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ABSTRACT

This review will consider the state-of-the art in the storage of mechanical energy for hydraulic
systems. It will begin by considering the traditional energy storage device, the hydro-pneumatic
accumulator. Recent advances in the design of the hydraulic accumulator, as well as proposed
novel architectures will be discussed. The review will continue with a discussion of energy
storage flywheels. This will include recent advances in flywheel design and the properties of
flywheels, particularly when compared to accumulators, as applied to hydraulic systems. These
differences necessitate a discussion of the hydraulic system architectures used to incorporate
flywheels, which will cover the various methods that have been proposed for utilising energy
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storage flywheels in hydraulic systems. The review will conclude by highlighting some of the
unanswered questions in this area of engineering research and design.

Introduction

Hydraulics are widely used in industries where a high
power-to-weight ratio or durability is paramount. It is
the power transmission system of choice in the agri-
culture, mining and construction industries (Love et al.
2012). The potential for energy recovery in hydraulic
systems has long been recognised (Pourmovahed et al.
1992a, 1992b) and has proven its potential to increase
the efficiency of systems ranging from construction
equipment (Caterpillar 2013) to on-road vehicles (Alson
et al. 2004, Altair 2011). At times the recovered energy
can be directed to another load on the system, thereby
reducing engine power or unloading the engine com-
pletely. At other times, the recovered power exceeds the
demand of the other loads on the system. In these cases,
the recovered power must either be stored or dissipated.
In general, storage allows a highly variable demand to
appear, to the prime mover, as constant, or at least closer
to constant, allowing the engine to run at a more con-
stant power and often at a more efficient operating point.
The purpose of this paper is to review the state-of-the
art in mechanical energy storage methods for hydraulic
systems. While it is possible for a hydraulic system to
use electrical or chemical energy storage, this review
is focused on mechanical energy storage, specifically
potential and kinetic energy storage. The energy stor-
age systems of focus are hydraulic accumulators and
flywheels, with consideration of their performance
characteristics and an examination of the various meth-

ods that have been proposed for employing flywheels

in hydraulic systems. This study focuses on the most
important performance metrics of modern hydraulic
energy storage devices, especially as applied to mobile
systems, which are their efficiency and specific energy.

This paper will review modern hydro-pneumatic
accumulators, including their energy loss mecha-
nisms and recent advances in their design. This will
be followed by an overview of modern energy storage
flywheel technology, including recent research and
commercial developments. Then a comparison of these
two types of storage will examine how their princi-
ples of operation effect their application to hydrau-
lic circuits. Finally, the various methods that have
been proposed for applying energy storage flywheels
to hydraulic circuits will be reviewed. The paper will
conclude with an examination of the questions and
problems remaining in the application of energy stor-
age flywheels to hydraulic systems.

Accumulators

The most common and technologically mature method
of storing energy in hydraulic systems is the accumula-
tor. This device converts hydraulic power into potential
energy. This potential energy can be a compressed gas,
a strained elastic material, a compressed metal spring or
a lifted weight. Gas-charged accumulators are the most
common, and include several architectures that differ
in the method of separating the pressurised gas from
the hydraulic fluid, using either a piston, diaphragm or
bladder.
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Energy losses

The main energy loss mechanism in gas-charged accu-
mulators is heat transfer from the accumulator. If the gas
is not compressed slowly, which is seldom practical, the
temperature rises. Although this general behaviour can
be described by the ideal gas law, the behaviour of most
gases, including nitrogen, diverges from that of an ideal
gas at the higher pressures typical of hydraulic systems.
At these pressures, the behaviour is more accurately
described with the Benedict-Webb-Rubin equation
(Pourmovahed 1988). This heat generated by compress-
ing the gas is convected to the walls of the accumulator
and lost to the environment. During re-expansion of
the gas, the inverse happens and the gas temperature
drops. If this process is not performed slowly enough
for heat to be absorbed from the environment, the result
is significantly less energy extracted from the gas than
was initially added.

Much study has concentrated on modelling and mit-
igating this thermal energy loss. Pourmovahed and Otis
generated a model that describes the overall thermal
behaviour of the accumulator using a thermal time con-
stant that depends on the gas and the construction and
orientation of the accumulator (Pourmovahed and Otis
1990). Pourmovahed et al. then went on to study meth-
ods to mitigate this deficiency. They found that filling the
gas portion of the accumulator with elastomeric foam
could reduce the thermal losses in an accumulator from
10 to 20% to as low as 1% (Pourmovahed et al. 1988).
They also tested the durability of this foam and found it
appropriate for this application (Pourmovahed 1990).

Other energy losses in a hydro-pneumatic accumu-
lator include friction (in the case of a piston accumula-
tor) or hysteresis (in the case of a bladder or diaphragm
accumulator) and the flow loss at the accumulator port.
Pourmovahed et al. experimentally observed that these
energy losses account for 1 to 5.5% of total energy
input to the accumulator (Pourmovahed et al. 1988).
This rich body of work has led to modern accumulators
which can exhibit round trip efficiencies as high 95%
(Pourmovahed et al. 1988).

Composite materials

Accumulators have also benefitted significantly from
application of advanced composites. The stress on the
shell of a pressurised accumulator lends itself to the ani-
sotropic nature of glass and carbon fibre composites.
Several companies, such as Parker Hannafin (2016) and
Steelhead Composites (2015), offer composite accumu-
lators, and the mass reduction over steel accumulators
is significant and scales with accumulator size (Mallick
2015).

Researchers at the EPA proposed and constructed
composite accumulators even lighter than those
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commercially available. This team also researched accu-
mulator bladder material that prevents nitrogen perme-
ation in order to limit the routine maintenance required
to bleed nitrogen from the hydraulic fluid of a closed
circuit (Alson et al. 2004).

Alternate accumulator technologies

Two primary limitations plague hydro-pneumatic accu-
mulators. First, the specific energy is quite low, approx-
imately two orders of magnitude lower than advanced
chemical batteries (Van de Ven 2009). Second, the pres-
sure in a hydro-pneumatic accumulator decreases loga-
rithmically with the state of charge. This effect requires
higher flow rates at lower states of charge, resulting in
larger and heavier components in the rest of the system
compared to operating at a constant pressure. Several
other accumulator technologies have been presented
as means to overcome these weaknesses, as well as
the problem of permeation of gas through the gas-oil
separator.

The open accumulator proposed by Li et al., is a gas-
charged accumulator to which energy can be added and
retrieved by either adding or removing hydraulic fluid or
changing the mass of pressurised gas through the use of a
pneumatic compressor/motor. The concept has both the
potential to increase the specific energy by an order of
magnitude over traditional accumulators and the ability
to uncouple the system pressure from the storage unit
state of charge (Li et al. 2007). Much of the study of the
open accumulator has focused on its application to large,
stationary applications, such as grid energy storage for
offshore wind turbines (Li et al. 2011). Recent promising
advances toward implementation of the open accumu-
lator have focused on the development of an efficient
pneumatic compressor/motor (Saadat and Li 2015, Yan
et al. 2015).

The variable area accumulator proposed by Van de
Ven presents a method of constructing gas-charged
hydraulic accumulators to control the relationship
between pressure on the gas and liquid sides of the
accumulator. The design is applicable to piston style
accumulators and uses a uniquely shaped piston and
a rolling diaphragm seal to create a surface area on the
gas side of the piston that is different from that on the
oil side and that varies with piston position. This allows
the oil side of the accumulator to experience a constant
pressure while the gas side pressure increases, providing
a constant oil pressure as the energy stored in the com-
pressed gas increases. The concept offers the potential
to increase specific energy over traditional piston accu-
mulators, while mitigating the hydraulic system pressure
dependence on state of charge. Implementation of this
design requires further research in the design and man-
ufacture of high-pressure rolling diaphragm seals (Van
de Ven 2013).
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The strain energy accumulator proposed by Barth et
al. stores energy in a strained solid rather than in a com-
pressed gas. This design is promising due to the high-en-
ergy density and specific energy of highly strained elastic
materials. The design also mitigates the previously dis-
cussed heat transfer problem of compressed gas accumu-
lators and does not suffer from the problems caused by
gas permeation past bladders or seals. The concept has
the potential to double or triple the specific energy over
traditional accumulators (Pedchenko and Barth 2009).
The design consists of an elastic bladder, which strains
as fluid is added, and a protective shell to prevent fail-
ure of the bladder (Barth et al. 2014). Prototype strain
energy accumulators have been constructed and tested
at moderate pressures and currently present challenges
in clamping the highly strained elastic material (Tucker
and Barth 2013, Cummins et al. 2014).

Flywheels

An alternative to storing hydraulic energy in a
hydro-pneumatic accumulator is to store it kinetically
in a flywheel driven by a hydraulic pump/motor. In some
applications, the increased complexity and energy loss
added through the inclusion of the hydraulic pump/
motor are warranted due to the flywheel’s increased spe-
cific energy and energy density. This section will discuss
modern advances in flywheel energy storage, compare
the characteristics of accumulators and flywheels when
applied to hydraulic systems, and finally review the
various hydraulic circuits that have been proposed for
flywheel energy storage.

Similar to accumulators, flywheel technology also has
a rich history, much of which was described by Genta
(1985) in his 1985 review of flywheel design, construc-
tion and support systems. The kinetic energy stored in a
flywheel is a function of the flywheel inertia and angu-
lar velocity. Since flywheel mass increases with inertia,
faster flywheels are preferred for applications in which
lower system mass is desired.

The primary challenges highlighted by Genta were
the radial stress experienced by flywheels, which poses
a difficulty for anisotropic composite materials, and the
interface between the flywheel and the shaft that sup-
ports it. Both of these problems have been the subject of
recent study and significant advances have been made.

Recent advances

Ha et al. studied flywheel designs consisting of multiple
composite shells coupled with an interference fit in order
to pre-stress the composite in compression. The team
discovered optimal dimensions for such a design (Ha
et al. 2001) and discovered that the resulting designs
could be scaled (Ha et al. 2008, Janse Van Rensburg et
al. 2013). They also developed and modelled designs
for split-type hubs (Ha et al. 2006) and composite hubs

(Kim et al. 2014), the latter of which has also been the
subject of several patents (Bakholdin et al. 1996, Spears
et al. 2010). These studies have been accompanied by the
manufacture (Ha et al. 2008) and testing of the resulting
designs (Hayat et al. 2006), validating the findings.

Flywheel support systems have also seen significant
advances since the publication of Genta’s book. Energy
storage flywheels are usually contained in a vacuum
chamber to reduce the aerodynamic energy losses.
Recent advances in magnetic gears allow torque trans-
fer through the walls of this chamber without the use
of shaft seals and their associated friction and vacuum
leakage (Jian et al. 2009). Magnetic bearings (Bleuler
et al. 2009) have been applied to stationary flywheels
and offer significantly reduced friction over traditional
rolling element bearings (Strasik et al. 2007, 2010).
Even rolling element bearings have seen improvements
since Genta’s publication, with the use of composite and
hybrid bearings, which offer more modest reductions in
bearing friction (Stoneburner and Technologies 2005,
GMN 2014).

Commercial application

The result of flywheel research to date has been an
increase in the number and performance of commercial
production and prototype flywheels. In 2011, Hansen
and O’Kain produced an Oak Ridge National Laboratory
report describing the state-of-the art in flywheel tech-
nology as applied to mobile applications (Hansen and
O’Kain 2011). A prominent example of mobile flywheels
in hydraulic applications is the Ricardo hybrid excavator,
which uses an energy storage flywheel to recover energy
in the operation of the excavator boom (Ricardo 2014).
The Ricardo prototype also makes use of a novel mag-
netic gear design (Atkins et al. 2016) with promising
performance (Hansen and O’Kain 2011).

Perhaps the most well-known examples of mobile
flywheel energy storage are designs developed for use
in Formula 1 Racing. Flybrid, Ricardo, and Williams
Hybrid Power have all developed such systems. The fly-
wheels for this application have been subjected to exten-
sive testing, including more than 75 million revolutions,
5000 miles of vehicle driving and a crash test of more
than 20 g, proving that modern flywheel technology is
sufficiently rugged for vehicle applications (Hansen and
O’Kain 2011). The design is therefore being considered
for use in production Volvo passenger cars (Volvo Car
UK 2014).

Energy losses

There are two types of energy losses in a flywheel energy
storage system, those in effect when power is flowing
into or out of the flywheel and those in effect at all times.
A clutch is usually used to limit the losses in the flywheel
when it is idling. This has been shown experimentally
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Figure 1. The dependence of normalised power limite on state
of charge for flywheels and accumulators, for an example,
accumulator.

to significantly reduce the idling losses of a flywheel,
and will be discussed in more detail below (Shimoyama
et al. 2010). When this clutch is disengaged, the losses
are limited to aerodynamic friction and bearing fric-
tion. When the clutch is engaged, additional losses are
incurred, including those in the pump/motor unit, the
shaft seals (FerroTech n.d.) or magnetic gears (Jian et al.
2009) and any gearing or transmission.

Differences between flywheels and
accumulators

The differences between accumulators and energy stor-
age flywheels applied to hydraulic applications can be
best highlighted by comparing the behaviour of an ideal
flywheel coupled to a pump/motor to an ideal traditional
accumulator. The traditional accumulator exhibits a
state-of-charge-dependent pressure while its flow capa-
bility, at least for an ideal accumulator, remains constant.
The energy in an accumulator charged with ideal gas
operating isothermally is:

p e
Eacc = Pcthh1n<P_s> or PS = Pche(PCth1> (1)
ch

where P, and V, are the gas pressure and gas volume,
respectively, at pre-charge, P, is the oil pressure and E___
is the energy stored in the accumulator. Any hydraulic
circuit component has a maximum flow rate, which, for
example, is based on a hydraulic motor’s full displace-
ment and rated speed or the cross-sectional area and
maximum velocity of a linear actuator. For this given
maximum component flow rate, the proportion of rated

w e
power, 27, that the accumulator can provide is:
Wacc PaCC Eace Eaccmax
—_— = PaVa (2)
w P
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where P___is the rated system pressure and E___1is the
energy stored in the accumulator at rated system pres-
sure. The ideal flywheel and its pump-motor, on the other
hand, can provide rated system pressure regardless of its
state-of-charge but exhibits a state-of-charge-dependent
flow limit. The energy stored in the flywheel, E,, is:

1

= 1@, (3)

Ej = S 1@,

'fw
where I is the flywheel inertia and @, is the flywheel
speed. This means that, for a givvevn rated system pressure,
the proportion of rated power, W—ﬁ”, that the flywheel and
pump/motor can provide is: "

wa B @y, B Efw
=" = (4)
w ® E

max max 'fw,max

These normalised power limits, for the accumulator
and flywheel-pump/motor, Figure 1, show the fly-
wheel-pump/motor can provide higher normalised
power at all but full state of charge. This plot depicts
an accumulator of arbitrary size and pre-charge pres-
sure for the purposes of illustration, however, due to
the presence of the logarithmic function in Equation
(1) and the square root in Equation (4), ideal flywheels
will always exhibit rated power levels which decrease less
rapidly with state of charge than those of ideal accumu-
lators. This behaviour should not be confused with the
maximum power that the two storage devices can pro-
vide. The flywheel-pump/motor has a clear maximum
power limit defined by the rated pressure of the system
components, rated flywheel speed and maximum pump/
motor displacement. While the power limit of these
systems can be increased by specifying large hydraulic
pump/motors and higher speed flywheels, these changes
accompany trade-offs of cost and mass. The accumula-
tor, on the other hand, does not have a clear flow limit;
but, like all hydraulic components, will exhibit higher
flow-based energy losses at higher flow rates. Besides
these general principles, no studies were found which
directly compared power densities of accumulator and
flywheel energy storage in hydraulic systems.

The overall trade-off between flywheels and accumu-
lators is one of specific energy and efficiency. As noted
above, hydraulic accumulators can exhibit round trip
efficiencies as high as 95% (Pourmovahed et al. 1988)
but their specific energies only approach 2.5 V:—gh (Alson et
al. 2004, Steelhead Composites 2015). Flywheels, on the
other hand, have specific energies of 8 — 14‘/11’—h but lower
round trip efficiencies, on the order of 70—80%4) (Hansen
and O’Kain 2011), which is dominated by energy losses
in the pump/motor (Shimoyama et al. 2010, Triet and
Ahn 2011).

Some have proposed mitigating the state-of-charge-
dependent pressure of the accumulator through the use
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of hydraulic transformers. Hydraulic transformers are
mechanical devices which convert pressure and flow.
For instance, a transformer might accept low-pressure
hydraulic fluid at a high flow rate and discharge higher
pressure hydraulic fluid at a lower flow rate. Hydraulic
transformers allow a driven component to be supplied
with hydraulic fluid pressure decoupled from accumu-
lator pressure (Achten et al. 2008, Achten and Bv 2008,
Wau et al. 2014). This benefit is provided at the expense
of the increased complexity and energy loss incurred in
the transformers.

Figure 2 presents a comparison of the relationship
between stored usable energy and mass for commercial
flywheels (Hansen and O’Kain 2011) and commercial
gas-charged accumulators (Steelhead Composites 2015).
The horizontal lines, which represent a recommended
energy storage value for several hydraulic hybrid vehi-
cles, are based on the energy recovered for the vehicle
decelerating from highway speed (Hansen and O’Kain
2011). These values are for reference only since hydrau-
lic energy storage and hybridisation have many other
applications. Also included is the average of the range of
specific energy predicted for the strain energy accumu-
lator (Pedchenko and Barth 2009). This value does not
included the required containment device (Tucker and
Barth 2013). Also included are the predicted properties
of the prototype scale Hydraulic Flywheel Accumulator,
a device that includes flywheel and accumulator com-
ponents and will be discussed below (Strohmaier 2014).

Flywheel hydraulic systems

As mentioned earlier, implementing a flywheel stor-
age device in a hydraulic system requires a hydraulic
pump/motor. Since the pump/motor is often the most

significant source of energy loss in the flywheel stor-
age unit, the system circuit topology and the control is
non-trivial. As modern flywheels often spin much faster
than the rated speed of typical hydraulic pump/motors,
a gearbox or transmission is usually required. Such a
storage device has been developed and implemented on
an excavator by Ricardo, who also holds several patents
on portions of the device (Atkins et al. 2016, Ricardo
2014). However, the implementation of such a device is
more complex than simply replacing the accumulator
because the displacement of the hydraulic pump/motor
determines the flow rate but not the pressure. This can
present challenges or benefits, depending on the type
of driven component, and can allow more efficient con-
trol of certain types of loads (Grabbel and Ivantysynova
2005). If the load is another hydraulic pump/motor, the
system is identical to a hydrostatic transmission and pre-
cise control of the displacements of one or both units will
determine the speed or torque applied to the load. If both
units have variable displacement, this provides a free
degree of freedom, allowing the system to be operated
at various pressures, depending on the load power. This
degree of freedom has traditionally been used to oper-
ate the system at a constant pressure, in a configuration
known as a constant pressure system (CPS).

The constant pressure system

Although the concept of using hydraulic accumulators
to buffer the loads experienced by mechanical or elec-
tric powertrains is not new (Otis 1980), the CPS in the
form shown above was first proposed by Kita (1995) and
Nakazawa et al. (1996). The system involves a variable
displacement hydraulic pump/motor coupled to a fly-
wheel, sometimes through a clutch, as shown in Figure
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3. The displacement of the hydraulic pump/motor is
then adjusted as necessary to keep the system pressure
relatively constant. Nakazawa presented two topologies
of this open loop system, both applied to a hydraulic
hybrid passenger vehicle as it completed the Japanese
10 mode driving schedule. The two topologies primar-
ily differed in the inclusion of a clutch between the fly-
wheel and the flywheel-pump/motor and the size of their
accumulators. The flywheel-pump/motor control used a
pressure band strategy and involved switching between
unclutched, clutched and fully motoring or clutched
and fully pumping states, based on system pressure set
points. The study found that the first topology, without
a clutch, was more efficient than a conventional vehicle
only for severe drive cycles. The second topology, with
the clutch, was more efficient than the first topology and
more efficient than the traditional vehicle for all drive
cycles simulated. The second topology used 28-50% less
prime mover energy in the 10 mode driving schedule
(Nakazawa et al. 1996). Some of Nakazawa’s results were
republished by Wan et al. (2003). These studies showed
that, at least in simulation, flywheel energy storage in
hydraulic systems can be effective in energy recovery and
reuse. In these studies, the more efficient topology used
a larger accumulator and pressure band control. Both
of these choices have the potential to improve efficiency
since the accumulator is typically more efficient than the
flywheel-pump/motor and the flywheel-pump/motor
is, in general, more efficient when operated at higher
displacements. It is not clear which of these effects is
dominant. In any event, their combination resulted in a
significantly more efficient system.

The CPS was also studied by Hao et al., who modelled
and simulated two systems, one with a flywheel but no
accumulator that operated at nearly constant pressure,
and one with an accumulator but no flywheel. This
team simulated both systems using the 10 mode driving
schedules and compared the effect of using a dual pres-
sure set point control strategy and/or a two-gear trans-
mission between the engine and the hydraulic pump/
motor. The pressure control strategy was implemented
by controlling pressure at 15 MPa when the vehicle was

Flywheel

Engine

Traction
Pump/Motor

Charging
Pump/Motor

Storage
Pump/Motor

Figure 3. Example constant pressure system (CPS) (Nakazawa
etal. 1996).
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stopped or at a constant velocity, and at 20 MPa when
the vehicle was accelerating or decelerating. Both control
strategies reduced fuel consumption in the simulation
by allowing the pump/motor units to operate at higher
displacements. In these simulations, the accumulator
system was more efficient, but both systems performed
better than the conventional vehicle (Hao et al. 1999).

Yokota extended Nakazawa’s research by conducting
experiments and developing an addition control strat-
egy. His control strategies included the proportional
and pressure band methods of Nakazawa in addition
to a proportional/hysteresis control. This method
involved pressure set points that determined when the
flywheel-pump/motor began operating proportionally,
essentially a combination of the previous two control
strategies. Yokota simulated this new control strategy
and found it to be less efficient than the pure on/off strat-
egy. Yokota also experimentally tested all three control
strategies, although without a clutch. The lack of a clutch
resulted in the experimental systems exhibiting low efhi-
ciency. However, the models suggest that the inclusion
of a clutch would result in both the on/off and hystere-
sis control modes improving fuel consumption over the
conventional vehicle (Yokota et al. 2002). Yokota’s work
was the first experimental verification of the CPS models
and validated the feasibility of such a design. In simula-
tion, the on-off strategy was more efficient, with a fuel
efficiency of 26.5 km/l compared to the 11.5 km/I for the
conventional vehicle, or 56.6% less prime mover energy.
However, in the experiment the on-off strategy was
much less efficient, at approximately 8 km/l, or 43.8%
more prime mover energy. This is due to the inclusion
of a clutch in the simulation but not in the experiment.
The on-off strategy, without a clutch, resulted in the fly-
wheel-pump/motor operating at zero displacement for
much of the drive cycle. Significantly, the study found
that a clutched, fixed displacement pump/motor to be
the optimal design and control strategy for a CPS that
includes an accumulator.

The simulation results of Nakazawa were further val-
idated by Ichiryu (2010, 2005) and Shimoyama et al.
(2010) who conducted their own experiments and sim-
ulation of a CPS system. They tested idling speed loss
in the flywheel-pump/motor both with and without a
clutch, providing experimental evidence for the impor-
tance of minimising flywheel loss during idling periods
through the use of a clutch. Ichiryu’s team then went on
to simulate additional control strategies. The first control
method involved a much narrower pressure band than
Nakazawa had used. The second method involved a pro-
portional strategy similar to the two-pressure method
used by Hao. The final control method was a combina-
tion, controlling the system pressure in one of two pres-
sure bands using the on/off strategy. Ichiryu’s team saw
good agreement between simulated and experimental
values of efficiency and provided further experimental
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validation of the concept of a hydraulic CPS. Ichiryu’s
study obtained energy recovery efficiencies of 78 and
73% for simulation and experiment respectively. The
third control strategy, in simulation, delivered a fuel
efficiency of 23.5 km/I in a vehicle with a conventional
efficiency of 8-9 km/l, or 61.7% less prime mover energy
compared to the conventional vehicle. The researchers
acknowledge that this control strategy cannot be imple-
mented since it changes pump/motor displacement too
rapidly (Ichiryu 2010, Shimoyama et al. 2010).

Neither Nakazawa, Yokota, nor Ichiryu include much
detail about the effect of the accumulator on their sys-
tems. It can be deduced that Nakazawa’s accumulator
is storing between 47 and 60% of the energy that the
flywheel is storing. Yokota’s accumulator is large as
well, with a volume of 10L, and stores a not insignifi-
cant amount of energy over the course of the drive cycle.
Ichiryu provides neither pressure not volume for his
accumulators, but states explicitly that the accumulator
is for the purpose of pulsation absorption. The division
of power or energy between the flywheel and accumu-
lator in these studies is unclear.

Switching-type closed loop CPS

Ahn’s research group at the University of Ulsan has pub-
lished extensively on hydraulic energy recovery systems,
most of it not involving flywheels (Ho and Ahn 2010, Do
etal. 2011, Do and Ahn 2012, Ho and Ahn 2012). Ahn’s
team did presented data that appears to be identical to
that presented by Yokota in 2004 (Oh et al. 2004). In
publications in 2005 through 2008 they proposed the
switching-type closed loop CPS (SCL-CPS), which is a
closed loop version of the CPS designed so that either
side of the hydraulic circuit can operate at high pressure
in order to avoid sharp pressure transients experienced
by CPS systems when the hydraulic pump/motors shift
over centre. The system was simulated, but not in a drive
cycle. Instead various braking strategies were studied,
including various proportional control strategies (Ahn
and Oh 2005, Cho, Ahn, J.I. Yoon, et al. 2007, Cho, Ahn,
J. H. Yoon, et al. 2007), as well as constant deceleration,
constant torque and parabolic vehicle velocity (Ahn et
al. 2008). One of the studies also varied pressure, but
most of the runs varied the constant pressure value of
the system. The accumulator pre-charge pressures were

Flywheel HPA
K
Engine :I »
LPA
Engine/Flywheel Traction
Pump/Motor Pump/Motor

Figure 4. Hydro-mechanical hybrid storage system (Triet and
Ahn 2011).

again not mentioned and it does not appear that signif-
icant energy is stored in the accumulator. This assump-
tion is further reinforced by the fact that the high-and
low-pressure sides of the system switch depending on
whether the vehicle is accelerating or braking (Ahn and
Oh 2005, Cho, Ahn, J. I. Yoon, et al. 2007, Cho, Ahn, J.
H. Yoon, et al. 2007, Ahn et al. 2008).

Yang also studied a hydraulic system with a flywheel
for energy storage, operated in a vehicle drivetrain (Yang
2012). However, Yang’s system included no accumula-
tor and the traction pump/motor, which provided the
demand, was a fixed displacement unit. The concept,
to which Yang gives the name flow-coupled flywheel
vehicle, is to control the traction pump/motor torque
by adjusting the differential pressure across the pump/
motor. The concept is useful but Yang’s circuit draw-
ings have one side of the traction pump/motor attached
directly to tank and include a check valve across the
pump/motor. This would prohibit the traction pump/
motor from regenerating energy or generating braking
energy at all (Yang 2012).

In order to save on the number of pump/motors
required, Yang’s flywheel-pump/motor was shared with
the engine, having separate clutches to separate the
pump from the engine and flywheel. Unlike Nakazawa’s
and Ichiryu’s studies, this requires the power source, in
this case the engine, to either include a transmission
or to operate at varying, and most likely non-optimal,
speeds as the flywheel charges.

The most complete study to date of a hydro-me-
chanical hybrid storage system, a system that combines
separate flywheel and accumulator energy storage, is by
Triet and Ahn. Their system, which is shown in Figure
4, also involves the flywheel and engine sharing a pump/
motor unit and has both an accumulator and a flywheel
explicitly for energy storage. Unlike the previous sys-
tems, in this system, the flywheel clutch and the accu-
mulator valve allow the power flow in the system to be
controlled, allowing power to be transferred to or from
the accumulators or the flywheel or both.

This system was simulated and compared with
experiments for several simple braking and accelerat-
ing events. The system was controlled first as a tradi-
tional hydrostatic transmission (HST), then as a CPS,
and finally using a new control strategy. This proposed
control strategy is not described in detail, but appears
to involve using the flywheel energy storage to maintain
accumulator pressure within a band, very similar to that
used by Nakazawa and Ichiryu. The simulations found
the system could recover 78% of braking energy and the
experiments showed the system used 48% less prime
mover energy compared to the HST. The proposed con-
trol strategy required the least energy from the engine
(Triet and Ahn 2011).

Guo et al. (2014) presented a hydraulic system func-
tionally identical to that proposed by Triet and Ahn



(2011), but they instead proposed to employ a kinetic
energy recovery system in an otherwise entirely electric
vehicle. Guo’s team experimented with various hydraulic
accumulator (4, 6.3 and 10 L) and pump/motor (4, 5, 6, 8
and 10 cc/rev) sizes. It does not appear that the torque or
speed of the flywheel, which functioned as the load, were
controlled since the pump displacement was constant
during each test. The tests validated the time-averaged
behaviour of a combination of components which have
previously been individually subjected to more rigorous
experimental validation (McCandlish and Dorey 1984,
Pourmovahed et al. 1988, 1992b, Hong and Doh 2004,
Wang 2012).

Hydraulic flywheel accumulator

Another method of combining kinetic and pneumatic
potential energy storage in one system is the Hydraulic
Flywheel Accumulator proposed by Van de Ven (2009).
The device spins a piston-style accumulator about its
axis, thereby storing energy in the accumulator’s pres-
surised gas as well as the kinetically in the rotating fluid
and structural components of the accumulator. The pur-
pose of this device, besides storing more energy than a
traditional accumulator of the same dimensions, is to
make use of the pressure dynamics of a rotation fluid
(Strohmaier and Van de Ven 2013). This dynamic was
further explored by Wang et al. (2015). The study of this
device found it to provide higher specific energy than
a traditional accumulator, while being more efficient
than a flywheel storage system. The studies also found
the benefits of fluid angular velocity to be minor while
requiring more complexity and energy loss than a sep-
arate flywheel and accumulator. The added complexity
is due to the high speed rotary union and the effect of
angular velocity on the piston seals. The added energy
losses are due to the rotary union and the acceleration
of the rotating fluid (Strohmaier and Van de Ven 2013,
Strohmaier et al. 2014, Strohmaier 2014, Strohmaier
et al. 2015).

Summary and conclusion

This paper has examined the state-of-the art in mechan-
ical energy storage devices for hydraulic systems.
Although accumulators are widely used in hydraulic
systems, recent studies have presented new ways of
increasing the efficiency and specific energy. Flywheels
are also by no means new but improvements in compos-
ite materials, continuously variable transmissions, and
magnetic bearings have made them viable alternatives
for many energy storage applications. However, their
application to hydraulic systems is still in its infancy.
In spite of the promising studies examined here only
two commercial prototypes, an excavator by Ricardo
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(2014) and a bus built by Maschinenfabrik Augsburg-
Niirnberg (M.A.N.) (Martini 1984, Beachley and Frank
1980), have seen their use as energy storage in hydrau-
lic regeneration systems. The potential of utilising two
energy storage devices, which has provided significant
benefit in electrical energy regeneration systems (Cao
et al. 2012), has not been fully explored in the context
of hydraulic power recovery. Several control strategies
have been proposed, simulated, and tested experimen-
tally. These strategies have been tested and simulated but
only in the 10 mode and modified 10 mode drive cycle,
which, for most of the tests, were too short to require
flywheel charging using the engine.

Specific research questions remain regarding the
design and control strategies of combined flywheel and
accumulator energy storage systems. The control strate-
gies employed have been simple, which is perhaps to be
expected for preliminary studies. How varying the pres-
sure in a CPS, beyond the two set points used by Ichiryu
(Shimoyama et al. 2010), could affect the performance
of the system in various applications in still unknown.
The studies have either used relatively constant pres-
sure, storing little energy in the accumulator, or have
used the flywheel to charge the accumulator between
set points. The design of the hydro-mechanical hybrid
storage system allows for the possibility of more com-
plex control strategies and power sharing between the
kinetic and potential energy storage devices. The system
has the potential to switch between CPS mode and a
pressure band control mode, as well as vary the pressure
band. Whether a more complex control strategy would
be beneficial, and how it should depend on application
and drive cycle is still unexplored.

Also unanswered is how the accumulator should be
sized relative to the flywheel size for various applications.
The question of energy storage size is nontrivial even
for systems with only one storage device (Pourmovahed
1993). While Strohmaier’s optimisation explored trade-
offs between the ratios of kinetic and pneumatic energy
storage in one application (Strohmaier et al. 2015), that
dynamic has not been examined in the context of the
hydro-mechanical hybrid storage system or in appli-
cations where the load is not a hydraulic pump/motor
unit propelling a vehicle. The question of which systems
or topologies provide optimal specific power remains
unanswered as well.

If the outstanding questions regarding the control and
design of such systems were addressed, the hydro-me-
chanical hybrid storage system could provide significant
improvement to the efficiencies achievable by mobile
hydraulic systems.
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