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ABSTRACT Submersible is an important equipment for the development and utilization of marine resources.
The pilot-operated hydraulic control valves have an extremely wide range of applications in the buoyancy
adjustment system of submersibles. The existing hydraulic control valves have insufficient flow rate and
pressure adjustment ability in a wide range of system pressures. A pilot-operated hydraulic control valve with
a wide range of adjustable pressures, a high flow rate control accuracy, and anti-turbulence and cavitation is
designed. A joint simulation method combining MATLAB/Simulink and UDF dynamic mesh is developed.
The dynamic characteristics of the piping system and pilot-operated hydraulic control valve under different
system inlet pressures are investigated by using the metric cellular automata technology and one- and three-
dimensional co-simulation platforms. The results of the joint simulation show that: the flow rate of the system
stabilizes for a period at a system inlet pressure of 1.6 MPa, and the phenomena such as fluctuations and
oscillations will occur after a period. To address this phenomenon, an improved Newmark-8 integration
method is proposed based on establishing a correct nonlinear model. The established model is solved in a
longer time domain to obtain the nonlinear dynamic bifurcation behavior of the model. The stability of the
pilot-operated hydraulic control valve is analyzed by displacement dynamic response diagrams, phase space
trajectory diagrams, and bifurcation diagrams. A direction is provided for the applied research of nonlinear
system bifurcation theory in self-operated valves.

INDEX TERMS Cellular automata, dynamic characterization, improved Newmark-# integration method,
pilot-hydraulic control valve, stability, submersible.

I. INTRODUCTION

Submersible is an important equipment for the exploitation
and utilization of marine resources. As the core subsystem
of the submersible, the buoyancy adjustment system is used
to control the weight and buoyancy of the submersible to
realize the functions of hovering, depth fixing and com-
pensating buoyancy changes [1]. Hydraulic control valves
have a wide range of applications in the buoyancy regulation
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system, and are the key equipment for regulating the flow
and pressure of the system to ensure that the submersible
can dive and float normally. Hydraulic control valves play
a vital role in stabilizing system performance and reducing
energy consumption. Hydraulic control valves can be viewed
as a nonlinear dynamic system under external disturbances.
As the pressure rises, the vibration destabilization problem of
the valve becomes more and more prominent, and it becomes
one of the important problems for the safe supply of the
buoyancy regulation system. If the vibration instability prob-
lem of the hydraulic control valve occurs, the pressure and
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flow rate of the system pipeline will not be guaranteed, and
the safety of the pressure-resistant water compartment in the
buoyancy adjustment system, and the submerged state of the
submersible will be seriously affected [2], [3].

Theoretical models were developed [4], the use of MAT-
LAB/Simulink system control equations were nonlinearly
solved. equations were solved nonlinearly, and it was
obtained that the root cause of the valve vibration is the
leakage of the valve seal. The dynamic model of the check
valve was established [5]. The dynamic characteristics of
the outlet valve of the piston pump are calculated, and the
study shows that the check valve converges at different crank
speeds, but there is some closing hysteresis. The dependence
of the working fluid supply on its basic slide valve differential
pressure and on the parametric loading pressure is plotted
[6]. Transient processes in the hydraulic drive control sys-
tem are analyzed. A metric automata model is proposed for
locating leaks in gas main drainage pipelines. The pressure
distribution along the pipeline is predicted using flow and
pressure parameters at both ends of the pipeline. The pipeline
fluid is assumed to vary continuously in time and space,
which improves the localization accuracy [7]. The nonlinear
pressure loss between the orifice plate and the gap is analyzed
by using the delay element [8]. The results show that the
viscosity change of the fluid shows steady-state response
results and transient response results.

Hydraulic control valve if vibration instability problems,
the system pipeline pressure and flow will not be able
to ensure that the buoyancy adjustment system in the
pressure-resistant water cabin safety, submersible dive down
state will be seriously affected. At present, many scholars
have made many contributions to bifurcation characteristics
[9], [10], [11], [12], [13]. But the self-operated valve on
its nonlinear dynamic system bifurcation characteristics and
stability of the application of research is very little, for the
bifurcation characteristics of the relevant research is still
mostly in the theoretical state.

A two-parameter bifurcation analysis of the mathematical
model reveals that the valve instability is subcritical and that
large amplitude shock chaotic motions and stable equilibrium
operation can coexist [14]. The dynamics of a single-stage
relief valve in a hydraulic circuit is modeled. The mecha-
nism of valve destabilization was investigated using the Hopf
bifurcation method, considering the compressibility of the
fluid as well as the possible jerky behavior of the valve
cone colliding with the valve seat. The mechanism of valve
destabilization is investigated [15]. The stability of a doubly-
fed variable-speed pump-turbine regulation system under
low-power disturbance conditions is investigated [16]. The
algebraic stability criterion of the system in turbine and pump
modes is derived using Hopf bifurcation theory [17]. The
equilibrium point of the system is analyzed and the conditions
for Hopf bifurcation of the system are given [18]. Types of
bifurcations are studied. The robustness and effectiveness of
the controller of the system in the presence of parametric
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perturbations or additive feedback control perturbations are
analyzed. Considering the axial and longitudinal vibration
shocks between the spool and the valve seat, the structural
parameters of the direct-acting relief valve were optimized
and analyzed for reliability by means of an optimized closed
loop composed of three algorithmic designs, and it was found
that the axial vibration shock oscillations of the spool were
responsible for the drastic fluctuations of the pump pressure
[19]. A physical model of the relief valve is presented, and
linear stability and Lyapunov exponential analyses are carried
out [20]. Hopf bifurcation, generalized Hopf bifurcation and
cusp bifurcation are found to exist in the piping system.
The dynamic characteristics of the pilot operated relief valve
were investigated using frequency domain analysis, and the
local stability of the relief valve under different annular space
gaps was investigated using the normalization method. It is
found that the size of the piston-to-case gap has a signif-
icant effect on the local stability of the relief valve [21].
A nonlinear dynamics model of the actuator system dynamics
was developed and the effect of the spool geometry on the
bifurcation point of the system was investigated [22]. It was
found that the spool geometry affects the flow characteristics
of the spool and reduces the stabilization region of the spool
parameter plane. A nonlinear dynamic model of the pilot-
valve-controlled hydraulic system is established [23]. The
bifurcation analysis method when the diameter of the feed-
back hole changes is proposed, and the stability of the system
is analyzed. Participated in MATLAB/Simulink for nonlinear
modeling and simulation of pilot operated relief valve [24].
The established models for predicting performance param-
eters under steady state and transient operating conditions
were experimentally validated.

For the current research on the bifurcation characteris-
tics and stability of the nonlinear dynamic system of the
self-operated valve is very little. Most of the related research
on the bifurcation characteristics is still in the theoreti-
cal state. The research on the dynamic characteristics of
hydraulic control valves is also relatively limited. Most
of them are studied from the perspective of mechanical
equilibrium using one-dimensional dynamic characteristics
simulation software, with relatively low simulation accuracy.

In this paper, the nonlinear dynamics of pilot operated
hydraulic control valves is investigated using the improved
Newmark-g integration method. The aim is to verify the
feasibility of the improved Newmark-g integration method
through the bifurcation principle. The main contributions of
this paper are as follows:

1) A pilot operated hydraulic control valve with a wide
adjustable pressure range, high flow control accuracy, and
anti-turbulence and cavitation is designed, which is mainly
used in the buoyancy adjustment system of submersibles,
and the dynamic performance of the pilot operated hydraulic
control is verified through simulation analysis.

2) A joint simulation method of MATLAB/Simulink
and UDF dynamic mesh is developed, and the dynamic
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characteristics of piping system and pilot-operated hydraulic
control valve under different system inlet pressures are inves-
tigated by combining with the technique of meta-cellular
automata.

3) An improved Newmark-§ integration method is pro-
posed to obtain the nonlinear dynamic bifurcation behavior of
the model and analyze the stability of the system. This study
provides a direction for the applied research of nonlinear
system bifurcation theory in self-operated valves.

4)This study Nonlinear dynamics of pilot-operated
hydraulic control valves for submersible based on improved
Newmark-g integration method, through the in-depth study
of nonlinear dynamics of hydraulic control valves, provides
theoretical guidance to improve the design of submersibles,
enhance the operating efficiency, safety, and reliability of
submersibles, and promotes the collection and development
of deep-sea mineral resources.

Il. MODELING OF THE BUOYANCY ADJUSTMENT SYSTEM
A. MODELING OF BUOYANCY ADJUSTMENT SYSTEMS
AND PILOT-OPERATED HYDRAULIC CONTROL VALVES

The buoyancy adjustment system is used to control the weight
and buoyancy of the submersible to realize the functions
of hovering, depth fixing and buoyancy change compensa-
tion. As shown in Fig. 1, the buoyancy adjustment system
of the submersible consists of pressure-resistant tank, inlet
filter, throttling orifice, pilot hydraulic control valve, shut-
off valve, regulating valve, through-sea filter, check valve
and regulating ball valve. As the dive depth increases, the
pressure-resistant structure of the submersible is elastically
deformed due to the change in water discharge. The balance
between gravity and buoyancy is broken due to the increase
in weight after sampling the submersible, or the decrease
in weight after other equipment is released. Pilot operated
hydraulic control valves are utilized to regulate the flow and
pressure of the system to ensure that the submersible operates
at a relatively stable attitude within a certain depth.

1.Pressure-resistant water chamber 2. Inlet strainer 3. Throttle orifice 4.
Pilot-operated hydraulic control valve 5 Regulating valve 6 Globe valve 7.
Through-sea filter 8. Seawater 9. Check valve 10. Regulating ball valve

FIGURE 1. Schematic diagram of the buoyancy regulation system for a
submersible.

The structure and schematic diagram of a pilot operated
hydraulic control valve is shown in Fig.2. Pilot-operated
hydraulic control valve senses the pressure in front of the
valve through the pilot line, and the action of the pilot valve
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FIGURE 2. Structural model of a pilot-operated hydraulic control valve.

and the main valve can be automatically controlled according
to the pressure in front of the valve. Pilot hydraulic control
valve adjustable system pressure range of 0.7 ~ 1.6MPa, the
valve outlet pressure can be maintained at a lower value,
the flow rate design index for 30t/h. When the pre-valve
pressure reaches 0.7MPa, the pilot valve according to the
valve pressure feedback stabilized in the larger degree of
openness, the main valve cavity pressure is far less than the
pre-valve pressure, the spool in the pre-valve pressure upward
movement, the main valve opening increased. In the pilot-
operated hydraulic control valve and system inlet pressure in
the process, the pressure after the valve remains unchanged,
the flow fluctuations in the design indicators within the
deviation.

B. OPERATED HYDRAULIC CONTROL VALVE
MATHEMATICAL MODELING

Pilot-operated hydraulic control valve main valve moving
assembly force is shown in Fig. 3, the spool motion com-
ponent is mainly subject to the diaphragm on both sides
of the hydraulic pressure difference, spool on both sides of
the imbalance force, diaphragm deformation of the rebound
force, friction, and liquid viscous damping force. According
to the pilot-operated hydraulic control valve main valve struc-
ture and operating principle to establish the main spool force
balance Equations:

Fp=mi+Bx+F;+F,+F,+Fr+Fy, (1)

In the formula, Fp is the fluid force in the direction of the
main valve diaphragm movement, N; F is the main valve
spring force, N; Fy is the main valve hydrodynamic force,
N; F, is the main valve O-ring friction, N; Fy is the main
valve moving component friction, N; F,, is the main valve
diaphragm rebound force in the direction of the movement,
N; m is the main spool equivalent mass, kg; Bj is the main
spool viscous damping coefficient; x is the main valve spool
displacement of the main valve spool, m.
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FIGURE 3. Pilot-operated hydraulic control valve main valve moving
components force diagram.

The fluid force Fp in the direction of the main valve
diaphragm movement is:

Fp= (P —P)A1 + (P, —P3) A @)

where, A1 is the main valve spool force area, m?; A, is the
main valve diaphragm effective force area, m?; P; is the main
valve front pressure, pa; P; is the main valve back pressure,
pa; Pj is the pilot chamber pressure, pa.

The friction generated by the O-ring is calculated as:

_ frDyd,

1 — 2

Fo [0.2meoEo + (1 4+ p) (P3 =Pl (3)
where, f is the friction coefficient; d, is the O-ring cross-
section diameter, m; D, is the O-ring outer diameter, m; e,
is the compression ratio; [, is the Poisson’s ratio of Buna-N
material; E, is the elastic modulus of Buna-N, Pa.

The friction force Fy of the main valve moving assembly
is:

(ta — ) wﬂ,

() )]

where: t; and 7, denote the levels of normalized Coulomb
friction and static friction, respectively, w is the transition
velocity of the slip, and w; is the characteristic velocity of
the dynamic friction;

Equation (1) can be rewritten as:

4w
Fr = + 14 tanh (—) @)

wy

mX = (P — P2)A1 + (P> — P3) Ay — Ki (x0 + x)
—B1x — Fy (x) — Fy — Fy (%) )

Pilot-operated hydraulic control valve pilot valve moving
assembly force shown in Fig. 4, The spool motion component
is mainly subject to hydraulic differential force on both sides
of the diaphragm, unbalanced force on both sides of the
spool, rebound force generated by the deformation of the
diaphragm, friction, and liquid viscous damping force.
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FIGURE 4. Pilot valve moving assembly force analysis diagram.

According to the pilot-operated hydraulic control valve
pilot valve structure and operating principle to establish the
pilot valve spool force balance equation:

Fpi =m2y+sz’+Fsl+Fyl+le (6)

where Fp; is the fluid force in the direction of pilot valve
diaphragm movement, N; Fj; is the spring force of the pilot
valve, N; F)y; is the hydrodynamic force, N; Fj,; is the
rebound force of the pilot valve diaphragm in the direction
of movement, N; my is the equivalent mass of the pilot valve
spool, kg; B> is the viscous damping coefficient of the pilot
valve spool; and y is the spool displacement, m.

The fluid force Fp; in the direction of motion of the pilot
valve diaphragm is:

Fpi = P3A3 + (P4 — Pr) Ag @)

where A3 is the pilot valve spool force area, m?; Ay is the
effective force area of the pilot valve diaphragm, m?; Py is
the atmospheric pressure, Pa.

Equation (6) can be written as:

myy = P3A3 + (P4 — Py) As — B2y — K2 (yo +)
— Fy1 (5) = Fu1 () ®)

Pilot-operated hydraulic control valve pressure calculated by
the piping system, according to the valve port flow formula
for the main valve and pilot valve flow:

&)

q2» = Cot Dy sino; w (10)
where g is the flow through the main valve, t/h; g3 is the flow
through the pilot valve, t/h; Cy is the main valve orifice flow
coefficient; C; is the pilot valve orifice flow coefficient; D
for the main valve flow cross-section diameter, m; D, for the
pilot valve spool equivalent opening length, m.

The mathematical model of the pilot operated hydraulic
control valve is obtained by Laplace transforming the above
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FIGURE 5. Elementary cellular automata.

equations (4), (8), (9) and (10), as shown in (11), at the bottom
of the page. Main Valve Port Flow-Displacement Increment:

d 1 2(P1—P
Kypx = %4 _ —CynD? /M (12)
ox 4 0

Main valve port flow-pressure increment:

ag | , [2 1
Kop=2L__cap? |2~ (13
aP=op T 31" \/;/2(131—133) (13)

Pilot valve port flow-displacement increment:

[2Ps— P
K,y = Comt Dsinay 28— Py) (14)
0

Pilot valve port flow-pressure increment:

2
Kypp=C ;Ao () (15)

1
2 (P3 — P2)
C. -PIPELINE DYNAMICS BASED ON META CELLULAR
AUTOMATA TECHNIQUES
A met acellular automaton consists of a cell and its state, a dis-

tribution space, a neighborhood radius, and a state transition
rule, as shown in Fig. 5, where the evolution rule is a function

of the cell itself and its neighboring states. The cell size and
time step are determined by the primary temporal and spatial
scales of the system under study.

Since the length of the pipeline of the buoyancy adjustment
system is large and the change of fluid parameters along the
flow direction is more significant than the change of fluid
parameters perpendicular to the flow direction, the motion
of the pipeline fluid is assumed to be one-dimensional, and
the pipeline fluid flow model is regarded as one-dimensional.
When the fluid enters the pilot-operated hydraulic control
valve from the pipeline before, the system metameric automa-
ton evolves from the beginning to the end. The pressure and
flow rate of the beginning metameric cell 1 are P and Qg
respectively, and the metameric cell 1 is in the reproduction
state, the metameric cell 2 is in the growth state, and the rest
of the metameric cells are in the idle state. Let a central cell
of the system’s tuple space be i. Cell i 4+ 1 is growing and its
neighbor is reproducing, then the state of cell i + 1 at the next
moment is the reproducing state, and the cellular automaton
evolves as follows:

aij (t + 1) = (f(aij) @), ai—1j—1 (1), ai—1; (1),
ai—1,j+1 (8), aij—1 (@), ajj1 (@), aiv1,j @),
aiy1j (1), aip1j41 (1)) (16)

The derivative of the fluid momentum for time is equal to the
sum of the external forces exerted on the micrometric body,
The expression for the momentum conservation equation
controlling the fluid dynamics in a one-dimensional pipe is
given as:

90; (2. 1) dP; (2. 1)
A
TR ™

=10z 0|0 | (A7)

where: ¢ and z are time and space coordinates, respectively,
and A is the cross-sectional area of the pipe.

For a generally cylindrical pipe, the Darcy-Weisbach
equation is the classical method used to calculate the pressure
loss of the pipe, and its formula for calculating the pressure
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AP —P)A — APy —P3)Ap = mlszAx + B1sAx + K1 Ax + Kpr + Kox Ax + Kgop AP + CyWihi/2p APsAx

A (Py— Pr)As+ AP3A3 = mzssz + BosAy + Ko Ay + Ky Ay + Kgyp AP + Ky

v

KgxAx 4+ KgpAP — (Kgyx Ax + Ky pAP) = ElsAP’ —AysAx
V3

(Kgoy — Kquy) Ax + (Kg,p — Kgup) AP = AgsAx — 5 SAPs

%
AGy — (Kgux Ax + Ky pAP + Kyyy Ax + Ky pAP) = ElsAPl

(11)
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drop of the fluid flow in the pipe is given by:
2

AP =)—— 18
D2 (18)

where AP is the pipeline fluid flow pressure drop; A is
the along-track resistance coefficient; L is the length of the
pipeline; D is the diameter of the pipeline; p is the density
of the medium; and v is the average flow rate of the pipeline
medium.

Considering that the piping system has damping char-
acteristics, to introduce dynamics, we need to add the
corresponding unit transformation rules, and the modified
local rules are suggested as follows:

n n
> X o(xitdy,. 1) =20 (x. 1)
i=1j=1G£D
R (xi, tjy1) = 5
+ (1 =) R (x, 1) (19)

x; is the ith cell; ¢ is the jth time step; R is the amplitude decay
rate; w is the dynamic response amplitude; « is a constant
value describing the damping effect; m is a computational
constant; and dy,, , is the cell unit length.

Depending on the different growth states of the metameres
of the system pipeline, the metameres states and metameres
properties are updated over time. For each position (i, j) in the
pipe state matrix, the pressure attribute values are:

ai+1 |a
P =2 (7 - ) -t o
4 pitl _ 5 0! ) ;+1‘] 20
L Zl_l Z l+l QH—] Qz+1 (20)

2
where: a; = gA, aj+1 = g—A.

D. -DIMENSION LESSNESS OF THE DYNAMIC MODEL

The spool is in small opening when the system is in large
differential pressure, and the spool may collide with the valve
seat when it is in unstable state, assuming that the collision is
non-perfectly elastic, the spool velocity in this case can be
expressed as:

it=—ri"(x=0,%x<0) 21)

where, xT is the velocity after the collision, m/s; x~ is the
velocity before the collision, m/s; r is the collision recovery
coefficient.

The obtained nonlinear dynamics equation is transformed
into the system state equation, which is expressed in ordinary
differential form as follows:

X =y
o 1= p)AI+ 2 —p3) Ay prx€aimD
x = m
k(x+x0) Fr Bix
mj mp  m
[Qp — CaA () w (p, X)]
it =—rx

(22)
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[ Define the equations of motion for ]

nonlinear dynamical systems, including
damping, external excitation, and mass.

Initialization threshold, time step. mitial
displacement, acceleration, velocity,
‘maximum time, steady state.

Inttialization error tolerances, e.g. local
truncation error wlera.nces ete.

current time step, calculate the predicted
displacement, prredlcled velocity.

If the error is less than a
certamn threshold, reduce the
step size:

At(i+1)= %ﬂsmﬁ)

If the error is greater than
a certain threshold,

increase the step size:

Solving for B using Gi(i+1) o008

At(i) = At(! 1)

Calculate local truncation error, relative

[ )
e s
[ )
[ )

Determine if the
time step needs
adjustment

FIGURE 6. Flowchart of the improved Newmark-g integration algorithm.

Before the stability analysis of the established dynamic
model, to facilitate the assessment of the system stability, sim-
plify the calculation and eliminate the differences in the order
of magnitude of each parameter, the appropriate variables
are selected, and the corresponding non-depersonalization
is carried out by using the similarity criterion to derive the
dimensionless equations. The intrinsic frequency 6y, the ref-
erence time ¢,, and the reference displacement x, are the three
basic reference parameters of the dynamic model, which are
defined as follows:

o e

Based on the three basic reference parameters defined above,
the following dimensionless variables can be defined:

Adeh

(23)

X xki t ki
el = — = s T=—=1[—
Xr Adpp Ir mi (24)
1, miki P
€ = —Vx = Vx, €3 = —
Xy Aapp Pb

Substituting each dimensionless parameter into Eq. (22), the
dimensionless system state equation set is obtained as:

e/lzeg

h=n—8—y—e —&e 25)
s =10 — xe;

e;rz—re;

Define the new dimensionless parameters such as damping
ratio, spring pre-compression coefficient ratio, and system
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TABLE 1. Comparison of each algorithm.

. Maximum calculation Computational
Algorithm .
error efficiency
Runge-Kuta 4.52E-06 99.45
Newmark-f3 3.81E-06 92.67
Wilson-0 5.69E-06 185.65
improved Newmark-3 2.42E-06 65.38
mdlnitializesizes Sefiing up the FToert
l Perform CFD simulation of
mdlGetTimeofNextVarHit control valye flow field
Formation of the initial journa
| L file
mdlOutputs. substitute
Read Simulink coviromment for
boundary parameters
Starting the Fluent co-
simulation process

Read journal log file

Modify the boundary parameters in
the journal log file

Read the initial Case&Date
solution calculus

{ Starting Fluent with a call fo the |
journal log file

mdIDerivatives

Reading data from a file

Simulink algerithmic
solution

Storing parameters in a text
file

Formation of journal log fil

Storing flow field simulation
ata

\ )
process

FIGURE 7. MATLAB/Simulink and Fluent Co-simulation Platform

Implementation Methods.

v

tore sumulation’
results

stiffness ratio:
n = (1 —p2) A1 + (p2 — p3) A2 — p1xCq1mDy

Aaps
5 kixo F, f B
= . J/ = . =
Aapp Aapp ki

ﬁ_EQp mi _EC A 2m 26)
eV X T v ke,

lIl. IMPROVED ALGORITHM FOR SOLVING NONLINEAR
DYNAMICS BY NEWMARK-B INTEGRATION METHOD

The Newmark-8 method is a commonly used numerical inte-
gration method for solving the time response of nonlinear
dynamical systems [25], [26], [27]. The basic idea is to adopt
the linear acceleration assumption and divide the calcula-
tion of acceleration into two steps: predicted acceleration
and corrected acceleration. Then, the numerical solutions of
displacement and velocity are obtained by iterative solving.
However, in practice, the Newmark-8 method may suffer
from numerical instability and poor accuracy due to the pres-
ence of nonlinear effects. Therefore, the time step can be
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0.0 0.2 0.4
T(s)

FIGURE 8. Spool motion trajectories on time series for system inlet
pressures of 0.7 MPa, 1.0 MPa, 1.3 MPa, 1.6 MPa.

-

 Stepto P=1.6MPa

‘ Step Lo P=1.3MPa

50
Step to P=1.0MPa
40 =
= . / / =
< 30 _Step to P=0.7MPa =
S
20
10
0
0.0 0.2 0.4 0.6 0.8 1.0

T(s)

FIGURE 9. System flow rate change curve on time series when the system
inlet pressure is 0.7Mpa, 1.0MPa, 1.3MPa, 1.6MPa.

dynamically adjusted by introducing the time step adaptivity,
and different time steps can be used in different periods to
improve the accuracy and stability of numerical computation.

Fig. 6 shows the flowchart of the algorithm for the
improved Newmark-8 integration method to obtain the non-
linear dynamic bifurcation behavior of the pilot-operated
pressure-reducing valve.

mii+ D +evi+D+Evi+1)=GG+1)  (27)

where E is a numerical matrix storing the results of each
iteration step under the external excitation. i denotes the
number of recurrences and j denotes the number of iterations.
The displacement dependence of the nonlinear external force
determines the initial guess displacement v,, which is used to
start the algorithm program.

Ev(i+1)=Gei+1) (28)

VOLUME 11, 2023



S. Li et al.: Nonlinear Dynamics of Pilot-Operated Hydraulic Control Valves

IEEE Access

Pressure
9.856e+05

5.6283

7.400:

6.173?‘-'05
4.945¢+0

Pressure
6.918e+05

6.181
5 44de+C
4707¢105

1.023e+05 3.394e+03
2.862e+04 -1.194e+05

-4.507e+04 -2.422e+05
[Pa] [Pa]

Pressure
1.561e+06

1.382
1.2036+06

1 .024:T+"oe

Pressure
1.272e+06

1A11an
9.475e+08

7.851€+05

1.298e+05
-4.899e+04
-2.279e+05

-2.700e+04
-1.894e+05

-3.518e+05
[Pa] [Pa]

(c) (d)

FIGURE 10. System flow rate change curve on time series when the system inlet pressure is 0.7Mpa, 1.0MPa, 1.3MPa, 1.6MPa.
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FIGURE 11. Velocity line cloud at different system inlet pressures. (a) P = 0.7 MPa; (b) P = 1.0 MPa; (c) P = 1.3MPa; (d) P = 1.6MPa.

The payload is solved for: where:

2(i) = M [a1v(i) + azv(i) + a4v(i)]

Ge(i+1) =G+ 1)+ Q0) + =() (29) Qi) = C [rayv(i) + asv(i) + agdti(i)]
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FIGURE 12. Clouds of media force at the monitoring surface at different system inlet pressures. (a) P = 0.7 MPa; (b) P = 1.0 MPa;

(c) P = 1.3MPa; (d) P = 1.6M.

where: oy, a2, @3, a4, a5, and o are the integration vari-
ables in the variable step-size integration algorithm, B is
the weighting factor for acceleration, and A is the weighting
factor for velocity, which needs to be initialized after each
recursion to initialize the step size or tolerance.

1 1 1
al—m, 02—a3—m,a4—ﬁ—
A 1 1(A 1 1 1 1 32)
as = — — 1, ag = —(— — —_ = = —a5 — —
T B T 2'p 272972

The velocity and acceleration are solved for the moment 7 +
At:

Wit 1) = —— i+ 1) — v — (% — D)

BAt
1 L. . 33
- (Eas - E)v(’) (33)
.. 1 . PP ey
vi+1) = B (A i@+ 1) —v@)] BA tv(l)
- (% — D) (34)

The step size is controlled by local truncation error, which
increases the step size when the local error is too small
and shrinks the step size when the local error is too large,
to achieve the adaptive control of the step size and control
the error within a certain range to improve the accuracy and
stability of the numerical calculation.
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The local error of Newmark-8 can be calculated by the
following formula:

eir1 =Vi@i+1)—v(i+1) (35)

where: e; 1 is the local error, v*(i+1) is the exact solution at
i+ 1, v(i+1) is the computed displacement at i 4 1, and the
local truncation error is:

Re =M@+ D+ 1)+ CG+ v+ 1)
+EG+IwGi+ 1) —EviGi+1) (36)

The relative localization error is:

IV E+ D) =i+ 1)

(R T
(Pe — V()AL a7

v+ WDAL+ SFHAR + L) As
Atthe present to carry out the bifurcation of the pilot-operated
hydraulic control valve, it is defined as follows: when
n >0.5 reduce the step size and recalculate the result, cur-
rently the step size is:

At(i) = /@At(z’ -1 (38)

Increase the step size when 1 < 0.5 and use the new step size
in subsequent calculations, when the compensation is:

Atii+1) = > At(i) (39)

Nm

VOLUME 11, 2023



S. Li et al.: Nonlinear Dynamics of Pilot-Operated Hydraulic Control Valves

IEEE Access

10 20 30 40 50 60 70 80 90 100
t
(a) Dynamic response plot of dimensionless parameter displacement

0.1

0.05 -

-0.05 |-

-0.1 |

L L 1 L
0.05 0.1 0.15 0.2 0.25

(b) Phase distribution plot

0.08

0.06

0.04

0.02

0.25 -0.1 e

(c) Phase space trajectory plot

FIGURE 13. Dynamic response plot of nonlinear system (y = 0.2).

where 1, is the maximum relative error and Pe is the control
parameter.

For the nonlinear system studied in this paper, the Runger-
Kutta method tends to diverge at longer integration times.
The improved Newmark-8 method proposed in this paper
improves the computational convergence while ensuring the
solution speed.

In the traditional numerical calculation methods, the simul-
taneous introduction of multiple nonlinear factors may lead
to divergence of the calculation results. It is impossible
to accurately evaluate the nonlinear dynamical bifurcation
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FIGURE 14. Single-parameter bifurcation diagram (y = 0.2, Q is a free
parameter).

behavior. As shown in tablel, The Newmark-8 integra-
tion method proposed in this paper effectively solves the
problems existing in the traditional numerical calculation
methods.

IV. NONLINEAR DYNAMIC BEHAVIOR ANALYSIS OF
PILOT-OPERATED PRESSURE REDUCING VALVE

A. JOINT SIMULATION ANALYSIS OF DYNAMIC
CHARACTERISTICS OF PILOT-OPERATED

HYDRAULIC CONTROL VALVE

When the system inlet pressure changes from 0.2MPa to
0.7MPa, 1.0MPa, 1.3MPa, and 1.6MPa, the S function is used
to compile the MATLAB/Simulink and Fluent co-simulation
data interaction interface program [28], and one and three-
dimensional co-simulation platforms are established for the
pilot-operated hydraulic control valve portion of the system,
and the specific implementation of its joint simulation is
shown in Fig. 7.

As shown in Fig. 7, under the MATLAB/Simulink sim-
ulation environment, the spool displacement trajectory and
the system flow rate change curve are obtained, as shown in
Figs. 8 and 9.

As shown in Figs. 8 and 9, when the system inlet pres-
sure changes from 0.2MPa to 0.7MPa, the system flow rate
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FIGURE 15. Dynamic response plot of nonlinear system (y = 0.25).

stabilizes to 29.65t/h; when the system inlet pressure steps
from 0.2MPa to 1.0MPa, the system flow rate stabilizes to
30.41t/h; when the system inlet pressure steps from 0.2MPa
to 1.3MPa, the system flow rate stabilizes to As the sys-
tem inlet pressure increases, the system dynamic response
time increases and the system flow rate stabilization value
increases. When the system inlet pressure changes from
0.2MPa to 1.6MPa, the initial stabilized value of the system
flow rate is 31.85t/h. With the growth of time, the system flow
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FIGURE 16. Single-parameter bifurcation diagram (y = 0.25, Q is a free
parameter).

rate value will fluctuate and oscillate, and the flow rate cannot
reach constant.

As shown in Figs. 10-12, the results of the transient flow
field of the UDF dynamic grid at different moments in FLU-
ENT under the system inlet pressures of 0.7 MPa, 1.0 MPa,
1.3 MPa, and 1.6 MPa.

B. ANALYSIS OF SYSTEM NONLINEAR

DYNAMIC BEHAVIOR

In section A, the preliminary calculations of flow values and
spool trajectories under different system inlet pressures are
carried out, and the results show that when the system inlet
pressure is 1.6MPa, the system flow rate changes irregularly,
and it is impossible to analyze it by the dynamic characteris-
tics. In this section, we will take Q as a free parameter, and
take the system inlet pressure of 1.6MPa and the flow rate of
29.94t/h as the initial parameter, and based on the nonlinear
dynamic system, calculate the system to get the phase and
vector field distribution diagrams of different parameters, and
study the stability and dynamic response characteristics of
the pilot-operated hydraulic control valve dynamic system
under different regulating parameters, calculate and draw the
bifurcation diagram to analyze the bifurcation characteristics
and stability of the dynamic system.

VOLUME 11, 2023



S. Li et al.: Nonlinear Dynamics of Pilot-Operated Hydraulic Control Valves

IEEE Access

0.8

0.6 |

0.4

0.2

10 20 30 40 50 60 70 80 90 100
t

(a) Dynamic response plot of dimensionless parameter displacement

0.2 0.4 0.6 0.8 1 12 14
€
(b) Phase distribution plot

0.06
0.05
0.04

0.03

0.02

0.01

(c) Phase space trajectory plot

FIGURE 17. Dynamic response plot of nonlinear system (y = 0.75).

As shown in Fig. 13, the system is stable at n = 0.2, the
displacement response curve converges in 50-time steps after
many oscillations, and the corresponding phase space trajec-
tory stabilizes at the equilibrium point after many motion
cycles.

As shown in Fig. 14 when n = 0.2, the dimensionless flow
parameter is reduced from Q = 0.03, and two bifurcation
points appear in the system, LP denotes the limit loop saddle
knot bifurcation and H denotes the Hopf bifurcation. The
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FIGURE 18. Single-parameter bifurcation diagram (3 = 0.75, Q is a free
parameter).

limiting ring-saddle knot bifurcation occurs when Q = 0.029,
with (e = 0.12, e3 = 0.06) at the stable equilibrium point;
the supercritical Hopf bifurcation occurs when QO = 0.0003,
with (e; = 0.18, e3 = 3.71 x 1079) at the stable equilibrium
point. In the interval Q €(0.0003,0.029), there are two sta-
bility states, the limit ring motion and the stable equilibrium
point. At the saddle-knot bifurcation point, the trajectory
line of the system’s operation progresses towards another
equilibrium point in phase space or diverges towards infinity.
At the Hopf bifurcation point, the loss of system stability is
due to the interaction of the equilibrium point with the limit
ring. In nonlinear systems, Hopf bifurcation is the beginning
of the oscillatory phenomenon, where a dynamical system
operating at a stable equilibrium point begins to oscillate
when the parameters change slowly to the point where a Hopf
bifurcation occurs.

As shown in Fig. 15, the system is unstable at n = 0.25,
and the state variables are in an oscillatory response state
tending to the limit loop or stabilization point after the system
has been subjected to small fluctuations and tends to the
limit loop or stabilization point state after some time, and the
corresponding phase-space trajectory also shows a tendency
to the limit loop or stabilization point state, and enters into
the limit loop or stabilization point state after several motion
cycles.

As shown in Fig. 16, the dimensionless flow parameter
is reduced from Q = 0.045. The limit-loop saddle-knot
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FIGURE 19. Dynamic response plot of nonlinear system (y = 1.75).

bifurcation occurs at Q = 0.0425 with (e; = 0.153, ez =
0.077) at the stable equilibrium point, and the supercritical
Hopf bifurcation occurs at @ = 0.0015 with (e; = 0.23,
e1 =4.2x107) at the stable equilibrium point. In the interval
0 €(0.0015, 0.0425), there are two stability states, the limit
ring motion, and the stable equilibrium point.

As shown in Fig. 17, the system is unstable at n = 0.75,
and the state variables are first in an oscillatory response
state after the system is subjected to small fluctuations and
converge to the limit-loop state after a period, and the corre-
sponding phase-space trajectories also show convergence to

140250

0.8

0.6

1.1F

0.9
0.8
0.7
e 0.6 -
B
0.5
0.4
03
0.2

0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Q

FIGURE 20. Single-parameter bifurcation diagram (y = 1.75, Q is a free
parameter).

the limit-loop state, and enter the limit-loop state after several
motion cycles.

As shown in Fig. 18, the dimensionless flow parameters
are reduced from Q = 0.25. The limit-loop saddle-knot
bifurcation occurs at Q = 0.24 with (¢; = 0.487, ez =
0.243) at the stable equilibrium point, and the supercritical
Hopf bifurcation occurs at O = 0.004 with (e; = 0.73,
e3 = 3.11 x 1079) at the stable equilibrium point. In the
interval Q €(0.004, 0.24), there exists a state of limit ring
motion.

As shown in Fig. 19, at n = 1.75, the response state of
the state variables after the system is subjected to a small
fluctuation is approximately equal amplitude oscillation, and
the phase space trajectory of the system exhibits a stable limit
loop.

As shown in Fig. 20, the dimensionless flow parameter
is reduced from Q = 0.9. The limit loop saddle-node
bifurcation occurs at Q = 0.876 with (e; = 1.153, e3 =
0.577) at the stable equilibrium point, and the supercritical
Hopf bifurcation occurs at Q = 0.027 with (e; = 1.73,
e3 = 2.44 x 10.4) at the stable equilibrium point. In the
interval Q €(0.027, 0.876), there exists a state of limiting ring
motion.

V. CONCLUSION
In this study, the buoyancy adjustment system and pilot
hydraulic control valve of a submersible are modeled.
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A high-precision numerical simulation method considering
both the one-dimensional system and the three-dimensional
flow is developed. The dynamic characteristics of the system
are investigated by combining the meta-cellular automata
technique. An improved Newmark-8 integration method is
proposed to solve the model in the long-time domain. The
system is also analyzed for stability by using displacement
dynamic response diagrams, phase space trajectory diagrams,
and bifurcation diagrams.

1.Through the establishment of a joint simulation model
combining MATLAB/Simulink and UDF dynamic mesh. The
flow rate change curves of the system under different system
inlet pressures and the spool trajectories with time are sim-
ulated. The results show that when the system inlet pressure
is 1.6MPa, the system flow rate will fluctuate and oscillate
after stabilizing for a period, and the flow rate cannot reach
constant.

2.MATLAB/Matcont is used to draw the dynamic response
diagram and stability analysis of the system. The results show
that, with the increase of the pressure in front of the valve,
the buoyancy adjustment system undergoes the four states
of convergence, large attenuation oscillations, small attenu-
ation oscillations, and equal-amplitude oscillations. And all
of them are converging to the equilibrium point and the limit
ring in the two forms of stabilization.

3.The nonlinear dynamic behavior of the system is inves-
tigated by the improved Newmark-f integration method.
The results show that when the inlet pressure of the
system is 1.6MPa, the pressure in front of the valve
will have a large step when the piping system is dis-
turbed and unstable phenomena such as water hammer
occurs, at which time the stability of the dynamic system
changes.

4.In the system inlet pressure of 1.6MPa, as the hydraulic
control valve pre-valve pressure increases, there will be a
limit loop saddle knot bifurcation and supercritical Hopf
bifurcation, bifurcation process produces a limit loop fre-
quency just close to the oscillation of the intrinsic frequency,
which is the main reason for the production of flow fluctu-
ations and jump phenomena, for the application of the non-
linear system bifurcation theory in terms of the self-powered
valves to provide the direction of the application of research.
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