N

N .
dt a Vb() *Amxm

Amd?QbCepb>: (10)
where V,o and V4, denote the initial volumes of chambers
A and B, respectively, 4., denotes the cross-sectional area
of the main valve, f denotes the fluid bulk modulus, C.

denotes the external leakage coefficient, and x,,, denotes the
displacement of the main valve.

2.2 Main valve stage

A three-position and four-way spool valve is selected as
the main stage, as shown in Fig. 5.

By taking rightward motion of the main valve as an
example, the force equilibrium equation of the main valve
can be written as [25]

mmjém = (pa 7pb)Am7kmxm7Fmp7ijcm7ch7Fmsa
(11)

Ay :f(n; Ry, xo) =
nnRﬁ1

+ 2nRy,(xo—R

where n denotes the number of circular ports around the
main valve, R, denotes the radius of the circular ports
around the main valve, and x, denotes the opening of these
circular ports.

The relationships between these orifice areas and the
main valve’s displacement are written as

y f(npa: Rma xm_A): A<xm <)Cmax:
B 0, Xy <A,

(14)

2 _Yo )\ [t [ Ko
nR;, larccos <1 Rm> <1 Rm> R <2

where m,,, denotes the equivalent mass of the main valve,
B, denotes the viscous friction coefficient of the main
valve, k,, denotes the spring stiffness of the main valve,
Fp denotes the preload spring force of the main valve, Fiy,
denotes the Coulomb friction force of the main valve, and
F s denotes the steady flow force of the main valve.

Assuming that the fluid velocity coefficient C,,, the
flow coefficient C,,4, and fluid jet angle 6,, in the four
variable orifices (P-A, P-B, A-T, and B-T) of the main
valve are the same. Thus, the steady flow force F,; of the
main valve can be defined as

4
Fms = 2CmvcmdcosemZ(AkApk)’
k=1

(12)

where A, denotes the opening area of the four variable
orifices, and Ap;, denotes the pressure difference across the
variable orifice.

In this case, the opening area of the main valve’s
variable orifices can be obtained by [26]

X,
R;) , 0<x,<R,,
(13)
m)9 Rm<x09
n ,R 5y X —A . A<x,<x 5
AbT:{f( bt> 'm> ‘m ) Am Nmax (15)
0, X <A,
Apb _ f(npba Rm: 7A7xm)a ~Xmax <xm< 7A7 (16)
0, X~ — A,
f(nat’ Rm, 7A7xm)s ~Xmax Sxms 7A7
A = (17)
0, Xp>— A,

Centering spring
~ ’ pb‘

N\
Xm Control
chamber A

Control
chamber B

Fig. 5 Schematic diagram of the main valve.
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where A4, and Ay, denote the orifice areas from port P to
ports A and B, respectively, A, and 4, denote the orifice
areas from port T to ports A and B, respectively, n,, and
1y, denote the numbers of circular ports around the main
valve’s P—A port and P-B port (np,= np,=2), 1, and ny,
denote the numbers of circular ports around the main
valve’s A—T and B-T ports (n,=ny—=4), R, denotes the
radius of the circular ports, A denotes the center dead-band
of the main valve (the left-center is the same as the right-
center), and x,,,,x denotes the maximum stroke.

The relationships between the displacement and these
orifice areas, as determined by Eqgs. (13)—(17), are shown
in Fig. 6.
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8 20
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Fig. 6 Orifice area versus the main valve’s displacement.

The main parameters used in this study are as follows
[22,26-27]:

Opening delay time: 7,q= 1.9 ms;

Opening movement time: #,,= 1.1 ms;

Closing delay time: ¢.4= 2.6 ms;

Closing movement time: #.,= 2.6 ms;

Maximum opening area of the HSV: 4 ,.= 1.024 mm?;

Radius of the valve seat’s hole: »=0.66 mm,;

Flow coefficient of the HSV: C,;=0.6;

Flow coefficient of the fixed orifice: C=0.85;

Fluid jet angle: 6,,=69°;

Radius of circular port: R,,=1 mm;

Cross-sectional area: 4,,= 314 mm?;

Viscous friction coefficient: B,=17.6 N/(m-s™);

Coulomb friction force: F,.=8 N;

Initial volume of chamber A: V,y= 3750 mm?;

Initial volume of chamber B: Vo= 3750 mm?;

Center dead-band: A=0.62 mm;

Main stage spring preload: Fi,,=50 N;

Mass of the main valve: m,,=205 g;

Main stage spring stiffness: k=50 N/mm;

Flow coefficient of the main valve: C,,g=0.61;

Fluid velocity coefficient of the main valve: C,,,=0.98.

3 Relationship between the main valve’s
motion and main parameters

3.1 Analysis of the main valve’s motion

The characteristic of the main valve’s motion is analyzed
on the basis of the relationship between the PWM signal
and the main valve’s displacement, as shown in Fig. 7, in
which the rightward motion is taken as an example. In
Fig. 7, Ax; denotes the displacement of the main valve
moving to the right in a single period; Ax, denotes the
displacement of the main valve moving to the left in a
single period; and Ax, denotes the effective displacement
of the main valve moving to the right in a single period.

Ay
HSV-A
‘ i i -
Ay i E
High oISV
voltage E
0 I -
Ax, i i
______________ A B
i PN
Ax, | ! 2
0 i E A >
(74 T

Fig. 7 Relation between the PWM signal and the main valve’s
motion.

Similarly, as shown in Fig. 7, the main valve moves to
the right due to the pressure difference in the two chambers
during the high-voltage period (0 <z < 77). By contrast,
during the zero-voltage period (¢7 < ¢ < T), the main valve
moves to the left due to the spring force. In addition, when
Ax; and Ax, simultaneously increase, the fluctuation of the
main valve’s motion increases. The ideal condition is for
Ax; to be much larger and Ax, to be much smaller, and they
are obtained simultaneously. In this manner, a larger
effective displacement and a smaller displacement fluctua-
tion can be achieved.

For the high-voltage period (0 <¢<z7), Egs. (9) and
(10) can be rewritten as

B dxpy
A = —A—— At 1
\Pal VaO +Amxm Qal m dr Ctpa > ( 8)
B dxp,
A =—(4,—— —C, At 19
\Db1 Veo— A m 4 Obi Pb > (19)
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where Ap,; and Apy,; denote the pressure fluctuations in
chambers A and B during the period (0<t<7z7),
respectively, while Q,; and Oy denote the net flow rates
into chambers A and B during the period (0 <t < 17),
respectively.

Assume that the initial volume of the chamber is much
greater than the change in volume caused by the movement
of the main valve, and the external leakage is ignored [23].
Equations (18) and (19) can be rewritten as

A
Apar = ﬁV—OtQal i 70 (20)
Apyy = ﬂQbelz 21

where f denotes the carrier frequency of the PWM signal.
The net flow rate into chambers A and B (Q,; and Qy)
during the period (0 < ¢ < z7) are as follows:

Ou = Crdry /Z(’%—p_’“,
20—, L(p -
Op1 = CpApmax <pbpp)CfAf (pppb) (23)

Then, the value of Ax; can be calculated by

|Apal _Apbl‘Am _ ﬁTAm /
km VaOfkm\

,BTA

aﬁmf[c Apmax\/p_b

+ CfAf(\/ps —Pa— \/ps _pb)]'

Conversely, during the zero-voltage period (z7 < ¢ < T)
when HSV-A is de-energized and HSV-B is driven by zero
voltage, the models of control chambers A and B can be
defined as

(22)

Ax; = Qa1 + On1)

24

ﬂAf _ pl-7)
Vaof

A 1
Apyy = /;)/—bothz = ﬁ( 0;)

where Ap,, and Apy, denote the pressure fluctuations in
chambers A and B during the period (7<t<7),
respectively, and O,, and Oy, denote the net flow rates
into chambers A and B during the period (T <t<T),
respectively.

0O.> and O, are expressed as

2 s~ Fa
0, = cfAf\/%,

Apy = Qa2 (25

Ov2 (26)

@n

2(ps—p
O = Copy 2L, (28)
p
Assuming that the acceleration of the main valve

remains the same during the period (:7<?¢<T), the
value of Ax, can be calculated by

_ Fm(Axl)7|Apb2 + Apa2|Am
m — mm
_ Fn(Axy) p(1-1)A| 0w — Ol
2
Ax, = %amAtz _ (1 _;)mi?gml)
B(1-1)*4,, (1-7)*Fy(Ax))
TS 2o [ =002~ Ou| = T om?
p(1-1)° 30
+m |\/Ps ~DPo—+\/Ps—Pal, (30)

where a;,, and F,,(Ax;) denote the acceleration and spring
force of the main valve when the main valve’s displace-
ment equals to Ax;.

Therefore, the effective displacement of the main valve
Ax, 1s

Ax, = Ax; —Ax,. 31)

The relationships between the parameters and the main
valve’s displacement are obtained on the basis of Egs. (24),
(30), and (31), as shown in Table 1.

Table 1 Relationships between parameters and displacement
Parameter Ax, Ax, Ax, Displacement fluctuation
o1 1 ! 1 !

1 ! ! ! !

K | T ! 1 l
Ac=ndi/41 1 1 &) 1

Table 1 clearly shows that the duty cycle z increases,
resulting in the increase of the Ax, and the reduction of the
displacement fluctuation. The switching frequency f
increases, leading to in the reduction of the Ax, and the
displacement fluctuation. The spring stiffness &,
decreases, resulting in the increase of the Ax. and the
reduction of displacement fluctuation. However, the
influence of the fixed orifice’s diameter dr on the Ax,
becomes complex and thus needs to be studied and
optimized, as to be discussed in the next section.
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3.2 Simulation results of the parameters’ influences

Section 3.1 simply qualitatively analyzes the relationship
between the parameters and motion of the main valve. The
mathematical model established in Section 2, which is
simulated using MATLAB/Simulink, can quantitatively
analyze the influences of the parameters (k;,, 7, f, and dy) on
the displacement of the main valve (Fig. 8).

The influences of spring stiffness %, on the motion of the
main valve are shown in Fig. 8(a). In Fig. 8(a), 7, £, and d;
are set as 0.5, 50 Hz, and 0.5 mm, respectively. With the
increase in k,,, the main valve’s effective displacement
decreases and the main valve’s displacement fluctuation
increases due to the relatively large motion resistance
(spring force). In addition, the larger is the main valve’s
displacement, the larger is the spring force, which leads to
a larger return displacement (Ax;). This issue causes a
significant fluctuation in the main valve’s displacement.
Therefore, a much smaller spring stiffness &, is beneficial
for improving the effective displacement and reducing the
displacement fluctuation.

The influences of duty cycle 7 on the main valve’s
motion, are shown in Fig. 8(b). In the figure, k., f, and d;
are set as 50 N/mm, 50 Hz, and 0.5 mm, respectively. With
the increase in 7, the Ax; increases whereas Ax, decreases

3 r
— k,, =50 N/mm
—— k,, =30 N/mm
2t —— k,, =10 N/mm
g
&
=
=
1 4
0 n 1 1 1 1
0.02 0.04 0.06 0.08 0.10
1/s
(a)
3 )
——f=10Hz
—f=20Hz
— f=50Hz
2f| —— /=100 Hz
g
&
=
=
1 -
0 I L L L ]
0.02 0.04 0.06 0.08 0.10

t/s
©

due to the relatively long excitation time of the high
voltage. Thus, a much larger value of 7 is beneficial for
improving the effective displacement Ax, and reducing the
displacement fluctuation.

The influences of switching frequency f on the main
valve’s motion are shown in Fig. 8(c). In Fig. 8(¢c), &, 7,
and dy are set as 50 N/mm, 0.5, and 0.5 mm, respectively.
As fincreases, the time required for a single-PWM signal
period decreases, which is beneficial for improving the
output flow resolution. As a means of obtaining the same
displacement, more switching numbers are used when
using the higher frequency, which leads to a smaller
displacement error. In addition, the fluctuation of the main
valve’s displacement is smaller under the higher switching
frequency.

The influences of the fixed orifice diameter dr on the
main valve’s motion are shown in Fig. 8(d). In Fig. 8(d),
kn, 7, and f are set as 50 N/mm, 0.5, and 50 Hz,
respectively. With the increase in dy, the Ax; and Ax, both
increase due to the larger flow rate into the two control
chambers of the main valve, but the change in Ax, is more
obvious. In addition, the larger is the value of dy, the larger
is the fluctuation of the main valve’s displacement. Thus,
dr has complex effects on the main valve’s motion, which
needs to be optimized.

4
—1=02
—1=04
3f|— =06
—1=038
=)
£ 2
>.<=
1 L
0 . g . ; ,
0.02 0.04 0.06 0.08 0.10
t/s
(b)
3 | — dy=0.2 mm
—d;=0.6 mm
—d;=1.0 mm
2 -
g —d;=1.4mm
E
E
=
1 L
0 1 L 1 1 :
0.02 0.04 0.06 0.08 0.10

t/s
(@)

Fig. 8 Influences of the parameters on the displacement of the main valve. Influence of (a) spring stiffness 4y, (b) duty cycle z,
(c) switching frequency f, and (d) fixed orifice diameter d; on the main valve’s motion.
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4 Optimization of the fixed orifice’s
diameter (dy)

4.1 Design criterion of df

The working principle of the proposed pilot stage is the
same as that of the dual nozzle-flapper, as shown in Fig. 9.
The two fixed orifices are used to produce control
pressures p, and py,, which can be modulated by regulating
the duty cycles of the PWM signals. The hole of the valve
seat is equivalent to that of the nozzle. The initial duty
cycle 7y in the proposed stage is equivalent to the flapper’s
null position in the traditional dual nozzle-flapper valve.
As the HSV used in this study is a commercial valve, a
design criterion of the fixed orifice’s diameter based on the
maximum control pressure sensitivity is proposed under
the premise that the structural parameters of the HSV are
known.

The flow equations are written as follows to be able to
analyze the control pressure sensitivity:

Qa = Qfl _Qpa

2(ps— 2
= Cidy M,CA Pa (32)
P

p pmax(rofz) P 5

Op = Opb—On

[2p [2(ps—p
= CpApmax (10 +7) pb —Cpdg %, (33)

where 7, and 7 are the initial duty cycle and the control duty
cycle, respectively.

If there is no flow to the main valve, that is, the load is
blocked, then O,= Oy=0, which results in the following
simplified equation:

5y -1
Pa CpApmax (T() - T) >
P |y (— (34)
Ps [ CeAs

The behavior described by Eq. (34) for the blocked
characteristics is plotted in Fig. 10.

Let
CoA pmaxT
p“*pmax “0
= 35
a= T, (39)
then,
\° -
Pa _ {1+a2<1—> } . (36)
Ds To

The pressure sensitivity at the null point is given by

_ Ds 24°

=0 a (1 + a2)2 .

dp,
dr

€0

The maximum pressure sensitivity can be achieved if the
following equation is satisfied:

d /d 4a(1-a*
_ pa :& a( a ) . (38)
da dr =0 70 (1 —|—a2)3
Thus, if
_ CdApaTO _ CpApmzaxTO _ 1, (39)
CfAf CfTCdf /4

then the maximum pressure sensitivity can be obtained.
The value of the fixed orifice’s diameter dy is written as

de — CpApmax 70
f CfTC .

According to Eq. (40), the initial duty cycle 7, is the key
element for calculating the d. In obtaining the initial duty

(40)

Fig. 9 Relation between the dual nozzle-flapper valve and proposed valve.
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Fig. 10 Blocked load characteristics.

cycle 79, a design criterion based on flow controllability
and flow linearization is proposed. The flow controllability
principle of the traditional dual nozzle-flapper is also
applicable to the pilot stage of this study, in which the
opening area of pilot HSV is smaller than that of the nozzle
to avoid flow saturation. Therefore, the following equation
is often given [27]:

ApmaxTo S%AN = % o,
where Ay and r denote the area (flow area of the valve
seat’s hole) and radius (radius of the valve seat’s hole) of
the nozzle, respectively.

According to Eq. (41), good flow controllability can be
obtained if the following equation is satisfied:

70 <0.334.

(41)

(42)

However, the linearity of the pilot HSV’s output flow is
an important issue requiring simultaneous attention. When
the HSV is driven by the PWM signal, the static flow of the
HSV indeed has a dead band (in small duty cycle) and
saturation (in larger duty cycle), which may worsen the
tracking performance of the main valve as a result of
electrical and mechanical lag, as shown in Fig. 11.

As shown in Fig. 11, when the duty cycle is in the range
0f0.45-0.95 at 10 Hz, 0.15-0.9 at 20 Hz, 0.5-0.8 at 50 Hz,
and 0.4-0.6 at 100 Hz, the linearity of the HSV output flow
is satisfactory. Therefore, in achieving a balance between
the flow controllability and flow linearity of the pilot HSV,
the initial duty cycle 7 is selected as 0.5.

Subsequently, Eq. (40) can be rewritten as

[2C,A4
de = ZTppmax 0.68.
f CfTC

4.2 Simulation result of the designed dy

(43)

Simulations are performed to verify the effectiveness of the

351
—O—10Hz
3.0 r | -o—20Hz
55 | |~ s0Hz
“ ' —— 100 Hz
=1
£ 2.0
2
<. 1.5
&)
1.0
0.5
0.0

0.4 0.6 0.8 1.0
Duty cycle 7

Fig. 11 Flow characteristics of the high-speed on/off valve.

proposed dg, as shown in Fig. 12.

As shown in Fig. 12, with the designed df, the balance
between the effective displacement and the displacement
fluctuation of the main valve can be enhanced. A large
effective displacement can be achieved with small
fluctuation.

3= d=02mm
—d;=0.6 mm
—d;=1.0 mm
—d;=1.4mm
ot

Designed d;= 0.68 myf

0.06

0.04 0.08

t/s

0.02 0.10

Fig. 12 Influences of the designed d; on the displacement of the
main valve.

5 Experimental results

In studying the performance of the proposed two-stage
proportional valve, comprehensive performance tests are
conducted on a hydraulic test platform. The set-up is
shown in Fig. 13.

The platform mainly consists of a two-stage proportional
valve with a designed digital flow-distribution pilot stage,
an xPC real-time controller, and a hydraulic power supply.
The xPC real-time controller is composed of a master and
slave computer and a data acquisition and control card (NI
PCI 6251). The PWM signals proposed in Ref. [28] are
designed in MATLAB/Simulink to drive the HSV.
Furthermore, the data for control pressure and position
are collected and transferred to the PCI 6251 through the
differential transfer module. The HSV drive card is used to
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Fixed pressure
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Fig. 13 Performance test bench of the proposed two-stage proportional valve.

amplify the 5 V PWM signal output by PCI 6251 into a
24 V PWM signal for driving the HSVs. Two high-
frequency pressure sensors (Kunshan Shuangiao
CYG1401F; accuracy of 0.5%, response frequency of
20 kHz) are used to measure control pressure of chambers
A and B. The closed-loop controller of the main valve’s
displacement is implemented in by MATLAB/Simulink,
which needs to be compiled into the discretization C++
codes.

The main valve stage is taken from the same part of the
commercial pilot proportional valve (4WRKE10E100,
Jiangsu Hengli Hydraulic Co., Ltd., China). The rated
pressure and rated flow rate of the main valve stage can
reach 31.5 MPa and 100 L/min, respectively. However, the
rated pressure and rated flow rate of the designed pilot
valve stage are 10 MPa and 6 L/min. As the rated pressure
and rated flow rate of the pump station are only 8 MPa and
10 L/min, the hydraulic supply pressure is set as 7 MPa in
the experiments and simulations. Then, the proposed valve
is compared with the existing commercial valve under the
same working conditions. The compared result is fair and
credible. In future studies, we will focus on the
performance of the proposed valve under high-pressure
and large flow rate conditions.

5.1 Influences of the main parameters

The influences of duty cycle 7 on the main valve’s
displacement are shown in Fig. 14(a). In Fig. 14(a), fand d¢
are set as 50 Hz and 0.5 mm, respectively. The test results
are the same as the simulation results previously illustrated
in Fig. 8(b). The effective displacement Ax,. of the main
valve increases because the much larger 7, leading to a
longer high-voltage excitation time of HSV-B’s PWM
signal.

The influences of the switching frequency f on the
main valve’s displacement are shown in Fig. 14(b). In
Fig. 14(b), v and df are set as 0.5 and 0.5 mm, respectively.
The test results are also the same as the simulation results
previously shown in Fig. 8(c). With the increase in
switching frequency f, more switching numbers of HSV-B
can be observed in the same time range, leading to a
smaller fluctuation of the main valve’s displacement. As
such, the improvement of f is beneficial for reducing the
tracking error of the main valve’s displacement.

The influences of the fixed orifice diameter dr on the
main valve’s displacement are shown in Fig. 14(c). In the
figure, 7 and f are set as 0.5 and 50 Hz, respectively. The
experimental results indicate that the optimized value of
the fixed orifice diameter dr is 0.6 mm, which is slightly
smaller than the simulation result of 0.68 mm previously
shown Fig. 8(d). This finding can be attributed to the fixed
orifice installed onto the pilot valve body through the
thread, and the thread gap generates an annular leakage
under the pressure difference. In addition, considering the
difficulty of manufacturing small-diameter fixed orifices,
the fixed orifice with a diameter of 0.6 mm is selected as
the final optimization result.

5.2 Performance of step response

The experimental results of the step response of the main
valve are shown in Fig. 15. The reference step signal is 3
mm, and the switching frequencies are selected as 50 and
100 Hz. As shown in Fig. 15, the delay times under
different switching frequencies are small (only 3.5 ms)
which only relates to the opening time of the HSV. In
addition, with the increase in the switching frequency, the
steady displacement error decreases due to the higher
resolution of the HSV’s output flow rate. For example,
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Fig. 14 Influences of (a) duty cycle z, (b) switching frequency £, and (c) fixed orifice diameter dr on the main valve’s displacement.
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Fig. 15 Step responses of the main valve’s displacement under different switching frequencies: (a) Tracking displacement and (b) steady

tracking error.

compared with the switching frequency of 50 Hz, the
maximum steady displacement error is reduced by 45%
(0.11 mm) when using the switching frequency of 100 Hz.

5.3 Performance of sinusoidal tracking

Sinusoidal tracking performance of the main valve’s
displacement under different switching frequencies are
shown in Fig. 16. For the proposed valve with the PID
closed-loop controller, the sinusoidal tracking can be
achieved. Additionally, the larger the reference displace-
ment frequency, the larger the lag time which is limited by
the flow rate of the pilot HSV.

In assessing the performance of the sinusoidal tracking,
the maximum tracking error M., average tracking error y,
and standard deviation of the tracking error ¢ in publication
[29] are used. A comparison of the sinusoidal tracking
errors under different switching frequencies is shown in
Table 2.

The comparative results shown in Table 2 clearly
indicate that, with respect to the switching frequency of
50 Hz, the tracking error is significantly reduced when

100 Hz is used. The trend is due to the much higher
resolution of the output flow rate. In addition, due to the
fixed control parameters used for the PID controller, there
is no guarantee that optimal control can be achieved under
different working conditions. The advanced control
strategies for this valve will be investigated in a future
study.

5.4 Amplitude—frequency characteristic

Comparison of the amplitude—frequency characteristics
between the proposed valve and the existing valve is
shown in Fig. 17. A -3 dB-frequency of the proposed
proportional valve can reach 9.5 Hz in the case of +50%
full scale and 15 Hz in the case of 0%—50% full scale. In
addition, the amplitude—frequency of the proposed valve is
smaller than that of the existing commercial valve because
the pilot HSV’s flow is smaller than that of the existing
pilot proportional valve. We will focus on the flow
improvement of the pilot HSV in the future as a means
of improving the amplitude—frequency of the proposed
valve.
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Fig. 16 Sinusoidal tracking of the main valve’s displacement under different switching frequencies: (a) Amplitude is 3 mm and
frequency is 1 Hz, (b) amplitude is 3 mm and frequency is 2 Hz, (c) amplitude is 4.5 mm and frequency is 1 Hz, and (d) amplitude is 6 mm

and frequency is 1 Hz.

Table 2 Comparison of sinusoidal tracking errors under different switching frequencies

Sinusoid tracking Switching frequency/Hz M/mm H/mm o/mm
Signal 1 (amplitude is 3 mm and frequency is 1 Hz) 50 0.682 0.218 0.270
100 0.531 0.143 0.109
Signal 2 (amplitude is 3 mm and frequency is 2 Hz) 50 0.449 0.145 0.176
100 0.343 0.112 0.139
Signal 3 (amplitude is 4.5 mm and frequency is 1 Hz) 50 1.081 0.292 0.362
100 0.644 0.150 0.197
Signal 4 (amplitude is 6 mm and frequency is 1 Hz) 50 0.765 0.225 0.277
100 0.579 0.179 0.219

6 Discussion

The comparisons between the simulations and experiments
of the main valve’s displacement under different duty
cycles and variations in the fixed orifice’s diameters are
shown in Fig. 18.

As shown in Fig. 18, the changing rules of the
simulations are the same as those of the experiments

under different duty cycles and fixed orifice’s diameters.
However, the results of the simulations and experiments
somewhat differ. This finding may have been caused by
certain factors, such as the unmodeled transient flow force
of the main valve and the varying flow coefficient. In this
study, the flow coefficient of the pilot HSV is taken from
Ref. [22] and finely tuned to meet the maximum flow rate.
In addition, the flow coefficients of the fixed orifice and the



14 Front. Mech. Eng.

—— +50% (proposed valve)
--B- +50% (existing valve)
—0—50% (proposed valve)
==0r=50% (existing valve)

Amplitude/dB
b

Frequency/Hz

Fig. 17 Comparison of the amplitude—frequency characteristics
between the proposed valve and the existing valve.

main valve are set with constant values (0.85 and 0.61), as
adopted from Ref. [27].

However, the flow coefficient of the valve is related to
the valve’s opening and the pressure difference across the
valve. For example, the flow coefficient is low at the small
valve’s opening and high at the large valve’s opening,
which have already been verified in Refs. [30,31]. The
innovations of this research are to develop a novel two-
stage proportional valve and present a new design
criterion. In the future, we will focus on how to accurately
predict the flow coefficient through flow-field simulation
as a means of improving the accuracy of the simulation
model.

7 Conclusions

In this study, a novel two-stage proportional valve with a
pilot digital flow distribution is proposed from the special
viewpoint of the dual nozzle-flapper’s working principle.

7=10.2 (simulation)
.......... 7= 0.2 (experiment)
7 = 0.4 (simulation)
JH e 7 = 0.4 (experiment)
7= 0.6 (simulation)
......... 7= 0.6 (experiment)

é 7 = 0.8 (simulation)
] 2 7 = 0.8 (experiment) {-*
= a7
o :f.‘:’___ .!
W T e,
0.02 0.04 0.06 0.08 0.10

t/s
(a)

The working principle and mathematical model of the
proposed valve are determined. Extensive simulations and
experiments have been conducted to analyze the perfor-
mances of the proposed valve.

The main conclusions are as follows:

1) The influences of the control parameters (duty cycle ¢
and switching frequency f) and the structural parameters
(fixed orifice’s diameter df and main valve’s spring k,,) on
the main valve’s movement characteristic are analyzed by
theory, simulation, and experiment. The results indicate
that a much larger 7 is beneficial for improving the effective
displacement. The large f and the small k, are used to
reduce the displacement fluctuation. Moreover, d;r has
complex effects on the main valve’ movement characteris-
tic.

2) In optimizing the value of df, a new design criterion
that considers the maximum pressure sensitivity, flow
controllability, and flow linearization is proposed to
improve the balance between the effective displacement
and the displacement fluctuation of the main valve. The
results have been verified by simulations and
experiments.

3) The experimental results of the step response indicate
that the delay times are only within 3.5 ms under different
working conditions, and the maximum steady error
significantly decreases with the increase in switching
frequency. Moreover, the results of the sinusoid displace-
ment tracking demonstrate that a much smaller tracking
error can be achieved using a much higher switching
frequency.

4) The amplitude—frequency experiments indicate that a
—3 dB-frequency of the proposed valve can reach 9.5 Hz in
the case of £50% full scale and 15 Hz in the case of 0%—
50% full scale.

In the future, our work shall focus on the flow
improvement of the pilot valve and the optimization of
control strategies to improve the performance of the
proposed valve.

3 —— 0.5 mm (simulation)
--------- 0.5 mm (experiment)
—— 0.6 mm (simulation)
--------- 0.6 mm (experiment)

2{ —— 0.7 mm (simulation)

0.10

0.02 0.04 0.06 0.08
t/s

(b)

Fig. 18 Comparisons between simulations and experiments of the main valve’s displacement: Under different (a) duty cycles and

(b) fixed orifice’s diameters.
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