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Hydraulic accumulators in energy
efficient circuits
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Hydraulic accumulators have long been used in hydraulic circuits. Applications
vary from keeping the pressure within a circuit branch to saving load energy.
Among these applications, storing and releasing energy has gained attention in
recent years due to the need for efficient circuits. In this sense, accumulators are
the hydraulic counterparts of batteries and capacitors in electrical circuits. From
hydraulic hybrid vehicles to complex agricultural machinery, accumulators have
been successfully implemented, and significant energetic gains have been
reported. This article reviews typical applications where accumulators can be
used to this end and discusses the challenges that still have to be overcome in
each situation.
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1 Introduction

Hydraulic accumulators are the fluid equivalent of electrical capacitors (Yudell and Van
de Ven, 2017; Leon-Quiroga et al., 2020). As such, they have been used to store energy. Their
applications include hybrid vehicles (Costa and Sepehri, 2015; U.S. Environmental
Protection Agency, 2020; Pourmovahed et al., 1992; Deppen et al.,, 2012; Deppen et al,,
2015; Beachley et al., 1983; Ho and Ahn, 2010; Chapp, 2004; Chen et al., 2022; Sprengel and
Ivantysynova, 2013), wind and wave energy extraction (Dutta et al., 2014; Fan et al., 2016a;
Fan et al, 2016b; Fan et al., 2016¢; Irizar and Andreasen, 2017; Fan and Mu, 2020),
excavators and machinery alike (Heybroek et al., 2012; Lin and Wang, 2012; Shen et al., 2013;
Hippalgaonkar and Ivantysynova, 2016a; Hippalgaonkar and Ivantysynova, 2016b; Ren
etal.,, 2018; Yu and Ahn, 2020; Bertolin and Vacca, 2021). Accumulators have also been used
as low-pressure tanks in closed hydraulic circuits (Caliskan et al., 2015; Costa and Sepehri,
2019), shock absorbers (Porumamilla et al., 2008), and as part of switched hydraulic circuits,
where hydraulic power at the actuator is controlled by fast-switching hydraulic valves instead
of spool valves (to reduce throttling losses) (Brown et al., 1988; De Negri et al., 2014; Kogler
and Scheidl, 2016; Yudell and Van de Ven, 2017).

With respect to their constructive type, accumulators are categorized into gas-loaded,
weight-loaded, and spring-loaded types (Costa and Sepehri, 2015). Gas-loaded
(hydropneumatic) accumulators are the most commonly used in hydraulic circuits, being
evidenced in all references quoted so far, and are the focus of this article. However, it is
important to say something about weight- and spring-loaded accumulators before we
continue.

Weight-loaded accumulators provide a (nearly) constant pressure during discharge since
they store potential gravitational energy within a vertically moving mass, as illustrated in
Figure 1.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmech.2023.1163293/full
https://www.frontiersin.org/articles/10.3389/fmech.2023.1163293/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmech.2023.1163293&domain=pdf&date_stamp=2023-07-19
mailto:gustavokoury@recife.ifpe.edu.br
mailto:gustavokoury@recife.ifpe.edu.br
https://doi.org/10.3389/fmech.2023.1163293
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://doi.org/10.3389/fmech.2023.1163293

Costa and Sepehri 10.3389/fmech.2023.1163293

Dead weight, density p

Dead weight, density p

FIGURE 1
Weight-loaded accumulator: (A) uncharged and (B) charged.

| | ”--\\
FIGURE 2

Spring-loaded accumulator: (A) uncharged and (B) charged.

Particularly, the output static pressure at point 2 (Figure 1B)  be heavy and always placed in an upright position, should be an ideal
depends on the elevation height, y, of the dead weight. However, the ~ choice. Unfortunately, this type of accumulator is not practical for
difference between pressures at points 1 and 2 should be negligible,  the majority of hydraulic applications. For instance, with reference
given the magnitude of the pressure at point 1. Thus, we might say ~ to Figure 1A, we consider an accumulator with a cylindrical dead
that weight-loaded accumulators, except for the fact that they must ~ weight Ay h,,, where A, = nA (n is an arbitrary number). The weight
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Gas-loaded accumulator types: (from left to right) bladder, diaphragm, and piston accumulators.

TABLE 1 Brief relative comparison between weight-, spring-, and gas-loaded accumulators.

Weight-loaded Spring-loaded Gas-loaded

Bladder Diaphragm Piston
Pressure limit Low Low High Average High
Mechanical losses (inner friction) Yes Yes No No Yes
Inner leakage Yes Yes No No Yes
Power/weight ratio Low Average High Average High
Storage capacity High Low Average Low High
Placement Vertical Any Any Any Any
Response time Slow Slow Fast Fast Slow

vertical dimension, h,,, necessary to create an output pressure, p, is
easily obtained as hy = p/(png), where g is the gravitational
acceleration. Therefore, a 10MPa pressure output in an
accumulator with an iron dead weight (p = 7874kg/m?) and
whose cross-sectional area is three times the cylinder area (n = 3)
would require hy, = 43.2m, which is obviously not acceptable.
Figure 2A shows the schematic representation of a spring-loaded
accumulator. As hydraulic oil enters, the spring is compressed and
the piston moves upward at distance Ay (Figure 2B). As a result, a
force F(Ay) is produced (not shown in the figure), creating a
pressure p = F/A within the oil chamber. Linearity between F
and Ay is not an inherent characteristic, but it is usually the case
for common springs. When the fluid within the accumulator is static,
pressures at points 1 and 2 are practically equalized. Note that there is
no need for placement in a vertical position, and given that the output
pressure does not remain constant during discharge, this type of
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accumulator is somewhat similar to the gas-loaded accumulator to
be introduced next. However, the high requirements placed on the
spring stiffness and more complex mechanical construction have
limited this type of accumulator to applications with small pressures
and low storage capacities (Chen et al., 2022).

The most common type of hydraulic accumulator is the gas-
loaded accumulator. Typically, gas-loaded accumulators have a gas
chamber separated from the oil by a bladder or diaphragm, with the
great advantage of not having moving elements and, consequently,
leaks. Piston-type gas accumulators also exist (Pfeffer et al., 2016),
but there is an inherent leakage risk as well as the added inertia of the
moving separator (piston). Figure 3 illustrates the three types of gas-
loaded accumulators.

By far, gas-loaded accumulators are the most used in hydraulic
circuits. A comparison between the accumulator types is given in
Table 1.

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2023.1163293

Costa and Sepehri

10.3389/fmech.2023.1163293

FIGURE 4
Accumulator discharging to tank through a fixed orifice.

In Section 2, we present a brief mathematical analysis of gas-
loaded accumulators.

2 Mathematical modeling of gas-
loaded accumulators

Considering that the accumulators illustrated in Figure 3 are
isothermally loaded, the simplest relationship between the input
pressure and the gas chamber volume can be obtained from the
perfect gas law.

mRT
Vg

p= (1)
where p is the (absolute) pressure inside the accumulator, 1 is the
mass of the contained gas, R is the gas constant, and V' is the volume
of the gas chamber. Here, we assume that the situation is static or at
least very close to it in the sense that the fluid dynamics effects
caused by oil entering/leaving the accumulator are disregarded (a
fairly reasonable assumption in hydraulic circuits).

In Eq. 1, we have considered that the accumulator gas is ideal and
that the heat transfer between the accumulator and the environment
guarantees an isothermal process. In many situations, the resulting
simplified model (1) is adequate to simulate an actual scenario (Dutta
et al,, 2014; Fan et al,, 2016a; Pfeffer et al., 2016). However, a more
general approach consists in treating the charging/discharging process
as lying somewhere between isothermal and adiabatic and using the
polytropic relation pV" = ko, where n is the polytropic index and kg is a
constant (Kogler and Scheidl, 2016; Zhao et al., 2019; Liu et al., 2020).
Some have chosen to model the accumulator using a much more
elaborate equation of the state for the gas (Pourmovahed et al., 1992).
For the purpose of introduction, in this section, Eq. 1 is sufficient and
will be used as a basis for the discussion that follows.

The input/output oil flow, Q, is determined from Eq. 1 as

Q=T 2 @
where C, is the capacitance (as in electrical circuits) and is
dependent on the absolute pressure, p.
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FIGURE 5
Pressure control using a piloted pressure-reducing valve

mRT
CA = >
p

(©)

Equations 2, 3 can be solved for some particular situations. For
instance, consider the case where the accumulator is discharged into
a tank at pressure p, through an orifice, as shown in Figure 4. In
such a case, the orifice equation Q = C+/p— pg, where C is the
orifice coefficient, can be combined with Eqs 2, 3, resulting in

d
d_ltj = —QOP2 VP~ Po (4)

where ay is a constant given by

C

= 2T (5)

[Z0)
Equation 4 can be integrated by making p = pi, (initial pressure
load) at ¢t = 0. Note that the integration variables, p and ¢, have been
replaced with the dummy variables, p* and t*, since they also appear
as the upper limits of the integrals. The resulting expression can be
simplified if we approximate +/p*— py = +/p*, which is quite
reasonable in hydraulic circuits, where the gauge pressure
(p* = po)s is not much different from the absolute pressure, p*:

ofarese o [gor=m] = 1.5
2[p{P-p00) ©

n

From Eq. 6, we obtain the pressure within the gas chamber as a
function of time

9 ﬂ] (-9

p=[p?- o)

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2023.1163293

Costa and Sepehri

10.3389/fmech.2023.1163293

-

=
>

Vixl,p

cama-=ogmcua..

-

FIGURE 6
Constant pressure gas-loaded accumulator (Van de Ven, 2013).

Load

FIGURE 7
Variable gas volume accumulator (Liu et al., 2020).

Equation 7 has a practical implication. If a gas-loaded
accumulator is used to drive an actuator, both flow and force
change in time. The only possible way of keeping a constant
pressure, p, for example, is by changing ao, given by Eq. 5, into a
function of time in such a way that the second term within the
brackets in Eq. 7 becomes constant.

As a general rule, pressure control in gas-loaded accumulators is
carried out through a variable orifice, where C in Eq. 5 continuously
changes, which implies energy dissipation. Proportional valves can

Frontiers in Mechanical Engineering

be used to this end, as illustrated in Figure 5. By sensing pressures p
and py, the proportional pressure reducing valve, V, can be adjusted
to keep the load pressure, py, at a pre-determined value.

A novel way of providing a constant pressure output was
proposed by Van de Ven (2013). The idea was to modify the
accumulator such that the gas would act on a variable piston
area, A (x), as illustrated in Figure 6.

For the simplest scenario, when the perfect gas law is applied to
an isothermal process and dynamic forces are disregarded,
p(x)Ay = pA(x). Therefore, the pressure p(x) at the accumulator
output, shown in Figure 6, is given by

_ A(x)mRT

px)= VA (8)

The solution proposed by Van de Ven (2013) adds a moving
mass to the accumulator, and although dynamic forces are not
considered in Eq. 8, they might play an important role in transient
behavior.

Another approach to the variable-pressure problem consists in
changing the compressed gas volume, V,, in Egs 1, 2 (Liu et al,
2020). Figure 7 illustrates the concept. With the solenoid of valve V;
activated, the compressed gas chamber volume is Ve=Va +Vg.
On the other hand, the auxiliary gas accumulator, R, has its volume,
Vg, controlled by the proportional valve V. Note that if V' is not
activated, no additional gas volume is added to the accumulator A.
Here, we note the need for a good controller to set the gas regulator,
R, according to the circuit demands.

Other concepts have been suggested that allow for controlling
the output pressure. For instance, Zhao et al. (2019) introduces a
piston-type gas accumulator where the variable pressure at the
accumulator output is counterbalanced by a mechanical device
attached to the piston. The resulting design (not shown here) is
relatively complex and involves a cam mechanism together with
roller bearings.

In the following sections, we describe typical uses of gas-loaded
accumulators in hydraulic circuits as energy storage components.
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FIGURE 8
Common pressure rail (CPR).

3 Energy storage and reuse from

multiple actuators | m

In many situations, accumulators can be used to store energy

during motoring quadrants, i.e., when energy flows from the load —
into the hydraulic circuit. In one case scenario, accumulators can

store energy from several hydraulic actuators and/or motors through

a common pressure rail (CPR) system. To illustrate the CPR concept, ﬂ

the circuit shown in Figure 8 is considered. In the figure, we observe a H

high-pressure accumulator, H, and a low-pressure accumulator, L. .
3

The pressure differential between accumulators H and L provides the Y& -
driving force for cylinders A and B, which move against resistive

loads, F and 10 F. Assuming that the cylinders are identical, the
required pressures at the cap sides are p and 10 p, respectively.
Accumulator H must then supply a pressure somewhat higher than

10 p to compensate for the losses at valve V,. On the other hand, in

order to produce the ten times-lower pressure required at cylinder

A, high throttling losses are produced at valve Vi, lowering the
energetic efficiency of the whole circuit (Costa and Sepehri, 2019).
This drawback has been addressed, and solutions have been

proposed below. Nevertheless, a positive characteristic of CPRs is P

the capability of harvesting load energy. For instance, consider that T

the direction of vy is reversed, while the external load, 10 F, remains 1

unaltered. In such cases, cylinder B is driven by the external force, FIGURE 9

10 F, and energy coming from the load can be stored within the Hydraulic circuit with one actuator (CPR-style design).

accumulator H.
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FIGURE 10

(A) Inline accumulators in a hybrid automobile transmission [reproduced from Costa and Sepehri (2015)] and (B) secondary accumulator circuitin a

wind generator [reproduced from Dutta et al. (2014)].

CPRs can be considerably improved through the substitution of
directional valves with hydraulic transformers, where throttling
losses are not an issue (Shen et al, 2013). In fact, the design
evolution of hydraulic transformers has recently drawn the
attention of heavy machine manufacturers to the use of CPRs as
a means of increasing the energetic performance (Heybroek et al.,
2012).

It is possible to use accumulators to store load energy even when
one single actuator is present, as shown in Figure 9.

In Figure 9, the low-pressure accumulator has been replaced by
the tank. The cylinder lifts a load of mass m through the activation of
solenoid y. The accumulator stores potential energy coming from
the load when vy is deactivated. For comparison, the circuit design
preserves the CPR style, as shown in Figure 8.

Valve-controlled actuators are accompanied by losses at the
cylinder control valve. This is the case even when there is no flow
reduction, as in Figure 9, where no velocity control is required for
the cylinder. More energy efficient circuits eliminate cylinder
control valves altogether, where stored energy is not dissipated
into heat. Circuits such as these are denominated pump-
controlled actuators [or “hydrostatic actuators” (Costa and
Sepehri, 2015)] and are a direct evolution from “hydrostatic
transmissions,” where a hydraulic motor is directly connected
to the pump. We deal with hydrostatic transmissions and
actuators in Section 4.

Frontiers in Mechanical Engineering

4 Energy storage and reuse in
hydrostatic transmissions and
actuators

There are two ways how we can use an accumulator to store
energy from the load in a hydrostatic transmission or actuator. The
first way is by connecting the high- and low-pressure accumulators
directly to the main hydraulic circuit. The second way is by creating
a secondary circuit with its own pump/motor where the
accumulators are placed. Figure 10 shows two application examples.

Figure 10A shows the circuit for a hydraulic hybrid automobile
(Costa and Sepehri, 2015). The engine, E, supplies energy to the wheels
through pump, P, connected to the pump/motor, PM, which drives the
differential, D. This is a fairly simple circuit, and many improvements
have been made through the years (U.S. Environmental Protection
Agency, 2020; Deppen et al., 2012; Ho and Ahn, 2010; Sprengel and
Ivantysynova, 2013). The accumulator H is charged whenever energy
flows from D to PM or when the automobile is idle, while the engine is
still running. In both cases, energy that would otherwise be wasted is
stored in H.

One clear disadvantage of placing the accumulator in parallel to
the main hydraulic circuit is that the effective bulk modulus of the
system is drastically reduced. In the particular case of an automobile,
the effect is a “spongy” feeling to the driver due to the much lower
response time (Sprengel and Ivantysynova, 2013). An inline
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FIGURE 11

Energy storage circuit connected to a single-rod electrohydrostatic actuator.

accumulator precludes the need of additional mechanical devices,
such as the one shown in Figure 10B, where a secondary circuit
connected to another pump/motor is employed. Secondary circuits
of this kind were first proposed by Wendel (2002) and are explained
in detail by Costa and Sepehri (2015), where they are given the name
“energy storage circuit.” In Figure 10B, a fixed-displacement pump,
P, is driven by the wind turbine, T. The variable displacement motor,
M, is connected to an auxiliary pump/motor, P,, which is
responsible for transferring fluid between the high-pressure
accumulator, H, and the tank (low-pressure accumulator). The
stored energy can be used to help the motor drive the shaft of
the electricity generator, G. In the particular case of the circuit
shown in Figure 10B, the idea is to store energy whenever the wind
speed is higher than a rated value and subsequently reuse the stored
energy when the wind speed falls below it (Dutta et al., 2014). The
use of a variable displacement motor, M, provides the high
transmission ratio, which is necessary because of the high
angular speed required by the generator (Costa and Sepehri, 2015).

Hydrostatic actuators can also benefit from accumulators to
store energy from the load. Figure 11 shows an electrohydrostatic
actuator where an energy storage circuit is connected to the main
pump. The circuit shown in Figure 11 is based on a design proposed
by Costa and Sepehri (2015). Other circuit designs can be found in
Hippalgaonkar and Ivantysynova (2016a) and Hippalgaonkar and
Ivantysynova (2016b).

With reference to Figure 11, valve V;, connected to a low-
pressure source, P, is used to compensate for the uneven flows
coming into and out of the differential cylinder [see Costa and
Sepehri (2019) for details on the way in which valve V; operates].
Since the pump and cylinder are directly connected, it is possible to
transfer energy from the load to the main pump, P;. When this

Frontiers in Mechanical Engineering
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Pulse modulation flow control. (A) Hydraulic circuit, (B) Valve
control signal, (C) Circuit flows.
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FIGURE 13
Ideal switched inertance circuit. (A) Hydraulic circuit, (B) Valve
control signal, (C) Circuit flows.

happens, we say that the circuit operates in the motoring mode, and
P acts as a hydraulic motor. A belt and pulley transmission is used
to connect P; to the secondary pump P, which loads the
accumulator H when it pumps oil from the tank T. The variable
displacement of the pump/motor, P,, can be shifted between a
positive and negative value so that it guarantees that the flow
between the tank and the accumulator is correctly directed. The
energy stored in H can be later reused to assist the main pump, Py, by
activating valve V,, thus reducing the overall energy consumption.

5 Accumulators in digital hydraulics

One interesting manner of providing a variable flow into the
actuator without the use of throttling valves is through the use of a
fast-switching electrovalve, V, as shown in Figure 12A. The idea is to
modulate the electrical pulse width, AT (0 <A< 1), of solenoid y
(Figure 12B), in such a way that the periodic flow at port 2, Quq,
may decrease/increase over a time, T, which is defined as the “duty
cycle” (De Negri et al,, 2014). This pulse-width modulation (PWM)
technique can thus be used to control the cylinder velocity. Throttling
will still exist, since there is a valve in between the pressure source and
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actuator, but it will be minimal when compared to a conventional valve
control (as shown in Figure 8). The problem with the circuit shown in
Figure 12A is that Q4 is a pulsating flow, as illustrated in Figure 12C,
which is obviously not practical in hydraulic circuits. The flow, Qx4 (1),
in Figure 12C, corresponds to a hypothetical circuit where no pressure
losses, fluid density, or inner volumes are factored in.

Now consider the design shown in Figure 13 where an
accumulator, H, is added to the circuit. In the figure, we have
represented line 0-1 as in Brown et al. (1988) to emphasize the fact
that it is a real conduit with an inner diameter, d, and length, L. In
Figure 13, the accumulator plays the role of an energy absorber/
releaser, acting in parallel with the natural inertia of the fluid inside
the hydraulic line. Following Kogler and Scheidl (2016), we
denominated the pipeline 0-1 “inertance tube.”

Disregarding viscous losses in the circuit shown in Figure 12, the
Second Law of Newton can be applied between points 0 and 1.
Considering the hydraulic fluid with density p, we have

nD? aD?\ dvs
Ap[ =) = pr[ )21 9
o) -5 )% ©
where Ap = (po — pr) when (0<t<AT) and Ap = (po — ps) when
(AT <t <T). v¢ is the average speed within the inertance tube. Since
there are no pressure losses, we have assumed that p; = p; = pr
(when vy is activated) and p, = ps (when y is deactivated).

Equation 9 can be simplified and written as a function of the
flow, Qo1 = (4vy)/ (mLd?*), which is as follows:

dQu _Ap
dt L

(10)

where L¢ plays the same role as the inductance in electrical circuits
and is given by

4L

L =
P e

(11)
Integrating Eq. 10 for (0<t<AT) and (AT <t<T) yields,
respectively, we get

Q1 (£) = Qo1 (0) + <¥>t for 0<t<IT,
f (12)
Qui (1) = Qu (AAD) + (@)(t—m) for AT<t<T
f

In Figure 12C, we see the behavior of Qqr () = Qu (¢), when y is
activated at (0 <t < AT'), assuming that Qo (0) = 0. Instead of the abrupt
change from 0 to a constant value, Qqr, that we observe in Figure 12C,
the flow grows linearly, according to the first equation in Eq. 12. Likewise,
when y is deactivated, the pressure p, starts growing. Subsequently,
Qo4 (t) = Qo () decreases linearly according to the second equation in
Eq. 12. The presence of the accumulator, H, changes the behavior of
Q24 (t) into an exponential curve, as shown in Figure 11. In fact, the
accumulator guarantees that Q4 (f) never falls abruptly to zero, even in
circuits where L¢ is low. By choosing different values of T' and A, it is
possible to ensure that the flow, Q,4, remains greater than zero.

Switched inertance circuits are challenging in many ways. The
switching frequency, for instance, is an issue in conventional spool
valves. Rotary valves have been suggested as a substitute; however,
dynamic problems such as the appearance of cavitation voids in the
fluid have been observed (Brown et al., 1988). Nevertheless, this is a
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promising field in which hydraulic accumulators play an
important part.

6 Conclusion

In this review article, we presented some major fields where hydraulic
accumulators can be used to increase energy efficiency and performance.
The challenges concerning pressure and flow output have also been
addressed, where we see that attempts have been made to produce a
constant-pressure response. Still, no solution has become commercial,
but as in many other aspects of technology, this may be a simple matter of
time. It must also be said here that hydraulic accumulators have other
aspects that not explored in this article, such as energy loss during charge
and discharge due to non-isothermal behavior. These are themselves
complex and would not be fairly covered in a single article, so a choice
had to be made even in this article to pick up some significant aspects out
of a fairly large choice of approaches. We thus know that it is not possible,
by any means, to cover all aspects concerning hydraulic accumulators,
especially if we note that new circuits and new designs are constantly
being developed. The idea, however, has been to introduce the state-of-
the-art and expose the challenges and achievements obtained so far in
some significant fields of application.
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