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The external pressure is the biggest problem faced by underwater hydraulic systems. The strength
and sealing ability of the structure are facing enormous challenges. For this problem, the common solution is
to use pressure compensation technology. The pressure of the seawater is transmitted to the inside of the hy-
draulic system through a pressure compensator, which equalizes the return pressure of the hydraulic system and
the seawater pressure. The structure of the compensation system, the volume and dynamic characteristics of the
compensator, and the compensation failure caused by hydraulic oil leakage will all affect the normal operation of
the underwater equipment. Therefore, it is necessary to study the pressure compensation system. This paper an-
alyzes the pressure characteristics of the rubber-bellows type compensator. The dynamic characteristic equation
of the pressure is established. Due to the strong nonlinear nature of rubber, the finite element method is used to
simulate the deformation process of the rubber-bellows type pressure compensator. The relationship between the
volume variation and the spring displacement of the rubber-bellows type pressure compensator is calculated by
FE simulation. The relationship is brought into the theoretical equation result to obtain the pressure characteris-
tics of the compensator. Through the control variable method, the influence of damping, total mass, effective area
and spring stiffness on the internal pressure of the compensator is obtained. According to the analysis result, the
damping ratio should be appropriately increased to reduce the overshoot of pressure fluctuations in the design.
Since the damping is difficult to control, the total mass of the end cap, the guide post, the rubber bellows and
the spring can be minimized. It also reduces the quality of the equipment. The spring stiffness and effective area
have a significant influence on the steady-state pressure. A softer spring should be used and the effective area
should be increased as much as possible to reduce the final steady-state pressure.

With the exploration of marine resources by human be-
ings, some tasks like marine surveying and monitoring de-
velop from shallow sea to deep sea. the requirements for the
depth and reliability of underwater robots are also increasing.
The requirements for the depth and reliability of underwater
robots are also increasing (Whitcomb, 2000). Due to some
advantages like higher energy density and achieving stepless
speed regulation much easier compared to electricity, the hy-
draulic power is generally used in heavy-load underwater ve-
hicles (Bruno et al., 2015; Yang et al., 2017). Underwater

pressure has an obvious influence on the actuators, control
components, sealing components, oil and reliability of the
hydraulic system. There are three key issues to be solved
during underwater instruments development: sealing prob-
lems, strength problems and corrosion problems (Wang et
al., 2005). The pressure varies with the depth of the working
water. Some measures must be taken to reduce the impact of
external seawater pressure on the hydraulic system. In early
underwater hydraulic systems, the power source, control unit
and actuator were respectively installed in pressure resistant
vessels (Greeneri, 1971). It will enlarge the total mass of the
underwater equipment by just increasing the pressure resis-



tance of the pressure vessel in the deep water of several kilo-
meters. It can also cause the useful signals of some sensors
(such as force sensors) to be overwhelmed and even damage
some sensitive components (such as elastomers). Thus the
pressure compensation is the most commonly used method at
home and abroad. It meets the requirements of small mass,
low energy consumption and high precision of underwater
instruments (Torma and Szepesvari, 2006). In the pressure
compensated hydraulic system, the system pressure is based
on the external water pressure. The land hydraulic system can
be easily extended to underwater without considering the ef-
fects of water pressure (Li, 2005).

The pressure compensator is the key equipment of the
pressure compensation system. There are several different
forms of compensators, such as capsule type, diaphragm
type, bellows type, etc., as shown in Fig. 1 (Wang, 2009; He
et al., 2007). For the capsule type pressure compensator, the
radial deformation resistance is smaller than the axial defor-
mation resistance due to its shape and the capsule surface
mainly deformed in a radial direction. But the spring is diffi-
cult to be set in this deformation mode. Although the piston
can be used to force the capsule to deform axially, the to-
tal deformation in a single axial direction is much smaller
than that in a natural shape and the compensation capacity
is small. At the same time, due to the nonlinear relationship
between the axial deformation and the driving force of the
capsule, the compensation pressure will be greatly affected
(Cao et al., 2011). Due to the defect mentioned above, the
capsule type pressure compensator is not commonly used. A
rubber diaphragm is used as the flexible component in the di-
aphragm pressure compensator. This type of compensator is
usually used for the variable volume chamber (Tian et al.,
2019). It is usually designed to be integrated with the oil
tank. The structure makes it easy to set springs. The rolling
diaphragm pressure compensator is commonly used. There
are several advantages. The rolling diaphragm move in two
directions, and the stroke reaches 70 % of the diaphragm
height, which is impossible for other diaphragm types. The
stroke of the rolling diaphragm is usually 3-7 times that of
the disc or wave diaphragm. The rolling diaphragm has the
deformation resistance as small as possible because of its
shape and material, and remains constant within the effective
stroke range. The frictional resistance is also small because
the rolling diaphragm is in a rolling state during movement.
The bellows type pressure compensator uses retractable rub-
ber bellows as the elastic element. Since the amount of axial
deformation is nonlinearly related to the driving force, it will
have a large influence on the compensation pressure. The bel-
lows type pressure compensator uses retractable rubber bel-
lows as the flexible component. Since the axial deformation
is nonlinearly related to the driving force, it will have a obvi-
ous influence on the compensation pressure. The advantage
is that the compensation capacity of this type is much bigger
than that of other compensator due to the large amount of
expansion and contraction of the rubber bellows.

The pressure compensation process is divided into static
and dynamic pressure compensation depending on the appli-
cation location (Gu et al., 2013). Since the total amount of
oil in the valve vessel is constant, only the oil compressed by
seawater pressure needs to be compensated and that is static
pressure compensation. When a hydraulic cylinder works in
the hydraulic system, the amount of oil in the hydraulic tank
will be varied. At this time, the pressure compensator should
also supply this part of the oil and that is dynamic pressure
compensation. When the hydraulic cylinder works, it will
cause a drastic variation of the compensating pressure. If the
compensating pressure is too large, it may break the elastic
component of the compensator. If the compensating pressure
is too small, it may cause leakage of seawater. Therefore,
it is necessary for the pressure compensator. Therefore, it is
necessary to study the dynamic characteristics of the pres-
sure compensator to ensure that the fluctuation of the com-
pensation pressure is within a reasonable range. Meng et
al. (2000) studied the pressure compensator for underwater
hydraulic power unit and proposed a method for calculating
static pressure compensation capacity. Zhang et al. (2007)
studied the adaptive pressure compensation technology of
underwater robots, and derived the static and dynamic char-
acteristic equations of piston pressure compensators. Wang
and Chen (2014a, b) conducted a detailed study on the dy-
namic characteristics of rolling diaphragm pressure compen-
sators for underwater hydraulic systems. Through the simula-
tion analysis, the corresponding variations of the compensat-
ing pressure are obtained when the hydraulic cylinder inputs
different types of signals such as impulse, step and sine, and
it is verified by the test method. On the basis of the dynamic
characteristics of pressure compensator, Liu et al. (2016) pro-
posed a design method of rolling diaphragm pressure com-
pensator and verified the method through experiments. Hu et
al. (2018) used AMESim software to build a hydraulic sys-
tem model with a pressure compensator, and studied the ef-
fects of multiple compensators on pressure fluctuations. The
rolling diaphragm pressure compensator was mainly studied
in the above research on the pressure characteristics. At the
same time, the influence of the compensator volume varia-
tion on the compensating pressure in dynamic compensation
is not considered.

In this paper, the pressure characteristics of the bellows
type pressure compensator are analyzed. Since the volume of
the rubber bellows vary greatly during the dynamic compen-
sation process, the variation has a significant influence on the
internal pressure of the compensator and cannot be ignored.
Since the rubber material has strong nonlinear characteris-
tics, the FEM is used to obtain the relationship between the
volume variation of the rubber bellows and the spring dis-
placement of the pressure compensator. This relationship is
brought into the analytical model and the dynamic pressure
characteristics of rubber bellows type pressure characteris-
tics are gotten. Through the control variable method, the in-
fluence of different design parameters on the dynamic char-
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acteristics of the pressure compensator is studied. The key
parameters and influence laws affecting the internal pressure
of the compensator are determined.

Figure 2 shows a typical rubber bellows type pressure com-
pensator. The bellows are made with a reinforced rubber
sheet. There are metal end caps at top and bottom of the
bellows. The bottom end cap is connected to the interior of
the hydraulic system via a hydraulic line connection. The in-
side of the bellows is filled with hydraulic oil. Similar to the
rolling diaphragm pressure compensator, several springs are
also mounted between the upper and lower end caps. The
springs can be installed inside or outside of the bellows, and
the guide column is arranged at the axis to guide the spring.
The springs are installed with a certain pre-tension to prevent
seawater leakage. When the external pressure varies, the rub-
ber bellows are compressed and the volume of oil chamber is
reduced. The pressure is then transmitted to the inside of the
hydraulic system with the hydraulic oil.

The mathematical model of the rubber bellows type pres-
sure compensator will be established first to study the dy-
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namic characteristics. Figure 2 shows the state of the pres-
sure compensator at a transient equilibrium time. When the
pressure of the oil chamber varies A p;, the volume variation
AV of the hydraulic oil can be expressed as

AV = —2Ap; (D

where E is the bulk modulus of hydraulic oil; V(y) is the oil
chamber volume in the compensator and it is a function of
the spring displacement y.

The instantaneous flow rate gj; in the compensator due to
volume variation can be expressed as

AV Vo) Ap
WM=""7""F At

2)

As the hydraulic cylinders work, the top end cap with spring
of the compensator has a displacement, Ay, in the axial di-
rection of the pressure compensator and the generated instan-
taneous flow rate gj> of hydraulic oil is

422 3
qi2 = Ae Al €))
where, A, is the effective area of rubber bellows. It can be
expressed as the top end cap area and equal to 7 D?/4; D is
the outer diameter of the top end cap.

According to the continuous fluid equation, the flow in the
oil chamber of the compensator has the following relation-
ship

V) Api Ay

i = qi n=— . 4
qi = qi1 +qi2 E  Ar ¢A; 4
Its differential form is expressed as

V(y)dpi d
g = ) api A @ 3)

E dt “dr

The force balance analysis of the transient state of the rubber
bellows in the pressure compensator is performed. When the
pressure compensator is placed vertically, the rubber bellows
is mainly subjected to external environmental pressure, inter-
nal pressure of the hydraulic system, gravity of the end caps,
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Dimensions of a rubber bellows type pressure compen-

sator.

guide columns and rubber bellows, spring loads, various re-
sistances and inertia forces. The force balance equation can
be expressed as

2

M%+B%+Ky=(pi—po)fle- (6)
where, M is the total mass of end caps, guide columns, rub-
ber bellows and springs; B is the viscoelastic coefficient. The
viscous force mainly comes from the viscous damping of the
relative movement between the oil and the inner wall of the
compensator, and the Coulomb friction damping between the
rubber bellows folds; K is the tensile stiffness of the spring
and rubber bellows. The rubber bellows are less rigid and can
be ignored; p, is external pressure.

The internal pressure of the compensator can be obtained
as a function of time by simultaneous Egs. (5) and (6).

Due to the strong nonlinear characteristics of the rubber ma-
terial, the relationship between the oil chamber volume V (y)
and the spring displacement y of the rubber bellows type
pressure compensator is obtained by numerical calculation.
The FEM is the most commonly used numerical calcula-
tion method. This section carries out finite element simula-
tion for the rubber bellows type pressure compensator. Fig-
ure 3 shows the dimensions of a rubber bellows type pres-
sure compensator without oil filling. The compensation ca-
pacity is 10 L. It is made of reinforced rubber with a thick-
ness of Smm. A tension spring is installed at the axis. The
maximum pressure difference between inside and outside is
0.6 bar when the compensator is filled with oil. The compen-
sator has a height of 322 mm in the unfilled state and a height
of 517 mm in the oil filled state.

ABAQUS is used to model and simulate the pressure com-
pensator. The software is widely used in nonlinear structure
finite element simulation (Wang et al., 2017). The geometry
and load state of the pressure compensator are all axisymmet-
ric. In order to reduce the computation cost, a two-dimension
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axisymmetric model is established. The spring has little ef-
fect on the variation of rubber bellows, so the spring is omit-
ted during the modelling process.

The structure of the pressure compensator is simplified to
build a finite element simulation model. The model mainly
consists of a top end cap, a bottom end cap, a guide col-
umn, a guide sleeve, a snap ring and rubber bellows. All the
components above are made of steel except the rubber bel-
lows. The finite element model is shown in Fig. 4. All metal
parts are meshed with CAX4R, which is a 4-node, reduced-
integration, axisymmetric, solid element. Since rubber is a
nearly incompressible material, the hybrid element is used.
In order to avoid possible shear locking and volume lock-
ing, the rubber bellows are meshed with CAX8RH, which is
an 8-node biquadratic axisymmetric quadrilateral hybrid el-
ements. The overall dimensions of the meshes of the metal
parts are set to 5 mm. The local mesh refinement is set in the
contact area with the rubber bellows, and the size is 2 mm,;
the overall mesh size of the rubber bellows is 2 mm.

Due to the strong nonlinear properties of rubber materials,
the hyperelastic constitutive model is generally used. This
paper uses the Mooney-Rivlin constitutive model. In this
simulation. The rubber mainly undergoes tensile deformation
and Mooney-Rivlin model can be used to obtain relatively ac-
curate simulation results. The hardness of the bellows rubber
studied in this paper is 50 IRHD, and the estimated material
coefficients are shown in Table 1 (Zhang et al., 2018). The
rubber’s incompressibility coefficient D; is assumed to be 0.
Since the rubber bellows are not limited in a large range, the
influence of the incompressibility is negligible, and this as-
sumption does not substantially affect the calculation result.

The steel is set as a linear elastic material and the coeffi-
cients are also shown in Table 1. Since the metal parts have
little effect on the rubber deformation results, a rigid body
constraint is applied to the upper and bottom end caps, the
guide sleeve and the guide column to reduce the calculation
cost. The rigid body reference point of the top end cap and
the guide sleeve is RP-1; The rigid body reference point of
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the bottom end caps and the guide column is RP-2. The top
and bottom end caps and the snap ring are tied to the outer
side of the rubber bellows. The surface-to-surface contacts
are established among guide column, guide sleeve, end caps,
snap ring and rubber bellows.

An analysis step is established and the incremental step is
fixed at 0.05. Then there are i = 21 analysis sub-steps. A dis-
placement boundary condition along +y direction is applied
to RP-1, and the maximum displacement of the top end cap
is 195 mm. A fixed constraint is applied to RP-2. The pres-
sure compensator is assumed to work at 500 m under water,
and a pressure of 5 MPa is applied to the outer surface of the
rubber bellows. A pressure of 5.06 Mpa was applied to the
inside to simulate internal pressure.

Figure 5 shows the deformation results of the pressure
compensator. A sweep display is set in the post-processing
to rotate the axisymmetric model into a three-dimensional
model.

It can be seen that there are two oil chambers that have
been deformed in the compensator due to the limitation of
the snap ring. The volume of one oil chamber is expressed
as V;. In addition, the volume of the guide column occupy-
ing the oil chamber, Vj, also varies. The volume of the top
and bottom end caps, the snap ring, and the guide sleeve, Vg,
keeps constant and can be expressed as

Vo=Vot+Vo+W—V, (N

where V, is the volume of top end cap; V4 is the volume
of bottom end cap; Vx is the volume of snap ring; V; is the
volume of guide sleeve. The closed oil chamber volume of
the rubber bellows pressure compensator is

V=2Vi+Vy—Va. (8)

In order to calculate the volume of the oil chamber in the ith
analysis sub-step, V;(i), the coordinates of the nodes on the
inner wall of the oil chamber (the red line shown in Fig. 5),
(x5, yn), need to be obtained, as shown in Fig. 6. The vol-
ume of an oil chamber of the rubber bellows, V;(x), is then
calculated as

»2
Vidi) = / Lf ()Pdx. ©)

Vi
Discretize Eq. (9) as

137

Vili) =)y} (argn = xp). (10)

n=1

where n is the node number. There are 137 nodes in total.
The displacement of spring y(i) can be expressed as

y(i) = 9.75i. (11)

The results of Eqs. (10) and (11) are curve fitted using a poly-
nomial method. Figure 7 shows the curve obtained by fitting.
The curve is a linear fitting curve and the variance is 0.998.
The curve equation is

Vi(y) = 0.0271y + 1.04. (12)

For the studied compensator in this paper, V; =1.2L and
Va(x) can be expressed as

Va(y) =7 x 10~*y +0.015. (13)

The dimensions of the above equations are unified to mil-
limetre. Then the variation of the closed oil chamber volume
of the pressure compensator can be expressed as

V(y)=(5.35x 1072y +3.27) x 10%. (14)

According to Eq. (14), the function of the closed oil chamber
volume V() is linear with respect to the displacement y, and
can be expressed as

V(iy)=Ciy+Ca. (15)
Substitute the above equation into Eq. (5) and derives

_ Ciy+Codp; dy

. 16
E dr “dt (16)

qi
For dynamic pressure compensation, the input flow g; comes
from the motion of the hydraulic cylinder. It is assumed that
the hydraulic cylinder moves at a constant speed within (0,
10s), and the input flow rate is 18 Lmin~'. The hydraulic
cylinder stops moving at 10s, and the flow rate is zero. Then
the input flow is a piecewise function

:{ 18,1 € (0, 10) an

0, € (10,400) "
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It is assumed that the initial capacity of the pressure com-
pensator is 5 L. The spring initial is 32.3 mm calculated by
Eq. (14).

It is assumed that the initial external pressure is 5 Mpa and
the initial internal pressure is zero. Substitute initial condi-
tions and main parameters of compensator into Egs. (6) and
(16)

dy | dy
M—+B—+Ky=(pi(t) —5A
a2 + a + Ky = (pi(t) )Ae
_Ciy+Cdp; dy
4“=""F dr “dr
[ 18,1 €(0,10)
1= 0,1 e (10, +00)
pi(0)=0
y(0) =32.3
y'(0)=0. (18)

Parameter of a rubber bellows type pressure compensator.
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In order to study the influence of different parameters on
pressure fluctuation, the control variable method is used to
calculate the variation of pressure when K, M, B and A,
take different values. Three groups of different parameters
as shown in Table 2 are taken, and the group A is used as a
control group. The hydraulic oil volume modulus E remains
1400 Mpa.

The numerical method is used to solve the differential
equations, and the internal pressure variation of the compen-
sator is calculated within 0-30s. Figure 8 shows the internal
pressure variation curve of the pressure compensator with pa-
rameters in Group A. It can be seen that the internal pressure
has a certain overshoot before convergence, reaching about
6.4 Mpa. This overshoot may exceed the allowable pressure
and break the pressure compensator. Therefore, the param-
eters should be carefully determined during the design pro-
cess. The internal pressure then quickly converges to a value
slightly higher than 5 Mpa. This value will increase slowly
with 0-10s. Since the amount of increase is very small, it is
difficult to distinguish in the curve. At 10s, the internal pres-
sure makes a small fluctuation as the input flow momentarily
becomes zero, and quickly converges to a final steady state
result of 5.039 Mpa. This value is slightly higher than the ex-
ternal pressure of 5Mpa, which prevents external seawater
from entering the pressure compensator.
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In order to analyze the pressure variations more clearly, the
time is divided into 0-0.02, 0.02-10, 10-10.05 and 10.05-
30s to plot the internal pressure curve, as shown in Figs. 9—
11. Figure 9 shows the internal pressure variation of the com-
pensators with different parameters within 0-0.02 s. By com-
paring 4 figures, the overshoot can be reduced by reducing
the spring stiffness, mass and effective area or increasing the
damping. The spring stiffness has the least effect on over-
shoot. Since the damping ratio will be increased by reducing
the mass or increasing the damping, the rate of convergence
may also be increased. The variation in effective area does
not affect the rate of convergence.

Figures 10 and 11 respectively show the internal pres-
sure variations of the compensators with different parameters
within 0.02—10 and 10-10.05 s. By comparing these figures,
the spring stiffness and effective area have a significant influ-
ence on the final steady state result of internal pressure. An
excessive spring stiffness or a too small area will extensively
increase the internal pressure, which will also cause strength
problems. Since the oil modulus E is much bigger than the
mass M, the mass has little effect on the internal pressure.
Since the hydraulic cylinder stops moving at 10 s, the internal
pressure of the pressure compensator fluctuates and rapidly
drops to the steady state value, as shown in Fig. 11.
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This paper analyzes the dynamic pressure characteristics of
the rubber bellows type compensator. The dynamic charac-
teristic equation of the pressure is established. Due to the
strong nonlinear characteristic of rubber, the finite element
method is used to simulate the deformation process of the
rubber-bellows type pressure compensator. The relationship
between the volume variation and the spring displacement of
the rubber-bellows type pressure compensator is calculated.
The relationship is brought into the theoretical equation re-
sult to obtain the pressure characteristics of the compensator.
Through the control variable method, the influence of damp-
ing B, total mass M, effective area A. and spring stiffness
K on the internal pressure of the compensator is obtained.
According to the analysis result, the damping ratio should be
appropriately increased to reduce the overshoot of pressure
fluctuations in the design. Since the damping is difficult to
control, the total mass of the end cap, the guide column, the
rubber bellows and springs can be minimized. It also reduces
the quality of the equipment. The spring stiffness and effec-
tive area have a significant influence on the steady-state pres-
sure. A softer spring should be used and the effective area
should be increased as much as possible to reduce the final
steady-state pressure.
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