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Abstract: Hydraulic accumulators are widely used in industry due to their ability to store energy and
absorb fluid shock. Researchers have designed kinds of novel accumulators with better performance
in these specific areas. However, the pressure in these accumulators decreases significantly when
the fluid oil is continuously supplied from the accumulator to the hydraulic system. This limitation
leads to a transient large pressure drop, especially in a small hydraulic system with varied working
frequency. In this research, a combined piston type accumulator is proposed with a relatively steady
pressure property. The gas chamber and the fluid chamber are separated by a cam mechanism.
By using the nonlinear property of the cam mechanism, the nonlinear relationship between the
pressure and the volume of the gas can be offset. Hence, the fluid pressure can be maintained in
a relatively steady range. The defect of the traditional accumulator in the frequency varied system
is analyzed in detail. Then, the structure of the new accumulator is proposed and modeled based
on the traditional piston type accumulator. The mathematical equation of the cam mechanism is
built under the assumption that the nitrogen gas works in an adiabatic process. A simulation system
based on the Amesim platform is constructed, and mathematic equations of the system are given.
Preliminary experiments are conducted to evaluate the performance of the new accumulator. The
comparison results show that the adaptability of the new accumulator is obviously larger than that of
the traditional accumulator in a frequency varied system.

Keywords: new hydraulic accumulator; pressure oscillation; cam mechanism; frequency varied
system

1. Introduction

A hydraulic accumulator is a rigid tank separated into two regions, one filled with nitrogen
gas and the other filled with hydraulic fluid. The bladder type accumulator, the diaphragm type
accumulator, and the piston type accumulator are the most widely used accumulators in the industry.
An accumulator commonly plays two roles in a hydraulic system; one is to store energy and provide
additional fluid power, and the other is to reduce pressure fluctuation and absorb shock. To improve the
efficiency of the rotational motion load systems, Triet Hung Ho designed a closed loop hydraulic energy
regenerative system using one high pressure accumulator and one low pressure accumulator [1,2].
Henderson designed a novel hydraulic power take-off system with a high pressure accumulator to
convert the wave energy [3]. FO Anténio analyzed a general wave energy converter model with
a low pressure accumulator and a high pressure accumulator [4]. Zengguang Liu et al. used an
accumulator to eliminate fluctuation and intermittence of the hydraulic wind turbine [5,6]. Midgley
modeled a hydraulic regenerative braking system with a high pressure accumulator and a low pressure
accumulator for an articulated heavy vehicle [7]. Bravo, R. R. S. presented a new concept of a parallel
hydraulic pneumatic regenerative braking system. By using the hydraulic accumulator and air
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reservoir, the new system has great flexibility to recover braking energy [8]. Bing Xu et al. designed
a speed control system of variable voltage variable frequency (VVVF) hydraulic elevator with the
accumulator, and they validated that adding the accumulator could improve the efficiency of the whole
system [9]. Bingbing Wang modeled and analyzed a valve controlled system in which the accumulator
worked as the oil supplying component and had a sustained pressure decline [10]. Ruichen Wang
et al. designed a regenerative hydraulic shock absorber system and analyzed the influence of the
accumulator parameters [11]. However, there is an inherent weakness of the traditional accumulator.
When working in a hydraulic system that has a large vibration of the flow rate in one cycle, the
accumulator has a significant pressure oscillation. To decrease the drop of the pressure, people usually
choose a sufficiently large accumulator. However, this method cannot be applied in the mobile system
in which the hydraulic system is set with the limitation of volume and weight.

People have made plenty of attempts to improve the property of the traditional accumulator.
When an accumulator works with a large holding time, the thermal loss during the large charge
and discharge cycle can be quite high. Pourmovahed analyzed the thermal loss with and without
elastomeric foam in the gas side. The result showed that the gas temperature could maintain nearly
constant in a fully foam-filled accumulator, and thermal losses decreased to only 1% [12]. Van de Ven JD
designed a flywheel type accumulator that stored the energy in both rotating kinetic and compressed
gas. By increasing the angular velocity of the flywheel to 500 rad/s, the energy stored in the flywheel
type accumulator could be almost 10 times greater than a normal hydraulic accumulator [13,14]. Joshua
J. Cummins et al. designed an advanced strain energy accumulator using carbon nanotube (CNT)
embedded rubber [15,16]. Van de Ven JD proposed a new hydraulic accumulator concept that could
keep a constant pressure when it worked. By using a variable area piston and a rolling diaphragm, the
accumulator could vary the equivalent section area of the gas chamber and keep the fluid pressure
constant [17].

In this paper, a combined piston type hydraulic accumulator working with low pressure drop is
designed. Contrary to a traditional piston type accumulator, the new accumulator’s fluid cavity and
gas cavity both have a piston for sealing and transferring force. The two pistons are connected through
a rotary cam mechanism. Using the nonlinear characteristic of the cam mechanism, the nonlinear
relationship between the pressure and the volume of the gas can be offset, and the fluid pressure can be
maintained in a relatively steady range. In Section 2, the flow compensation process of the traditional
accumulator in a steady system and a frequency increased system is described. The defect of the
traditional accumulator is also discussed. In Section 3, the structure design of the new accumulator is
given, and the equation of the cam mechanism is built based on the energy equation. In Section 4,
the simulation models of the new accumulator and the single cylinder hydraulic system are constructed
in the Amesim platform. The dynamic equations of the main components are presented. In Section 5,
the experimental platform is constructed based on the simulation model. The fluid pressures of the new
accumulator with different pre-charge gas pressures are tested at a fixed flow rate. The comparison
between the new accumulator and the traditional accumulator in a specific example as the working
frequency instantly increases from 0.25 Hz to 0.5 Hz is discussed in detail. The effective regions of the
new accumulator and the traditional accumulator are also gauged. In Section 6, conclusions about the
effectiveness of the new accumulator and future work are summarized.

2. Defect of the Traditional Accumulator in the Frequency Varied System

The fluid in a hydraulic system is supplied by the hydraulic pump. The flow rate is decided based
on the system requirement. Although the variable pump has superiority in the flow rate regulation,
considering its size and weight, people prefer to choose a fixed displacement pump in some small
hydraulic systems. The flow rate regulation is achieved by the speed regulation of the motor or the
engine. Moreover, because the velocity of the cylinder varies in a large range, the flow rate of the pump
usually matches the average flow rate of the entire hydraulic system, and the fluctuation of the flow
rate is compensated by the accumulator.
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A typical single cylinder hydraulic system is depicted in Figure 1. The diameters of the cylinder
piston are 40 mm/20 mm, and the stroke length is 0.16 m. To simplify the analysis, the cylinder motion
is designed as a 0.25 Hz sine wave, and the flow rate of the cylinder is calculated and illustrated in
Figure 1. The peak value of the flow rate in extension and retraction of the cylinder is different due to
the different effective areas in the cap-end chamber and the rod-end chamber. The pump flow rate
satisfies Equation (1):

1 T
> = (dt 1
0zx7 @ 0

where Q) is the pump flow rate, Q, is the flow rate of the entire hydraulic system, and T is the
period time.
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Figure 1. The flow rate of the cylinder and the pump in a single cylinder hydraulic system: (1) motor;
(2) fixed displacement pump; (3) hydraulic accumulator; (4) proportional valve; (5) cylinder; (6) tank;
(7) relief valve.

During a complete cycle of the cylinder motion, when the pump flow rate is lower than the
cylinder flow rate, the accumulator compensates the flow rate with a decrease of pressure. When the
pump flow rate is larger than the cylinder flow rate, the extra fluid oil flows into the accumulator.
When the accumulator pressure achieves the rated pressure, the extra fluid oil flows through the relief
valve. From the view of efficiency, the energy loss of the relief valve should be minimized. The pressure
feature in a steady working system is that the pressure of the accumulator can get back to the rated
pressure after an entire working cycle. The volume of the accumulator should satisfy Equation (2):

Voutl < Vl - VZ
Voutl + VoutZ - Vinz < Vl - V2 (2)
Vi + Vina + Ving 2 Vourt + Voura

where V7 and V; are the gas volumes of the accumulator in the lowest required pressure and the rated
working pressure.

In a valve controlled system, the system pressure is usually higher than the working pressure
of the cylinder. When the system pressure decreases, to ensure the actuator works well, the valve
opening is increased. Since the valve opening has a maximum value, there is a minimum value for
the system pressure under which the valve and the cylinder cannot work well. This minimum value
is named as the lowest required pressure. Ignoring the uncertain disturbance at the force load, the
working pressure of the actuator cylinder can be approximately calculated when given a certain motion.
The lowest required pressure can be calculated from the working pressure and the pressure drop of
the valve.

When the pump flow rate is equal to the average flow rate, the energy loss of the relief valve can
be reduced to the minimum value. However, this pump flow rate is not robust enough for a frequency
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varied system. As shown in Figure 2a, when the working frequency increases suddenly, the pump
flow rate cannot match the new flow rate of the system immediately because of the hysteresis of
the motor speed regulation. Therefore, there is a transition process between two different working
frequencies. The transition process contains two stages: speed regulation stage and recovery stage.
The speed regulation stage starts when the working frequency changes and ends when the pump flow
rate matches the new average flow rate again. During the speed regulation stage, the fluid volume
and the pressure in the accumulator decrease continuously. The recovery stage starts after the speed
regulation stage and ends when the pressure returns to the rated pressure.

To reduce the difficulty of the analysis, the example model in Figure 1 is idealized without force
load and uncertain disturbance. Because the motion of the cylinder in the Figure 1 is a sine wave, the
working pressure increases when the motion frequency increases. Thus, the lowest required pressure
increases as well. If the increase of the working frequency is large enough, the accumulator pressure
drops below the lowest required pressure during the speed regulation stage, as illustrated in Figure 2b.
Therefore, the accuracy of the cylinder motion is affected during the transition process.
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Figure 2. Performance of a traditional accumulator in a single cylinder hydraulic system when the
working frequency is suddenly doubled: (a) flow rate of the pump and the cylinder; (b) oscillation of
the accumulator pressure and the lowest required pressure.

There are usually two ways to decrease the excessive pressure drop—increasing the pump flow
rate or increasing the volume of the accumulator. The former increases the energy loss of the relief valve
at low working frequency, and the latter increases the weight of the whole system. Considering energy
efficiency and weight limit, the above-mentioned ways are not suitable for the small hydraulic system.

This defect of the traditional accumulator is due to the nonlinear characteristic of the gas. The
exponential compression and expansion processes of the gas cause a large pressure variation during
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the working process. To ease this problem, the gas chamber and the fluid chamber in the accumulator
should be isolated, and the force between the gas and the fluid should be transmitted through
a nonlinear device. The nonlinear device is to offset the nonlinear variation of the gas pressure and
maintain the fluid pressure in a steady area.

3. Modeling of the New Accumulator

3.1. Structure of the New Accumulator

When the nitrogen gas is compressed, the pressure of the gas can be calculated using the gas
state equation. Whether the working cycle is an adiabatic process or an isothermal process, the
relationship between the pressure and the volume of the gas is nonlinear. Although the change of
the gas pressure is nonlinear, the nonlinearity can be offset through anther nonlinear transformation.
In the traditional mechanisms, the nonlinear property exists in multi-bar linkages, variable ratio gears,
and cam mechanisms. Considering the complexity and the size, a rotary cam mechanism is chosen to
achieve this nonlinear transformation.

As illustrated in Figure 3, the new accumulator is a combined piston type accumulator. The
fluid chamber and the gas chamber are separated by the piston and the cam mechanism. The fluid
chamber is between the fluid end cover and the fluid piston. The gas chamber is between the gas
end cover and the gas piston. The rotary cam mechanism is fixed in the middle of the cylinder with
two angular contact ball bearings and a thrust nut. There are four grooves on the cylinder’s wall,
which are symmetrically distributed along the axial line. Each piston has a steel shaft to transfer force
and displacement, and the steel shaft extends from the grooves. Each steel shaft contacts with the
profile of the cam mechanism through needle bearings. These grooves convert the rotary motion of the
cam mechanism into the linear motions of the pistons. To decrease the friction, the needle bearing is
used between the steel shaft and the groove. The end covers and the pistons are sealed with O-rings,
recording to the structure of the traditional piston type accumulator.

rotary cam
mechanism

fluid cnd cover Gy

L
1

fluid piston

thrust nut

needle bearing

—

the steel shaft

gas piston

sealing ring

I gas end cover
nozzle

angular contact
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Figure 3. Mechanism structure of the new accumulator.



Energies 2019, 12, 3104 60of 17

3.2. Shaping of the Cam Mechanism

As shown in Figure 4, the cam mechanism has two profiles: one is the fluid cam profile L1 and the
other is the gas cam profile L,. In Figure 4, the dash line is the previous position of the needle bearing,
and the solid line is the latter position of the needle bearing. When the fluid flows in and out of the
new accumulator, the energy stored in the fluid chamber can be expressed as:

fPflAdrlzfPgAdrz—ffdrl—ffdrz 3)
Ly Ly Ly Ly
fPfZAdrl —f PgAd72+f fdﬁ-i—f fdry (4)
Ly Ly Ly L,

where Pr and Py, are the fluid pressures when the fluid flows out and in, Py is the pressure of the
nitrogen gas, f is the friction of the piston, A is the cross-sectional area of the piston, and r; and r; are
the arc lengths along L1 and L,.
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Figure 4. Model of the cam mechanism in 2D: (a) charging process; (b) discharging process.

The pressure Py, is larger than the pressure P, because of the piston friction. The fluid pressure in
the accumulator can be decomposed into two parts—the ideal fluid pressure P(;4,;) and the disturbed
pressure Pg45). The disturbed pressure in this paper is defined as a pressure caused by the piston
friction. The disturbed pressure causes a deviation between the real fluid pressure and the ideal fluid
pressure. Thus, the energy Equations (3) and (4) can also be expressed as:

f (P (idea) — P p(ais) ) Adry = f PgAdry — Ef (5)

Ly Ly

j; (P f(iden) + P p(ais) JAdry = fL PoAdry + Ef (6)
1 2

where Ef is the work of the piston friction.

From Equations (5) and (6), it can be seen that the fluid pressure in the new accumulator can
maintain a minimum pressure oscillation when the ideal pressure P ;g is constant. Therefore, the
key of the new accumulator is the design of the cam profiles that can keep the Py, as a constant.

Ignoring the friction effect, the ideal energy stored by the fluid should be equal to the energy
stored by the compressed gas. Assuming the compression and the expansion processes of the nitrogen
gas obey the ideal gas Equation (7):

PoVjy = PV, (7)

where Pgo and V¢ are pre-charge pressure and gas volume of the accumulator, 7 is the polytrophic
exponent, and P and V¢ are the current pressure and the gas volume of the accumulator.
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The energy equation of the new accumulator is a second curvilinear integral along the profile of
the cam mechanism. Since L1 and L; are continuously differentiable curves, the energy equation can be
transformed as Equation (8):

0 0 PgongA
P Ak RAO = f — k»RdO (8)
j()‘ f(idea)411 0 (VgO —Ayz)" 2

where k; and k; are the slopes of the profiles, R and 0 are the radius and the rotation angle of the cam
mechanism, and y; is the displacement of the gas piston and can be expressed as Equation (9):

0
v = fo KaRd0 ©)

To simplify the design, the profile L, can be set as a fixed slope line, and the displacement of the
gas piston is 1 = kpRO. The nonlinear transformation can be achieved by the profile ;. Assuming the
working process in the accumulator is fast enough to be treated as an adiabatic process, the value of
the 1 can be set as 1.4. Then, the slope of the profile L; can be given from Equations (8) and (9).

P ()V1'4k2
ki(6) = S (10)
P (igea)(Vgo = Ak2RO)

Given the parameters as Py = 60 bar, Voo = 0.2 L, ky = 0.35, P4,y = 60 bar, A = 19.625 cm
and R = 4.6 cm, the real cam profiles of the new accumulator in the experiment can be calculated. The
result is shown in Figure 5.
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Rotation angle Of the cam (rad)
Figure 5. Real cam profiles of the new accumulator in the experiments.

3.3. Different Pre-Change Gas Pressure in the New Accumulator

Once the parameters of Equation (10) are fixed, the profile of the cam mechanism can be decided.
Although the design of the new accumulator is to closely maintain the fluid pressure at a given pressure
P (idea), @ new, relatively steady fluid pressure with a different pre-charge gas pressure can also be
achieved. Assuming the new pre-charge gas pressure is Py, the new energy equation in the new
accumulator can be expressed as Equation (11):

0 Py V" ko 0 P,V'A
f P ey A RAO = f L 8 k,Rd0 (11)
0 Pf(ideay (Vg0 — Ay2) 0 (Veo—Ay2)
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From Equation (11), the new fluid pressure P(,,) is derived as Equation (12):

 Pa1Pgigen)

Pt new) = P = constant (12)

g0

Ignoring the effect of the friction, the new fluid pressure Pf () is proportional to the new
pre-charge pressure Pg1. Therefore, the new accumulator can achieve a series of steady fluid pressure
with different pre-charge gas pressures, which is validated in Section 5.

4. Mathematic Model of the Single Cylinder Valve Controlled System

4.1. Simulation Model

To compare the flow compensation property of the traditional accumulator and the new
accumulator, a simulation model of the new accumulator is constructed in the Amesim platform,
as shown in the lower right dashed frame of Figure 6. Considering the piston friction of the new
accumulator, the simulation model uses two cylinders to simulate the fluid chamber and the gas
chamber. The transformation property of the cam mechanism is built using two rotary-linear modulated
transformer submodels. One rotary load submodel is used to simulate the inertia moment of the cam
mechanism. The slope of the cam profile L; is set with the function f(x) according to Equation (10).
The slope of the cam profile L, is set as constant value k. A traditional bladder type accumulator is
connected with the port of the gas chamber, which provides the dynamic property of the compressed gas.
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|
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=
3
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The new accumulator model

Figure 6. Simulation model constructed on Amesim.

The entire hydraulic system model in the simulation contains the fluid power part, the proportional
directional valve, the actuator cylinder, and the load part. In the fluid power part, a commercial
three-phase asynchronous motor is used to drive a constant pump, and the motor speed is controlled
by a frequency inverter. The relief valve and the new accumulator are the other two parts of the fluid
power part. The load part, as shown in the upper right dashed frame of Figure 4, consists of an inertial
load and a force load. To simplify the simulation, the cylinder in the force load uses the same size as
the actuator cylinder in the main system. Using a solenoid valve to switch the flow direction, the force
load can provide a steady force.
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Another simulation model using the traditional accumulator submodel to replace the new
accumulator model is also constructed in the Amesim platform. Because the new simulation model is
the same as those in the simulation of Figure 6 except the accumulator, the new simulation model is
not illustrated in this paper.

As is well known, the dynamic of the hydraulic system has a high nonlinearity. Some complex
control methods such as feedback linearization method, adaptive control, and sliding mode control
have been used to achieve a better performance. Despite the difficult control of the hydraulic system,
the traditional PID control algorithm can still get an acceptable performance in the low frequency
motion. To simplify the analysis, the new accumulator system and the traditional accumulator system
use the same PID controller settings in this paper. The flow compensation properties of the two
accumulators are compared in low frequency.

4.2. Proportional Valve

Compared with the servo valve, pressure drop and energy loss are lesser in the proportional valve.
For energy efficiency purposes, the proportional valve is a better choice in a low frequency hydraulic
system. The flow property of the proportional valve can be described by Equation (13) as follows:

Q = CyA(xo) ‘/%AP 13)

where C; is the flow coefficient at the valve port, A(x,) is the opening area decided by the valve spool
displacement x,, p is the fluid oil density, and AP(% - 9) is the pressure difference between the inlet
and the outlet of the proportional valve. The equation A(x,) achieves a maximum valve Amax when
the valve opening percent reaches 100%. With the maximum valve Amay, the lowest required pressure
of the system can be calculated given a certain cylinder motion.

4.3. The New Accumulator

The bladder accumulator uses a rubber bladder to separate the nitrogen gas and the fluid oil,
which is widely used in the low pressure system. Compared with the piston accumulator, the bladder
accumulator has a better response velocity. In this paper, the bladder accumulator is considered as
a fast response accumulator without response delay in the low frequency system. Different from the
bladder accumulator, the new accumulator uses the cam mechanism and two pistons to transform force
and displacement. Considering the friction force and the moment of inertia, the dynamic equation of
the new accumulator is represented by Equation (14):

(PoA - sgn(vs,)f — mgpagy) xky = (PfA + sgn(vg,) f + mgpag,) xki (0) = i

apykyky—v g,k k
fgp = fr 2k% frta™2 (14)
W= agp/sz

where P¢ and P are the pressures of the gas chamber and the fluid chamber, A and f are the section
area and the friction of the piston in the new accumulator, g, and m, are the piston masses in the gas
chamber and the fluid chamber, | and @ are the moment of inertia and the angular acceleration of the
cam mechanism, ag, and ag, are the accelerates of the two pistons in the gas chamber and the fluid
chamber, v, is the piston velocity in the fluid chamber where the velocity is positive when the gas
expands, and sgn(x) is the step function as Equation (15):

1 ifx>0
sgn(x) =¢ 0 ifx=0 (15)
-1lifx<0
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Given a certain flow variation, the fluid pressure in the new accumulator can be computed as:

1 1 Jo, 1
Pf = Pf(idea) —sgn(vfp)z f(l + m) + (mpugp + = R )k ( ) + Mppay (16)

From Equation (16), we can see that the fluid pressure can vibrate along the set value P F(idea)- The
effect of the inertial force as the second and the third term in the square brackets is much less than
the effect of the friction in the low working frequency. Therefore, the dynamic property of the new
accumulator is mainly decided by the piston friction.

4.4. The Driving Cylinder

In this paper, we use a constant pressure subsystem to supply a constant force load. The subsystem
is set with a large enough flow rate to ensure a steady force load. The inertial load slides on the rail
by the sliding bearings, which can be treated as an ideal inertial load without friction. The dynamic
equation of the inertial load can be written as Equation (17):

P1Ay = PoAy = sgn(¥)[ fi + f2 + Prond(H(%) Ay + H(—%)Az) | = mit (17)

where P; and P; are the pressures in the piston side chamber and the rod side chamber, A; and A; are
effective areas of the piston side chamber and the rod side chamber, f; and f, are the friction forces
in the driving cylinder and the force load cylinder,m and x are the mass and the displacement of the
inertial load, P}y, is the pressure in the force load, and the flow rates in the two chambers of the driving
cylinder are represented in Equation (18):

= C4A(x \[ [H() VP =P1 + H(~%) VP, — P}

. (18)
Q) = C4A(x f[H %) VP2 = Ps + H(~%) VPs — P
where P; and P; are the supply pressure and the tank pressure of the main system, and H(x) is a function
defined by Equation (19) as:
1 ifx>0

H(x):{ 0 ifx<0 19)

5. Simulation and Experiment Results

5.1. Experiment Platform

To test and compare flow compensation properties between the new accumulator and the
traditional accumulator, a hydraulic platform based on the previous simulation model is erected,
as shown in Figure 7. There are two hydraulic circuits—the main actuator circuit and the force
load circuit—in the experimental platform. The main circuit uses a three-phase asynchronous
motor with 2.2 kw rated power and 2840 r/min rated speed to drive a constant displacement pump.
The asynchronous motor is controlled by a SIEMENS frequency inverter. The actuator cylinder is
connected to a Hoyea proportional valve BEWNE-02-3C2-32 with electrical position feedback. To ensure
the steady of the force load, the flow in the force load circuit is sufficiently supplie by another motor
and pump. Rated pressures in the main circuit and the force load circuit are set to 63 bar and 35 bar.
The two cylinders with the same size are deployed in the main circuit and the force load circuit. The
motion of the actuator cylinder rod is measured by a linear displacement transducer. The working
pressure of the main circuit is measured by a pressure transducer. An ADVANTECH PCI-1716 data
acquisition card is used to convert the analog signals and send out the valve command. The parameters
of the main components of the experiment platform are shown in Table 1.
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The force cylinder 20 Kg mass
L
Displacement transducer {

The actuator cylinder

-

Figure 7. The experiment platform.

Table 1. Main parameters of the simulation and experiment system.

Name Value Unit
Diameter of piston/piston rod of the cylinder 32/16 mm
Stroke of the cylinder 15 cm
Mass of the inertial load 20 Kg
Displacement of the pump in the main system 6 ml/r
Cracking pressure of the relief valve in the main system 63 bar
Cracking pressure of the relief valve in the force load part 35 bar
Diameter of the new accumulator 50 mm
Moment of inertia of the cam mechanism 0.0014 Kgm?
Initial gas volume of the new accumulator 0.2 L
Initial gas pressure of the new accumulator 60 bar
Initial gas volume of the traditional accumulator 0.46 L
Initial gas pressure of the traditional accumulator 40 bar

5.2. Fluid Pressures with Different Pre-Charge Pressures

To verify the effectiveness of the new accumulator design, a preliminary experiment focusing on
the steady of the fluid pressure is conducted in this subsection. The first experiment is to gauge the
fluid pressure when the fluid flows in and out from the new accumulator at a fixed flow rate.

In Figure 8, the red lines are three ideal fluid pressures, 15 bar, 40 bar, and 70 bar. The pre-charge
gas pressure is calculated from Equation (12). The lines with symbols are real fluid pressures tested by
the experiment at a steady piston speed of 0.02 m/s. The pressures during acceleration and deceleration
processes are not illustrated in this figure. The black arrow indicates the flow direction of the new
accumulator. With the effect of the friction, the real fluid pressure when the fluid flows in is larger
than the real fluid pressure when the fluid flows out. Therefore, the new accumulator has two levels
of pressure, high pressure and low pressure. As shown in Figure 8, when the ideal fluid pressure is
15 bar, the average gap between the ideal fluid pressure and real fluid pressure is 1.2 bar. Meanwhile
the fluid pressure can maintain almost steady at a certain value, which means the variation of the
pressure gap can be neglected in low pressure. When the ideal fluid pressure increases to 40 bar, the
average pressure gap increases to 2.8 bar. Moreover, the pressure gap increases with the increase of
the fluid charging percent. The maximum variation of the pressure gap is 0.5 bar at the 40 bar ideal
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pressure. When the ideal fluid pressure increases to 70 bar, the average pressure gap increases to
4.5 bar. The maximum variation of the pressure gap increases to 1.8 bar at the 70 bar ideal pressure.

80 —
7 +—o—~o—o—o0—0—0o—o0—o0—o0—0——0—0—0—0—0—0—0——0—0—10
. 70 — -, N —— 70 bar ideal pressure
3 60 - -~
> .
5 50 —
(73 -
[72]
0 40 —
o -
2 30
£ .
20
10 —
T | T | T | T | T ]
0 20 40 60 80 100

Fluid charging percent in the new accumulator (%)
Figure 8. The fluid pressure of the new accumulator with a 0.02 m/s piston speed.

As discussed in the previous sections, the pressure gap is mainly caused by the friction of the new
accumulator. Because the friction in the new accumulator increases with the increase of the pressure,
the pressure gap in the high pressure is larger than that in the low pressure. The variation of the
pressure gap increases with the increase of the pressure, which is mainly due to the inaccuracy of the
ideal gas equation at the high pressure. Another pressure characteristic is that the pressure gap when
the fluid flows in is larger than the pressure gap when the fluid flows out. This is due to the different
lubrication conditions of the two processes.

5.3. Comparison in A Large Instant Flow Compensation Process

To show the different flow compensation properties of the two accumulators, a detailed experiment
with working frequency instantly increasing from 0.25 Hz to 0.5 Hz is tested. Based on the average
flow rate, the pump speeds are set to 820 r/min and 1700 r/min, correspondingly. The first 4 s in
the experiment represent the fluid charging stage. In this stage, the motor starts from zero speed
to the fixed speed, and the accumulator is charged from pre-charged pressure to the rated pressure.
The sine signal starts at the fourth second, and the working frequency is set to 0.25 Hz. After two
entire cycles, the working frequency increases instantly from 0.25 Hz to 0.5 Hz. Then, the motor is
regulated to 1700 r/min to match the new average flow rate. The flow compensation properties of the
two accumulators are compared in three stages—0.25 Hz steady stage at 4-12 s, transition stage at
12-18 s, and 0.5 Hz steady stage at 18-24 s.

5.3.1. Pressure Comparison

To achieve a smooth simulation curve, some parameters in the Amesim model, such as the stiffness
of the hoses and the flow rate pressure gradient of the relief valve, are tuned reasonably. Additionally,
flow rate of the pump is carefully designed based on the required motion. Therefore, during the two
steady stages and the transition stage, there is little fluid flowing through the relief valve. For a better
speed regulation, the parameters of the asynchronous motor are considered in the Amesim model.
Moreover, some noise from the transducer is removed.

As shown in Figure 9, the charging process of the accumulator begins from 0 s. Before the new
accumulator is fully charged, the fluid pressure can maintain an approximate steady value. There is
an end to the cam profile, as shown in Figure 3. When the needle bearing reaches the end of the cam
profile, the new accumulator is fully charged, and the fluid pressure increases and reaches the cracking
pressure of the relief valve. Therefore, when the new accumulator is fully charged at approximately
3 s, there is a pressure increment from the new accumulator pressure to the cracking pressure of the
relief valve.
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Figure 9. Comparison of two pressures of the two accumulator systems when the sine signal frequency
suddenly increases from 0.25 Hz to 0.5 Hz: (a) pressure of the traditional accumulator; (b) pressure of
the new accumulator.

When working in two steady stages, the fluid pressures of the two accumulators vibrate regularly.
Fluid pressures in both accumulators can return to the initial levels at the end of each working
cycle. The oscillation of the pressure is continuous and derivable in the traditional accumulator. The
oscillation of the pressure is rectangular in the new accumulator. Through the transformation of
the cam mechanism, the pressure in the new accumulator keeps approximately constant if the flow
direction is not changed.

When the frequency of the sine signal suddenly increases from 0.25 Hz to 0.5 Hz, the flow of
the pump cannot match the requirement instantly, and the accumulator supplies the extra flow. The
transition stage consists of the speed regulation stage and the pressure recovery stage. Before the
motor speed reaches the new value, the pressure of the traditional accumulator continuously decreases
and falls below the lowest required pressure. After the speed regulation phase, the pressure gradually
recovers to the steady area. It is different in the new accumulator that the pressure can still vibrate in
a steady area.

5.3.2. Comparison of the Valve Motions

As shown in Figure 10, when working in two steady stages, the proportional valves in the two
systems move regularly. Because the pressure in the traditional accumulator vibrates continuously;,
the motion of the valve is continuous, too. The valve motion in the new accumulator system is
slightly different than that in the traditional accumulator system. The opening percent of the valve
quickly increases or decreases when the pressure in the new accumulator vibrates from low pressure to
high pressure.

During the transition stage, the pressure in the traditional accumulator falls below the lowest
required pressure. In this condition, the valve command saturates, and the valve is fully open.
After the speed regulation phase, the pressure recovers gradually, and the valve control returns to
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normal. Compared with the traditional accumulator system, the valve can still work well in the new
accumulator system because of the special pressure characteristic.
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Figure 10. Comparison of the valve motions of the two systems when the sine signal frequency
suddenly increases from 0.25 Hz to 0.5 Hz.

5.3.3. Cylinder Motion Comparison

During two steady stages, the motions of the actuator cylinders in the two systems can both
stably track the input signal by the PID algorithm, as shown in Figure 11. The two tracking errors
both increase with the increase of the working frequency. Moreover, due to the extra inertia load and
friction, the cylinder motion in the new accumulator system has a small phase delay compared with
the traditional accumulator system. The tracking error in the new accumulator system is slightly larger
than that in the traditional accumulator system.
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Figure 11. Cylinder motion comparisons of the two systems when the sine signal frequency suddenly
increases from 0.25 Hz to 0.5 Hz: (a) cylinder motions of the two systems; (b) tracking errors of the
two systems.
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However, during the speed regulation phase, the tracking error of the traditional accumulator
system increases obviously, while the tracking error of the new accumulator system can still vary
steadily. Because the valve command saturates, the cylinder of the traditional accumulator system
cannot track well. In this situation, the maximum tracking error of the traditional accumulator system
is about two times larger than that of the new accumulator system.

5.4. Effective Region of the Traditional Accumulator and the New Accumulator

The increment of working frequency from 0 Hz to 0.4 Hz is tested to achieve the effective regions
of the traditional accumulator and the new accumulator. The horizontal axis is the working frequency
increment with the basic frequency 0.25 Hz. As shown in Figure 10, when the increment is zero,
pressures of two accumulator are all higher than the lowest required pressure, which means the two
accumulators can work well in this working frequency. With the increment increases, the lowest
pressure of the traditional accumulator decreases exponentially during the transition process. The high
pressure and the low pressure of the new accumulator increases and decreases gradually. The lowest
required pressure of the system also increases. When the increment increases to 0.18 Hz, the pressure
curve of the traditional accumulator is equal with the lowest required pressure curve, which is
illustrated as point A in Figure 10. In other words, the increment 0.18 Hz is a critical value for the
traditional accumulator, above which the cylinder of the traditional accumulator system cannot track
the desired motion well. Similarly, the new accumulator has two critical values of 0.31 Hz and 0.38 Hz,
which are illustrated as point B and point C in Figure 10. Since the value of point B is less than that
of point C, the frequency value 0.31 Hz is the critical value for the new accumulator. As shown in
Figure 12, the frequency increment that the new accumulator can adjust is 0.13 Hz more than that of
the traditional accumulator. Therefore, the new accumulator has a larger effective region than the
traditional accumulator.

55
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— Relief valve pressure ——— Precharge pressure of the trad-accumulator Lowest working pressure

—0— [ —— High pressure / Low pressure of the new accumulator —O— Lowest pressure of the trad-accumulator

Increment of the working frequency (Hz)
Figure 12. Pressure variations of the two accumulators with different increment of the working frequency.

5.5. Energy Output of the Pump in the Two Systems

Although the new accumulator can maintain pressure in a transient large flow compensation,
energy loss and efficiency should be analyzed for a better understanding and use of the new accumulator.

Based on the above experiment, the energies out of the pump in the two systems are measured,
as shown in Figure 13. During the first 4 s and the transition stage, the charging energy of the new
accumulator system is larger than that of the traditional accumulator system. During the two steady
stages, the mean values of the output power of the pump in the two systems are almost the same.

Due to the friction between the piston and the cylinder, there exists energy loss at the new
accumulator, and the efficiency of the new accumulator is lower than the traditional accumulator.
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The energy efficiency of the new accumulator in the two steady stages can be simply calculated as
Equation (20):
n= Pout /Py (20)

where P;, and P,y are the charging and the discharging pressures of the new accumulator. Using
Equation (20), the efficiencies of the new accumulator during the two steady stages are 88.7% and
85.5%. Compared with the new accumulator, the traditional bladder type accumulator works with
high efficiency and can be treated without energy loss in this paper.
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Figure 13. Energy out of the pump in the two systems.
6. Conclusions

To decrease the pressure drop of the traditional accumulator in the valve controlled hydraulic
system when the system working frequency increases instantly, a new combined piston type accumulator
is proposed in this paper. The entire structure is designed, and the mathematical equation of the cam
mechanism is built based on the ideal gas equation. A simulation model is constructed in the Amesim
platform, and an experimental platform is also built with the same parameters.

From the experimental results of the single cylinder system, the lowest pressure of the traditional
accumulator decreases exponentially during the transition process. Under the basic working frequency
0.25 Hz, the critical values of the frequency increment are 0.18 Hz for the traditional accumulator
and 0.31 Hz for the new accumulator. When the frequency increment is above the critical value, the
cylinder cannot track the desired motion well, and the tracking error obviously increases during the
transition process. An example as the working frequency instantly increases from 0.25 Hz to 0.5 Hz is
tested. Results shows that, during the transition process, the pressure of the traditional accumulator
system drops below the lowest required pressure, and the maximum tracking error is almost double
that of the steady stage. On the contrary, the pressure and the tracking error of the new accumulator
system can still maintain steady during the transition process.

Different from the traditional accumulator, the hydraulic force in the new accumulator is transferred
through the steel shaft and the cam mechanism. Therefore, the pressure range of the new accumulator
is limited to the flexural strength of the steel shaft and the contact strength of the cam mechanism.
As shown in Figure 8, the new accumulator works well in the low pressure, and the pressure curve
deviates gradually from the ideal pressure in the medium pressure. Considering this fact, the prototype
and the experiment are not validated in high pressure. The purpose of this paper is to propose a new
type accumulator and validate it preliminarily.

Further research will concentrate on decreasing the piston friction and pressure oscillation
amplitude of the new accumulator. The new accumulator’s structure should be further optimized for
a more compact size and a larger pressure range. A more accurate gas equation, which is suitable from
low pressure to high pressure, should be used to design the profile of the cam. Additionally, a detailed
application in a specific small hydraulic system with the new accumulator will be studied.
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