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ABSTRACT The pilot-operated proportional directional valve is a crucial component in the airplane landing
gear retraction system. The time delay of the proportional valve directly affects the retraction behavior even
the flight safety and needs to be analyzed. Therefore, the modeling and analysis of a typical pilot-operated
proportional directional valve are presented in this paper. Substantially, the nonlinear valve system is
composed of four subsystems: mechanical, electronic, electromagnetic, and fluid dynamic subsystems. The
subsystems are modeled based on a lumped parameter approach. The coupling among the subsystems
is analyzed. The nonlinearity is implemented using a specific set of equations in the model. Especially,
the nonlinearity observed in practical application is considered in modeling the effect of the electronic
anti-unloading power drive circuit on the pulse-width modulation signal. The analytical results of the model
show good agreement with the experimental ones. The investigation shows that the delay of the valve results
from multiple subsystems’ dynamic performances which act sequentially on the main spool. The effect of
the electronic part and the structural part is analyzed, and the proportion of each part is given based on the
simulation results. The analysis shows that the model can provide a direct suggestion in choosing the valve
part to optimize and the optimization effect limit.

INDEX TERMS Aerospace engineering, electrohydraulics, modeling, proportional directional valve, time

delay.

I. INTRODUCTION

The landing gear is a key structure which supports airplanes
on the ground and is used to help airplanes taxi, take off and
land. Though it is quite crucial for the airplanes on the ground,
it acts as a barrier of the air during the flight. Therefore,
most airplanes retract the landing gear in the air to improve
the performance [1]. With the progress in the airplane,
the landing gear is required to retract as quickly as possible to
improve the climbing speed [2]. The position changing oper-
ation needs to be implemented in seconds [3]. Although the
electro-hydrostatic actuator (EHA) is used in the aircraft as
local electrically powered actuation systems [4], [S], the elec-
tronic pilot operated proportional directional valves are still
widely used in the hydraulic controlling system considering
the robustness and the velocity requirement of the landing

gear retraction system [6], [7]. The proportional directional
valves are less sensitive to contamination but respond slower
than the servo valves. The mechanical, electronic, electro-
magnetic, and fluid dynamic subsystems in the proportional
valve realize the function of controlling the spool posi-
tion proportionally to the signal provided to the solenoid.
However, the complex coupling of the above subsystems also
complicates the valve analysis and many researchers have
paid much effort to analyze the limit factors and shorten the
valve response time.

For the mechanical subsystem, friction and dead band
were found in the simulation and experiments to delay
the valve response, cause oscillation and even the insta-
bility of the close-loop system if they are not been prop-
erly dealt with [8]-[13]. Besides improving the machining
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FIGURE 1. Structure of the pilot operated proportional directional valve.

and assembling technology to reduce the delay effect,
novel structures of replacing the pilot directional valve
with the digital pressure valve and the proportional pres-
sure reducing valve were also proposed [14], [15]. These
structures reduced the side effect of the friction and the
dead band by changing the pilot valve function. For the
electronic subsystem, the eddy current effect was analyzed
and different electronic circuit structures were proposed to
shorten the response time. For example, Breidi et al. [16]
proposed peak-and-hold and reverse current driving strate-
gies, and the electronic circuit was modified to tolerate the
extra high supply voltage so that the eddy current, the coil
inductance, and the valve response delay could be reduced.
Lee [17] brought up a novel three-power-source-type valve
driving circuit based on similar consideration. For the elec-
tromagnetic subsystem, the flux linkage related to structural
parameters was looked into and some methods were proposed
for the design and the control strategy of the solenoid. For
instance, Davide and Andrea simulated the solenoid using
a finite element analysis (FEA) three-dimensional model,
and compared the performance of the nonlinear model with
the linearized one [18]. Kong and Li [19] built a differ-
ential model to analyze the effect of multiple coils, and
proposed a parallel-coil solenoid to accelerate the spool.
Zhu and Jin [20] proposed a nonlinear solenoids model using
a interpolation method and combined it with the linearized
mechanical model to simulate the proportional directional
valve. Jin et al. [21] also used a two-dimensional interpola-
tion method to model the solenoid and proposed a differential
control method to use both solenoids of the proportional
directional valve for fast direction switching. For the fluid
dynamic subsystem, effort was paid on reducing the flow
force. For instance, Amirante et al. [22] optimized the spool
using computational fluid dynamics (CFD) methods and
genetic algorithm so that the flow force can be reduced.
Similar researches for flow force reduction were also carried
out by adjusting the structural parameters of the spool or the
sleeve [23]-[25].

As stated above, the four subsystems are coupled together,
and researches were carried out to look into the inter-
actions. For example, Meng et al. [26] paid much atten-
tion to the coupling relationship between the valve subsys-
tems and used a feedback loop iteration procedure to
analyze the coupling. Yang et al. [9] used the Bond graphs
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to reveal the interaction within a proportional pressure
control valve. However, although many researches focused
on the system interaction, some subsystems were usually
simplified. Meng et al. [26] simplified the electronic circuit
as a proportional function, and Yang et al. [9] simplified
the compression force delay with a constant delay link.
Fang et al. [27] and Canuto and Bravo [28] linearized the
entire valve model and applied advanced control strategies
to compensate the nonlinearity. Vaughan and Gamble [29]
and Dell’ Amico and Krus [30] both proposed a fitting model
based on the measured data of a nonlinear proportional
solenoid valve, and they also simplified the electronic circuit
model.

Many researchers who study the coupling of the propor-
tional valves linearize the subsystems to simplify control and
optimization. However, the loss of nonlinearity affects the
detailed behavior of the valve models, especially the dynamic
behavior. Since the proportional directional valve has four
subsystems coupled with each other, it is important to keep
the main nonlinear factors of each subsystem so that the chain
reaction caused by the nonlinearity can be simulated. There-
fore, the main nonlinearity of each subsystem is maintained
in our simulation and the proportion of delay caused by each
subsystem is analyzed. The model can not only be used as
a tool to simulate the valve response, but also give a direct
suggestion in choosing the valve part to optimize.

In this paper, a lumped parameter (LP) model of the four
subsystems in the proportional directional valve is proposed.
The nonlinearity in the electronic circuit, the solenoid, and the
spool movement are analyzed and presented. The analysis is
focused on the main stage spool position of the valve instead
of the pressure or the flow which can be influenced by the
hydraulic circuit. The results of the overall simulation model
are verified by experiments, and the proportion of the effect
that the subsystems have on the time delay is analyzed.

Il. VALVE STRUCTURE AND OPERATION PRINCIPLE

The proportional directional valve in this research is a typical
pilot operated proportional directional valve which adjusts
the main stage spool position according to the input. The
structure of the valve is presented in Fig. 1. The pilot oper-
ated proportional directional valve consists of an integrated
electronic controller, a pilot control valve, a pressure reducing
valve, a main valve, an inductive position transducer, and
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other components. The electronic controller consists mainly
of an amplifier, a digital microprocessor, and an I/O inter-
face. The pilot valve is a three-position four-port proportional
directional valve in which the spool position is proportion-
ally controlled by the solenoids. The ports A and B of the
pilot valve are connected with the T port when the spool
is at the central position, and the main spool is forced to
slide back to the central position by the centering spring at
this time. The pressure reducing valve is used to stabilize
the supply pressure for the pilot valve so that the effect of
the external pressure can be reduced. The main valve is a
three-position four-port proportional directional valve and the
spool is driven by the pilot pressure. The inductive position
transducer measures the actual main spool position and forms
a closed loop spool position controller.

When there is no input signal, the pilot spool and the main
spool are kept in the central positions by the centering springs.
When the valve is given a control signal, the main spool
position measured by the inductive transducer is compared
with the signal and a differential voltage is created. Then
the electronic circuit adjusts the duty cycle of the pulse-
width modulation (PWM) control signal so that the solenoid
is driven by the corresponding current. The current produces
force in the solenoid and moves the pilot spool. The pilot flow
changes with the pilot spool position variation and adjusts the
main spool position. Then the main spool can be driven to the
desired position to realize flow and direction control function.
Since the control process is affected by all the subsystems,
the coupled nonlinear model needs to be built for detailed
analysis.

Ill. PILOT OPERATED PROPORTIONAL

DIRECTIONAL VALVE MODELING

Because the subsystems are coupled severely, the valve
modeling procedure is divided into four parts. The mechan-
ical subsystem, the electronic subsystem, the electromagnetic
subsystem, and the fluid dynamic subsystem are modeled
separately. The nomenclature and the value of the parameters
are presented in Table 1.

A. MECHANICAL SUBSYSTEM MODELING

The mechanical subsystem presents the forces acting on the
spools and predicts the dynamic behavior of the valve. The
other subsystems are coupled with each other by forces in the
mechanical subsystem and affect the spool position. There-
fore, the mechanical subsystem is modeled firstly to reveal
the relationship among the subsystems.

The pilot operated proportional directional valve is
composed of the pilot stage proportional directional valve and
the main stage proportional directional valve. The situation
that the pilot spool moving to the right and the main spool
moving to the left is taken for example and the forces acting
on the spools are presented in Fig. 2.

The pilot stage proportional directional valve is driven by
the magnetic force Fp,, and the Newton’s second law is used
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FIGURE 2. Schematic of the forces acting on the spools.

to model the pilot valve as

Fin = mpXp + bpXp + Fpx + Fpf
+Fpesgn (xp) — Xpmax = Xp = Xpmax, (D

where my, is the total mass, by is the viscous coefficient,
Xp is the displacement of the pilot spool, Fpk is the spring
force, Fpn is the flow force, Fpr is the Coulomb friction,
and xpmax is the stroke of the pilot valve spool. The static
friction is ignored because of the dither signal given to the
solenoids. The Coulomb friction and the viscous coefficient
can be calculated based on the force and velocity data when
the oil is just used for lubrication [27]. Based on the structure
of the pilot valve, the spring force can be expressed using the
piecewise function as

(2kpp) sgn (xp)
(kpXp + Fpko) sgn (xp) %o < [xp| < Xmax,

0< |xp| < Xp,

pk = @
where kj is the elastic coefficient of the spring, Fyko is the
spring preload, and xy is the structure limited stroke. When
the displacement is smaller than xo, the left spring and the
right spring act on the spool together, and when the displace-
ment is larger than xg, one spring is blocked by the structure
and cannot act on the spool. The structural parameter xg is
also presented in Fig. 2.

The main stage proportional directional valve can also be
modeled by considering the Newton’s second law and the
coupling relationship between the main spool and the pilot
pressure [31]. The main spool motion can be modeled as

th = My + bmXm + Fink + Fifl
+Fmsgn (Xm) — Xmmax < Xm < Xmmax, (3)

where FY,y is the pilot pressure force acting on the main spool,
M is the total moving mass of the main stage proportional
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directional valve, x, is the displacement of the main spool,
b is the viscous coefficient, Fp is the spring force, Fpp is
the flow force of the main spool, Fpyt is the friction force, and
Xmmax 18 the stroke of the main stage spool. The spring force
acting on the main spool can be expressed as

Fuk = (km |Xm| + Frko) sg€0 (Xm) 0 < x| < Xmmax, (4)

where ky, is the spring elastic coefficient and Fkg is the
spring preload. The friction force Fiyf is a combination of the
static friction and the Coulomb friction. The friction forces
are measured based on the pressure differential of the control
chambers with no oil flowing through the main spool. In order
to measure the maximum static friction, a small signal is given
to the pilot valve to move the main spool slightly in each
direction. Because of the tiny displacement change, the spring
force can be viewed as unchanged, and the only change is
the static friction’s direction. The subtraction of the force
equations when the spool moves in each direction can elimi-
nate the spring force and lead to the maximum static friction
value [32]. The Coulomb friction and the viscous coefficient
can also be calculated based on the pressure differential and
velocity data of the main spool using the same method as the
one used in the pilot valve.

From the model, it can be obtained that the forces generated
by each subsystem act simultaneously on the spools. In the
pilot valve, the main driving force is the electromagnetic force
and the main resistance forces are the flow force and spring
force. And in the main valve, the main driving force is the
pilot pressure force caused by the pressure differential. The
flow force and the spring force also act as the main resistance
forces. Detailed modeling of the electronic, the electromag-
netic, and the fluid dynamic subsystems are needed to reflect
the dynamic behavior of the valves.

B. ELECTRONIC SUBSYSTEM MODELING

Electronic circuit converts the control signal to the supply
current. It adjusts the duty cycle of the PWM correspondingly
to the control signal and generates the control current in the
solenoid circuit. Because of the fast response of the electronic
circuit, the circuit is usually viewed as a proportional function
between the signal and the current [21], [26], [33]. However,
in the anti-unloading power drive circuit used in current
situation, the fast unloading causes the reverse voltage which
couples with the solenoid current. Therefore, the feature of
the anti-unloading power drive circuit needs to be analyzed
and modeled.

The schematic of the anti-unloading power drive circuit in
use is presented in Fig. 3. An optocoupler is used to separate
the control signal with the driving circuit and resistors are
used to control the field effect transistors with the same PWM
signal. When the PWM signal is high, the two field effect
transistors open simultaneously and the supply voltage is
applied to the solenoid and generates the driving current.
When the PWM signal is low, the two field effect transistors
shut down simultaneously and the reverse voltage is applied
to the solenoid for restraining the inductive current.
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FIGURE 3. The schematic of the anti-unloading power drive circuit.
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FIGURE 4. The experimental behavior of the anti-unloading power drive
circuit.

The circuit is tested with the signal of 3.3 V and the
standard rectangular PWM signal of 2000 Hz with the duty
cycle of 55%. The test results are presented in Fig. 4. From
the results, it can be found that there exist two irregular points
that need to be considered in the modeling. The first point
is the duty cycle drift. The delay of the optocoupler causes
the larger proportion of the high voltage period in the entire
cycle than the desired duty cycle. The shutting delay of the
optocoupler is about 26 us. Therefore, the circuit and the field
effect transistors are not shut immediately but are delayed
by the optocoupler. The second point is the asymmetrical
voltage supply. The circuit difference and the related elec-
tronic components lead to different voltage values acting on
the solenoid when the PWM signal is high and low. Therefore,
it can be concluded that the anti-unloading power drive circuit
cannot be simplified as the ideal proportional function, and
the nonlinear characteristics need to be considered in the
modeling.
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The duty cycle of the actual PWM signal is modified
with the time delay caused by the optocoupler and the field
effect transistors. Therefore, the modified duty cycle can be
expressed as

0 DC =07
Doyt = { Dc +tafp 0 < D¢ + t4fp < 1, (5)
1 D¢ + tafp > 1,

where Dy, represents the output duty cycle, D, represents
the control duty cycle, 74 represents the time delay, and fj, is
the frequency of the PWM signal. The output duty cycle is
limited since the duty cycle needs to be contained within one.

Because of the asymmetrical voltage observed in the
experiments, the output voltage is modeled separately at the
different stages of the PWM signal. The piece-wise function
is presented as

Uon (1) kT <t <kT + D.T + 14,
Uout (1) = (6)

uotf (1) kT +D.T +1tq <t <kT + T,
where uqy is the output voltage, uoy is the voltage when the
PWM is high and u.r is the voltage when the PWM is low,
T is the cycle of the PWM signal. The electronic circuit is
simplified separately when the PWM signal is high and low
to calculate the corresponding voltage in (6) and is presented
in Fig. 5.

LT
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FIGURE 5. Simplified electronic circuit: (a) when the PWM signal is
high (b) when the PWM signal is low.

Solenoid

fon(?)

When the PWM signal is high, the resistances in the circuit
except the solenoid, such as the resistance of the field effect
transistors and the resistor RO, are combined together and
equivalent to resistance R,,. The function of the voltage and
the current can be expressed as

Uon (1) = Us — ion (t) Ron, @)

where Uj is the supply voltage of the power source and iqy iS
the current in the circuit.

When the PWM signal is low, the resistances in the circuit,
such as the resistance in the diodes and the resistor RO, are
also combined together and equivalent to resistance Rofr.
Then the voltage can be expressed as (8).

= Us — ot (1) Rott lof (1) > 0,
Uoft (1) = {O ot (1) = 0. (3)

C. ELECTROMAGNETIC SUBSYSTEM MODELING

The electromagnetic subsystem is quite important for trans-
ferring the electronic signal to force and driving the spool.
To model the nonlinear solenoid characteristics precisely,
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FIGURE 6. The simplified schematic of the solenoid: (a) when us > 0
(b) when us < 0.

the core position and the driving voltage are taken into
consideration. The solenoid is modeled as an inductor in
parallel with a dissipative resistor and then connected with
a resistor in series. The simplified schematic of the solenoid
is expressed in Fig. 6, where u; is the voltage on the solenoid,
L is the nonlinear inductor which is defined by the magnetic
material outside the coil, the core material, the air gap. The
inductor value is affected by the flux linkage A and the core
position x, and can be presented as L(A, xp). R represented
the resistance of the coil, which depends on the coil material,
length, cross section area, and temperature. Since the experi-
ments are carried out under the room temperature in the same
season and the time is kept short, the resistance is viewed
as a constant. Ry represents the dissipative resistor which is
affected by the inductive voltage ur. and the core position x.
The dissipative resistance is highly nonlinear and the value
can be presented as Rq(u, xp).
The total voltage over the solenoid can be expressed as

us = up, + (ig + i) R, 9

where ug is the total voltage over the solenoid, ig is the
energy-dissipative current, and i, is the energy-restoring
current. From the law of electromagnetic induction,
the inductive voltage u; and energy-restoring current if, can
be expressed as

—dl—i (10)
=g T
'—;—f()\x))» (11)
T L) T

The energy-dissipative current ig can be expressed as
ur, ur,
R4 (uL, xp) Rq ()L, Xp

The relationship between the total voltage ug and the flux
linkage XA can be calculated by combining (9) and (12) as

i ] =g(hxp)u. (12)

us) = (1+g (hxp) R)A+f (A, xp)RA.  (13)

The solenoid force is related to the square of flux linkage
A and the core position x;, and can be expressed as

Fm=h (ﬂ,xp) , (14)

where Fy, is the solenoid force [29]. From (13) and (14),
the schematic of the nonlinear solenoid model can be deduced
and is presented in Fig. 7. In the schematic, the three key
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FIGURE 7. Schematic of the nonlinear solenoid model.

functions, f(A, xp), g(ur, Xp), and h(Az, Xp) are nonlinear and
can be found by fitting polynomial functions [30].

The measurement is carried out using the step response
measurement (SRM) method in which the core is fixed at
certain positions and step signal is given for evaluating the
magnetic system [34]. As an example, the solenoid voltage,
the solenoid current, and the solenoid force when the solenoid
is given 10 V step voltage and the core is fixed at 0 mm
are presented in Fig. 8. Equations (9) and (10) are used to
calculate the flux linkage A and the magnetization curves are
presented in Fig. 9. It can be seen from the magnetization
curves that the hysteresis exists when the current increases
or decreases. The restoring part is found using the mean
current at each core position and is irrelevant with the current
changing trend.
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FIGURE 8. Behaviors of the solenoid when it is given step signal.

The flux linage A is a monotonic function which passes the
zero point. The fit is described by (15) to (17).

iL=f(hoxp) = () A0+ £ ()4, (15)
fi (%) = fi1xp + fro (16)

S (xp) =f33x§ +f32xg + f31xp + f30. 17

The dissipative current ig and the inductive voltage up,
are presented in Fig. 10, in which the same changing
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FIGURE 10. The dissipative current and the inductive voltage at different
core positions when the solenoid is given step signals.

trend and typical delay can be observed in the current and
voltage curves. Therefore, the model of the dissipative part
is proposed by including a time constant to simulate the
non-electrical hysteresis effects [29]. And the proposed one
order inertial function is

K (%) 1

exp | — t)ug, (18)
s (xp) T; (xp)
where K;(xp) is the proportional coefficient and T(xp) is
the time delay. The two functions are also fitted using the
polynomial functions as follows.

iq =

K (xp) = keaxy + kaaxy + kox + kaxp + ko, (19)

Ts (xp) = ts4x3 + ts3x3 + lszxg + ts1xp + £s0- (20)

The solenoid force is a function of the core position and
the flux linkage, and the measured force at each core posi-
tion is presented in Fig. 11. Though the hysteresis of the

solenoid force is observed when the flux linkage changes, it is
rather small and can be ignored. The mean solenoid force is
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FIGURE 11. The solenoid force and the flux linkage at each position.

calculated and a polynomial model is fitted using (21) to (24).

F=h (32,5) = ha (1) 28 + ha (55) 2 + 1 (xp) 22,

21
hy (xp) = hi3x) + hiaxy + hiixp + hio, (22)
hy (xp) = h23x3 + hoox + ha1xp + oo, (23)
h3 (xp) = h33xs + hszxg + h31xp + h3o. (24)

D. FLUID DYNAMIC SUBSYSTEM MODELING
The fluid dynamic subsystem converts the mechanical force
to fluid performance. The electromagnetic force overcomes
the viscous force, the spring force, the friction force, and the
flow force in the pilot valve to move the pilot spool. The pres-
sure differential acts on the valve opening and forces the oil
to flow through the pilot spool. The resulting flow in the
pilot stage proportional directional valve holds the spool from
moving but drives the main spool to the desired position.
The pressure differential acts on the main valve opening and
gains the demanded flow. The viscous force, the spring force,
the flow force, and the friction force in the main valve act
against the pilot pressure force and balance the main spool.
Therefore, the fluid dynamic subsystems in the pilot stage
proportional valve and the main stage proportional valve are
also modeled separately.

In the pilot stage, the flow results in the flow force as Fpf
in (1). In order to calculate the flow force, the flow through
the orifices on the spool is defined as

2APp
@ = Collp [ == (25)

where gy, is the orifice flow rate, Cq is the discharge coeffi-
cient, Ap is the opening area, APp is the pressure differen-
tial over the orifice, and pis the oil density. Since the flow
in the pilot stage valve can either be laminar or turbulent,
the discharge coefficient is modeled by considering the flow
state. The discharge coefficient is a function of the Reynolds
number which represents the flow state [35]. The Reynolds
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number can be calculated by
_ pvdn  4q

Re = ,
v Sn

(26)

where Re is the Reynolds number, v is the oil velocity, dj, is
the hydraulic diameter, v is the dynamic viscosity, S is the
perimeter of the orifice, and 7 is the kinematic viscosity.
Although (26) is widely used to calculate the Reynolds
number, the existence of flow ¢ in the equation results in
iteration in the calculation. To avoid the iteration, the flow
number Ay, is used to replace the Reynolds number. The flow
number is calculated by

)Lhzd_h /M_ (27)
n p

The discharge coefficient is calculated by the flow number
using the equation

Cq = Cy tanh (2’\*‘) , (28)
crit

where Cy, is the discharge coefficient when the flow is fully

developed turbulent, A is the critical flow number from the

laminar flow to turbulent flow. Cy, is chosen to be 0.7 and

Acrit 1S chosen to be 100 [36], [37].

Another key factor in calculating the flow rate is the
opening area of the pilot spool. The U-shape notch is used as
the downstream opening of the pilot valve spool. Assuming
that the number of the U-shape notches on each control edge
is nk, the opening area Ay can be expressed as

Ap = fa (i, Ry, yk)
0 yr <0,

ngR? |:cos_1 (1 - ;—k)
u
= Yk Yk Yk
—|1=-=)./=(2-%)|0 <Ry,
(=i (o) oon=n

R2
ng ) + 2Ry Ok —RW) | Yk > Ru,

(29)

where R, is the radius of the semi-circle and yy is the axial
length of the valve opening. Since the pilot spool is designed
symmetrically, the dead zone of each port is assumed to be
symmetrical too. The opening area of each orifice can be
calculated by

Aup Ja (npb’ Ry, —As _xp) —Xpmax = Xp = —Ay,
P 0 otherwise,
Ap = fa (nbt»Ru,AI +xp) —A1 = xp < Xpmax;
0 otherwise,
Ay = Ja (nata Ru, Aq _xp) —Xpmax = Xp = Ay,
0 otherwise,
Ay = fa (npaa Ry, xp — AZ) Ay < Xp < Xpmax» (30)
P 0 otherwise,
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FIGURE 12. Schematic of the pilot valve.

where A is the underlap region length of ports A and B
to port T, A is the overlap region length of port P to ports
A and B, and npa, npp, 1, My are the corresponding number
of the U-shape notches on P-A, P-B, A-T, B-T orifices. The
corresponding structural parameters are presented in Fig. 12,
and the opening area of each orifice is calculated and
presented in Fig. 13.
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FIGURE 13. Structural parameters and opening area of the pilot valve.

The flow force acts as the main resistance to the spool
movement and is important in completing the dynamic
mechanical model. By considering the steady part and the
dynamic part, the flow force can be defined by

4 4
dx
Fon=2Cq o860 ) (AxAP)+Co" (Veev/208P0),
k=1 k=1
(31)

where 6 is the flow angle at each control edge, APy is the
pressure differential over each orifice, and Vy is the load
volume between the corresponding ports. Because only the
U-shape notches connect with each port within the limited
displacement of the pilot spool, the notches are the main throt-
tling structure and the load volume V in (31) is assumed to
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be the corresponding volume of the notch part. Because of
the small volume in the U-shape notches and relatively low
velocity of the pilot spool, the dynamic flow force is very
small compared to the steady flow force and is neglected in
the modeling.

The pilot stage proportional valve controls the pilot flow
to drive the main stage proportional valve and the resulting
pilot pressure acts on the main spool to compensate the spring
force and moves the spool. The pilot pressure force can be
calculated by

Fry = [Py — Pp|Aysgn (xm) 0 < [xm| < Xmmax, (32)

where P, is the pressure of the control chamber A which
connects with the port A of the pilot valve, Py, is the pressure
of the control chamber B which connects with the port B
of the pilot valve, and Ay is the acting area of the main
spool. Because of the existence of the control chamber, the
compression of the oil needs to be considered for the coupling
of flow and pressure. The flow continuity equation can be
written as

dxm, V,dP,

qa = Ay—— + CepPa + ——,
dr Be dt (33)

A4S 4 cppy + 2o

db = Ay ar epl'd B. di )

where V,, V}, are the volume of the control chambers A and B,
respectively, Cep, is the leakage coefficient of the chambers,
and S is the effective volume elastic modulus.

As in the pilot valve, the flow force still acts as the main
resistance force of the spool moving. Because of the large
amount of complex flow controlled by the main spool, simply
using the static flow force equation may cause large error.
Therefore, the static flow force is indirectly measured using
two pressure sensors installed separately on the pilot control
chambers. The pressure differential is firstly measured when
the spool is moved to a certain position without the flow, and
the force equation is expressed as

(Pa1 — Pp1) Ay = kX + Fmko — Fnfs, 34

where P,1 and Py are the pressure of the control chambers,
Frrs 1s the static friction. Then the flow can be given to the
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valve to measure the flow force and the corresponding force
equation can be described as

(P2 — Pp2) Ay = kmXm + Fiko + Finfl — Fnfs, (35)
where P,y and Py, are the corresponding pressure of the
control chambers. The spool under the above two conditions

are both slightly moved to get the maximum static friction.
From (34) and (35), the flow force can be derived as

Fmfi = (P2 — Py2 — Pa1 + Pp1) Ay (36)

The static flow force is measured at P-A and A-T orifices at
the pressure differential of 5 bar and the results are presented
in Fig. 14. The static flow force in the simulation model
is recalculated based on the measured data and the actual
pressure differential.

150 -
125 | AT
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—
S 75t
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=]
= 50t
9
=
N 25+
0 sk 1 " 1 n 1 " 1 n ]
0 1 2 3 4 5 6

Main spool displacement (mm)

FIGURE 14. Measured static flow force at the pressure differential
of 5 bar.

The dynamic flow force is quite important in modeling the
dynamic response of the proportional valve. It is also modeled
in (37) as a function of the spool displacement and the valve

structure as that in the pilot valve.

4
Fun = G5 S (Ve 298F). G)
k=1
where Vi is the load volume of each orifice.

The load volume can be defined as (38), as shown at the
bottom of this page, where Ly, Lt, L1, a, b, 0 are the parame-
ters of the valve structure, Ay, is the overlap region length
of the main spool, and &y is the depth of the trapezoidal
shape notch on the spool. The above parameters are presented
in Fig. 15.

E. VALVE MODELING

The subsystems are coupled with each other and form
the pilot operated proportional directional valve. A block
diagram which explains the relationship between each
subsystem is presented in Fig. 16. The model is co-simulated
with AMESim and Matlab/Simulink software.

The input control voltage signal is first transferred into
PWM signal and given to the solenoids. The driving current
changes correspondingly and leads to the change of the
flux field in the solenoids. The electromagnetic force also
changes. Then the electromagnetic force is imbalanced with
the flow force and the spring force in the pilot stage and
leads to the movement of the pilot spool. The displacement
change of the pilot spool alters the opening area of the pilot
valve and changes the pilot flow correspondingly to move the
main spool. The movement of the main spool affects the pilot
pressure, the spring force, and the flow force. The main spool
keeps moving until the spring force and the flow force are
large enough to overcome the risen pilot pressure and gains
the new balanced state.

In the pilot-operated proportional directional valve,
the driven current in the left and right solenoids are monitored
and given back to the controller. The displacement of the
main spool is measured with inductive position transducer
installed on the main stage of the proportional valve and
is also given back to the controller for closed loop control.

Vpa =
09
Ltl +Am
L—— h+——=
Ve = {( ' + + 2
0
0
Vi =
At
3
v {[Lo+b+(m—Am)] [a+2 (im— Am) tan6]+|:a+§ (*m—Am) tane]
pb =
0
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3 + A
{[Lp+b (xm+Am)] [a—2 (xm+Ap) tan ] — |:a ) (rm + Am) tan0:| mem} hmt  —Xmmax < Xm < —Am,

—Ap < Xm < Xmmax.

3 A
) [a—2 (xm+Ap) tand]— |:a_§ (xm+Am)tan9:| )W_Tm} hmt —Xmmax < Xm < —Am,

—Am < Xm < Xmmax.

—Xmmax < Xm < Am,

—An 3 Xm—Am
—— ) [a+2 (om— Ap) tan O]+ ‘H‘E(xm_Am)tang Y hmt  Am <Xm <Xmmax,

Xm—Am
——— e Am =< Xm < Xmmax,

—Xmmax < Xm < Am,

(38)
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FIGURE 15. Schematic of the main valve.

In the simulation, a proportional-integral (PI) controller and a
proportional-integral-derivative (PID) controller are designed
to control the current and the displacement of the main spool,
respectively. The parameters of the controllers are adjusted
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FIGURE 16. Block diagram of the pilot operated proportional directional valve subsystems.

Power supply Oscilloscope Electronic circuit

PC NI data acquisition device

FIGURE 17. Photograph of the test rig and the solenoid test device.

based on the real valve.

30364

Solenoid

Solenoid

Force sensor

Displacement adjust device

Micrometer

IV. VALIDATION OF THE SIMULATION MODEL

A. ELECTROMAGNETIC SUBSYSTEMS VALIDATION

The model of the electronic subsystem and the electromag-
netic subsystem are built and verified by a specific test

rig. The photograph of the test rig is presented in Fig. 17.
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FIGURE 18. Solenoid current affected by PWM duty cycle.
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FIGURE 19. Solenoid current affected by PWM duty cycle and core
displacement.
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FIGURE 20. Simulated and experimental solenoid current.

The test rig mainly consists of a power supply, an oscil-
loscope, an electronic circuit, a PC, a NI data acquisition
device, and a solenoid test device. The current signal can
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FIGURE 21. Schematic of the hydraulic test rig: 1. Relief valve 2. Flow
sensor 3. Throttle valve 4.Pilot operated proportional directional valve
5.6.7.8. Pressure sensors.
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FIGURE 22. Main Spool response when the valve is given different step
signals.
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FIGURE 23. Spool displacement and solenoid current when the valve is
given step signal.

be observed by the oscilloscope through the sampling resi-
stor and the generated voltage can be acquired by the NI data
acquisition device. The solenoid test device consists of a
force sensor, a displacement adjust device, and a micrometer.

30365



IEEE Access

J. Zhang et al.: Modeling and Experimental Validation of the Time Delay

100 1 2 3 4
100 gasess-=n > g 80‘: !
- on s=smrs = 6L
- = i
80 S 40f
_ g 20f
~ 1
S 60 g '
= 60q | 4 & 010 011 012 013 014 015 016 017 0.8
g i Time (s)
E ol \ e , ®
g —=— Solenoid force 100 142% >
e —— Pilot spool displacement  i{4\| i X 80 |
[a W} » i
20 —— Control chamber pressure = 60k | 550,
—— Main spool displacement g 402_]_ SIS IIIITNSLIITIIIIIIIIIII G,
0 s . == EE NN
0.1 02 03 04 05 0.6 0.7 & BN L . - .
Time (s) & 060 061 062 063 064 065 066
Time (s)

@

©

FIGURE 24. Simulation valve behaviors when the valve is given step signal: (a) full period (b) 90% step signal (c) 0 step signal.

The displacement adjust devices is a slider which can be
adjusted by a screw to limit the displacement of the solenoid
core.

The relationship between the duty cycle, the current, and
the electromagnetic force at the static state is tested. Given
the normally used 2000 Hz PWM signal, the relationship
between the duty cycle and the current at the displacement of
zero is presented in Fig. 18. The simulation results and the
experimental results are presented in the same figure. The
behavior of the model matches well with the experimental
result. The limited power of the power supply constrains the
performance of the solenoid in the experiment and leads to
the large error when the solenoid is given large duty cycle.
The relationship between the duty cycle and the current at
different displacements are presented in Fig. 19. The simula-
tion result also fits well with the experimental result and can
reproduce the nonlinear behavior.

The current behavior when the solenoid is given step signal
is also tested to verify the dynamic behavior of the model,
and the results of simulation and experiment are presented
in Fig. 20. The ascending time of the current is about 50 ms
and the descending time is about 5 ms, which reflects the
characteristics of the anti-unloading power drive circuit.

B. VALVE VALIDATION
To verify the above simulation model, a hydraulic test rig is
used, and the schematic diagram is shown in Fig. 21. The PC
with the data acquisition device is used to measure and store
the pressure and the displacement data. A signal generator is
used to give the desired signal to the valve. The power supply
with the pressure of 10 MPa and flow rate of 200 L/min is
used to power the system. The ports A and B are connected
and the oil temperature is set up at 40°+2°.

The comparison of the simulation and the experiment when
the valve is given different desired displacement signal is
presented in Fig. 22. The simulation fits the experiment well.
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The main spool movement is delayed at first, and then the
displacement rises rapidly and a small overshoot appears.
The displacement is maintained stable at the controlled value
until it is given zero signal and the spool moves back to the
central position. The 90% of the entire stroke experiment is
taken as an example, and the displacement and the current
are presented in Fig. 23. The simulation displacement and the
current all match well with the experimental ones.

V. DISSCUSSION

The model built above is used to analyze the factors which
cause the valve delay. The 90% stroke simulation, whose
results are presented in Fig. 23, is taken as an example. When
the step signal is given to the valve, the response time for
which the main spool moves is 69 ms, and the delay time
is about 22 ms, 32% of the opening response time. When
the zero signal is given to the valve, the response time of
the main spool is 53 ms, and the delay time is 5 ms, 9.4%
of the closing response time. The detailed simulation results
of the electromagnetic force, the pilot spool displacement,
the pressure of the control chamber, and the displacement
of the main spool are nondimensionalized and presented in
Fig. 24.

The response when the valve is given 90% step signal is
enlarged and presented in Fig. 24 (b). The entire response
time of the main spool can be divided into four periods and
the first three periods are the delay time. In the first period,
the PWM signal is given to the circuit, and the solenoid
generates the electromagnetic force. The electromagnetic
force rises gradually and the pilot spool moves when the
electromagnetic force is large enough to compensate the
friction and the spring force. The first period is about 4 ms.
In the second period, the pilot spool moves from the central
position. Before the pilot spool moves to 45% of the full
stroke (the underlap region length, A1 in Fig. 12), the control
chamber still connects with the returning port. And in latter
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part of this period, the pilot spool moves to 55% of the full
stroke (the overlap region length, A2 in Fig. 12). At this time,
the returning port is shut down, but the displacement is still
smaller than the overlap region (dead zone) length. The pres-
sured oil is not supplied to the control chamber and the control
pressure maintains unchanged. The time needed in this period
is about 16 ms. In the third period, the spool moves long
enough and exceeds the dead zone to the control position. The
pressure port and the control chamber are connected and the
pressure in the control chamber rises. Then the pilot pressure
force overcomes the spring force and moves the main spool.
The time needed is about 2 ms. In the fourth period, the pilot
pressure force is controlled by the pilot valve and moves the
main spool to the desired position. The main spool moving
time is about 46 ms. From the above analysis, the delay
caused by the electronic components and the delay caused
by the pilot valve dead zone are the two main components in
the response delay, and the proportion of each part is about
17% and 73.2%, respectively.

The response when the valve is given O step signal is also
enlarged and presented in Fig. 24 (¢). The entire response time
of the main spool can similarly be divided into three periods
and the first two periods are the delay time. The pilot spool
moves back to around 50% of the full stroke to realize detailed
main spool position control, and the main spool is maintained
at the desired position before the step signal is given. In the
first period, the solenoid force decreases rapidly and the pilot
spool moves back to the central position. However, because
of the small displacement change as well as the asymmetrical
designed pilot spool underlap and overlap regions, the control
chamber is not connected with the pressure port, either the
returning port. The control pressure remains nearly the same
and maintains the main spool’s position. This period is about
3 ms. In the second period, the pilot spool exceeds the dead
zone and connects with the returning port. The control pres-
sure decreases correspondingly. However, the pilot pressure
force is not small enough and the static friction obstructs the
main spool’s movement. The main spool still maintains its
position and the time of this period is about 2 ms. In the last
period, the pilot pressure force is small enough and the main
spool is driven by the flow force and the spring force to move
to the central position. The movement costs about 48 ms, and
the delay in the valve closure is mainly caused by the pilot
valve dead zone and the main spool friction.

From the analysis, it can be obtained that in the entire
action period, the delay is mainly caused by the elec-
tromagnetic force delay and the pilot valve dead zone.
The relatively conservative control pressure supply and
control strategy also slow down the valve response and
aggravate the delay. The progress in decreasing the valve
delay can be made by improving the electronic circuit,
changing the pilot valve dead zone, and increasing the pilot
spool velocity. However, the pilot dead zone is specially
designed for valve stability and central position function,
and cannot easily be changed. Therefore, most effort are
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TABLE 1. Parameter descriptions and values.

Physical meaning Symbol Unit Value
Electronic circuit PWM delay 4 s 2.60X10°
Electronic circuit equivalent .
resistor with high P%VM Ron Q 4.00% 10"
Electronic circuit equivalent
resistor with low P?VM Rore Q 6.00X10"
Supply voltage U, \ 2.40X 10"
Function coefficient fi A/(Wb-m) -5.46x10°
Function coefficient fio A/Wb 1.99% 10"
Function coefficient S A/(Wb*-m’) 3.76xX10'
Function coefficient fo A/(Wb*m?) -1.87X10°
Function coefficient fi A/(Wb*m) 2.67X10?
Function coefficient fro A/Wb? 1.89X10?
Function coefficient kesa (A-s)/(V-m®) 2.01x10"
Function coefficient kg (As)(Vm®)  -3.73X10"
Function coefficient ko (As)(Vm?)  -8.74X10°
Function coefficient k1 (As)/(V-m) 1.17%x 10"
Function coefficient kso (A-s)/V 1.54x10™
Function coefficient ty s/m* -8.11X10?
Function coefficient ts s/m’ 2.29X10"
Function coefficient to s/m’ -1.61X10
Function coefficient ta) s/m -3.52%x10*
Function coefficient to s 5.46X 102
Function coefficient his N/(m*- Wb®) 1.14X10°
Function coefficient hia N/(m*-Wb°) 2.81X10°
Function coefficient hi N/(m-Wb®) -1.99x10°
Function coefficient hio N/Wb° 6.74%X10°
Function coefficient T3 N/(m®-Wb*) -6.99 X 10*
Function coefficient o N/(m*-Wb*) 7.66 10*
Function coefficient ha N/(m-Wb*) 3.02X10°
Function coefficient hao N/Whb* -2.33X10°
Function coefficient I3 N/(m®-Wb?) 6.57x10°
Function coefficient h N/(m*-Wb?) 2.52X10°
Function coefficient hsi N/(m-Wb?) -1.15X 107
Function coefficient T3 N/Wb? 5.78x10°
Pilot spool mass my kg 4.00X107
Pilot spool viscous coefticient b, Ns/m 1.58X 107
Pilot spring elastic coefficient ky N/m 1.80% 10"
Pilot spring preload Fiko N 1.6X10'
Pilot spool stroke Xpmax m 2.00X107
;lrl;)]t( :pool structure limited o m 500X 10%
Main spool mass M kg 4.5%10"
Main spool viscous coefficient by, Ns/m 1.76 X 10"
Main spring elastic coefficient Ay N/m 6.00x 10"
Main spring preload Fio N 1.80X10?
Main spool stroke Xmmax m 5.00%107
il density P kg/m® 8.70X 10?
Oil dynamic viscosity N kg/ms 4.00% 107
Oil kinematic viscosity H m%/s 471X10°
Fully developed turbulent .
discﬁarge cozfﬁcient Cu 7.00% 10"
Critical flow number Acrit 1.00% 10?
U-shape notch number on pilot n 5
spool P-B edge v
U-shape notch number on pilot n 2
spool P-A edge P
U-shape notch number on pilot n 4
spool B-T edge o
U-shape notch number on pilot " 4
spool A-T edge *

Radius of the semi-circle of the R, mn 1.00X 107

U-shape notch

Flow angle at each pilot valve o

control egdge b O 6.90%10'

Underlap region length of A g

and B p(l))rts%o Tpor% A m 0.90X10°
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TABLE 1. (Continued.) Parameter descriptions and values.

Overlap region length of P port

3
to A and B ports A m 1.10%10
Acting area of the main spool Ay m’ 6.16X10*
Control chamber leakage 30 13
coofficient Cop m’/(s-Pa) 1.11X10
Control chamber A volume Va m’ 1.02X10°
Control chamber B volume Vo m’ 1.17X10%
Effective elastic modulus Pe Pa 1.00% 10°
Main valve structural L m 1.03% 102
parameter

Main valve structural L m 156X 102
parameter

Main valve structural L, m 120X 102
parameter

Ov_erlap region length of the A m 075%10°
main spool

Main spool structural 4 m 716X 107
parameter

Main spool structural B m 290X 107
parameter

Main spool structural 0 o 6.00% 10!
parameter

Trapezoidal shape notch depth /iy m 6.20%X 107

paid on improving the electronic circuit and the control
methods [12], [16], [17], [27], [28], [33], reducing the
resistance forces [22]-[25], and increasing the driving
forces [14], [15], [19], [21]. In the modeling, we focus on the
detailed characteristics of the driving circuit and the coupling
relationship between the pilot flow and the control pressure.
These features make the model very useful in predicting the
performance of the valve improvement.

VI. CONCLUSION

A coupling modeling is presented for a pilot operated propor-
tional directional valve in which the mechanical, electronic,
electromagnetic, and fluid dynamic subsystems are coupled
with each other. The model of each subsystem is proposed
based on a LP approach. The nonlinear behavior of the
subsystems during the valve functioning is discussed. The
related parameters which describe the nonlinear behavior
are identified and the analytical equations are proposed for
reproducing.

The anti-unloading power drive circuit is carefully
modeled by considering the component delay in the circuit.
The nonlinear model of the solenoid is paid much attention
for simulating the hysteresis performance. The discharge
coefficient change and the fluid compression are used for
a detailed model of the fluid coupling between the pilot
directional valve and the main directional valve. The entire
model of the valve works well in predicting the behavior
when the valve is given certain signal.

By reviewing the simulation result, the factors which affect
the main spool movement delay is analyzed and the effect
proportion of the electronic parts and the structural parts
are calculated. The electromagnetic force delay and the pilot
valve dead zone are found out to be two main factors affecting
the delay, and effort can be paid in these two factors to
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improve the valve response so that the retraction of the
landing gears can be improved. Optimizing the electronic
drive circuit and control strategies would be a future work.
The methods for quick passing the pilot valve dead band
would also be studied.

APPENDIX
See Table 1.
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