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Abstract

This paper analyses the current state of the art in linear actuation with digital
hydraulics. Based on the differences in their aims the paper partitions the area
into four actuation concepts — parallel valve solutions, single switching valve
solutions, multi-chamber cylinders, and multi-pressure cylinders. The con-
cepts are evaluated based on accuracy and smoothness of motion, switching
load, reliability, efficiency and the number of components required.
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1 Introduction

Hydraulic systems are a popular actuation solution in a number of indus-
tries. The high force-to-size ratio is the main reason for their popularity.
Applications intended to move large masses (e.g. lifting mechanisms, digging
machines) or to work with hard materials (e.g. steel rolling, paper mills, some
drilling applications) are areas where hydraulics is and has been an attractive
solution.
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Unfortunately, the overall efficiency of the hydraulic systems can be
low depending on the work area; part loading situations can be especially
problematic. The cost of energy has been increasing as the world tries to move
towards greener solutions and this puts pressure on traditional hydraulics to
evolve. Digital hydraulics is one of the fields concerned with improving the
energy efficiency and reliability of traditional hydraulics [1, 2]. The field
has been growing and the theoretical work dominating the field until now
is starting to produce commercially viable results.

It is important to note that for the purposes of this paper the field of
digital hydraulics does not refer to concepts in which digital sensors are used
in standard systems i.e. electronic load-sensing. It also does not refer to the
digitization trend associated with Industry 4.0 or the Internet of things. In this
paper digital hydraulics is the field of study in which hydraulic components
(most often valves) are either turned on or off (opened or closed). This on/off
nature is the digital part of digital hydraulics.

Recently, several digital hydraulic solutions have successfully been
implemented in industrial applications [3]. Winkler et al. mention in [3]
that a micro-positioning system for milling machines for Daimler has been
working since 2014; a gap control solution for paper mills was successfully
brought to market by Valmet [3]; and a digital hydraulic tilting system for the
Finish Pendolino trains was introduced in 2015 [3]. The company Valmet has
published a document in which they claim that digital hydraulics can reduce
lost profit due to reliability by up to 35000 EUR per year [4]. The most widely
cited state of the art paper in digital hydraulics was published in 2011 [5], but
since then the field has changed considerably. This is the reason for making
this new state of the art paper.

The papers have been divided into four actuation concepts, but the dif-
ferent concepts overlap as seen in Figure 1. The proposed division is based
on the changes on the system level. The first two areas focus primarily on
changing the valve system between a traditional cylinder and its pressure
supply. Section 2 discusses solutions in which a proportional valve can be
exchanged with a number of parallel on/off valves. Section 3 contains papers
in which a single on/off is used to modulate the flow. The other two sections
focus on changing the actuator and/or the pressure supply. In Section 4 cylin-
ders with multiple pressure lines will be discussed and Section 5 contains
papers which tackle multi-chamber cylinders. In each section, subsections
are devoted to the concept itself, to the key results of the papers, and to a
discussion evaluating the concept. The Concept and Discussion subsections
offer a bird’s eye view for a reader unfamiliar with the field of digital
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Figure 1 Digital Hydraulic fields and their overlap.

hydraulics. The papers listed in the Papers section can be used as an index
by a reader experienced in the concepts or interested in more details. Each
discussion subsection will focus on evaluating the digital hydraulic concept
according to accuracy, switching load, reliability, efficiency and the number
of components required.

2 Parallel Valve Flow Control
2.1 Concept

The idea behind the parallel valve flow control concept is to use several on/off
valves — of either the same or different sizes — connected in parallel in order to
simulate a variable orifice. The cumulative opening area of the flow path can
be varied by opening specific valves. One of these variable orifices is usually
called a Digital Flow Control Unit (DFCU).

One idea behind using flow control units is to arrange four of them as
seen in Figure 2. Each flow control unit can allow or restrict the flow between
one chamber and one flow source. If a specific flow requirement coincides
with a valve opening combination, no continuous switching is required. If the
required flow falls between two combinations, on the other hand, the valves
need to be switched between the two flow steps in order to achieve the average
flow. This leads to a trade-off between tracking accuracy and control effort
that needs to be managed. The combination of four DFCUs to simulate a
proportional valve has been called a Digital Independent Metering Valve (D-
IMV). Controlling each DFCU separately can lead to improved efficiency due
to the independent metering of the forward and return flows.
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Figure 2 D-IMV concept built from 4 DFCUs.

A comparison between the flow capacity of an example DFCU with 4
binary coded valves and 4 equally coded valves can be seen in Figure 3.
Since both DFCUs should have the same maximum flow capacity, the binary
coded sizes are 1:2:4:8, while the equally coded valves all have size 3.75.
The total area is 15 in both cases, when all the valves are open, but the
equally coded DFCU’s resolution is worse. Therefore, in order to get the
same resolution, the equal sized valves should be 15 with a relative size of
1. The disadvantage is obviously using more valves, but the benefit is that all
valves have the same properties and it does not matter which one is opened
or closed. Comparatively speaking, the binary coded DFCU achieves the
same resolution with fewer valves, but the drawback is that more dangerous
switching events can happen. Dangerous use in this sense is for instance
changing from combination 7 to combination 8, which requires that the valves
with areas 1, 2, and 4 are closed and the valve area 8 is opened. Due to
unknown delays and valve dynamics, a small time period is present when
all valves could be closed or all valves could be open. This results in rapid
flow changes.

Model-based control has been a good way to decide which valves should
be opened to follow a specific velocity reference. Papers in Subsection 2.2.1
deal with this subject. As mentioned in the introduction, there is some
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Figure 3 Binary coded vs Equally coded 4 bit valve flows.

overlap with other fields and attempts to improve the resolution through Pulse
Width Modulation (PWM) have been made. These papers are collected in
Subsection 2.2.2. Some interesting papers dealing with reliability and fault
detection among other things are described in Subsection 2.2.3.

2.2 Papers

2.2.1 Model-based control

Papers [6-9] are some of the first developments by Linjama et al. in control-
ling a cylinder with DFCU’s. In the four mentioned papers 4 DFCU units
are used to define 4 flow directions. Each cylinder chamber can be connected
to the pressure supply or to the tank similar to the architecture in Figure 2.
The block diagram of the controller can be seen in Figure 4. In these papers
only one DFCU can be opened per chamber. The flow through a DFCU can
be calculated analytically using the orifice equation. This is the model part of
the model based controller. The major issue is controllability at low velocities.
This was researched in [10, 11].

The authors of [10] and [11] allowed three of the DFCU’s to be active
at a time. This allows a chamber to be connected to the supply and the tank
at the same time. The inclusion improves controllability at low velocities at
the cost of energy efficiency. Furthermore when the chamber is connected to
two pressures through two different orifices the final pressure in the chamber
cannot be calculated analytically any more. Instead, a numerical solution
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Figure 4 Model based DFCU controller.

has to be found for each combination. The method uses Newton-Raphson
iterations to find the steady state solutions to the systems equations. The
system has 20 valves with two states each, which results in 10° possible
state combinations. The search area is reduced by analysing the flow balance
of each chamber separately by first only considering two active DFCU’s in
order to implement the controller in real time. The state equations still have
an analytical solution in this way and a control combination can be selected.
The combinations involving three active DFCU’s, which are in the vicinity
of this combination, are then solved numerically using the Newton-Rhapson
method. Further research has iterated upon this basic structure. The papers
presented in this subsection are mainly concerned with the robustness of the
controller, the computational complexity and accuracy of the valve model
used in the model based controller, or obtaining laboratory results.

Siivonen et al. implemented the DFCU control method from [11] in a
mobile hydraulic mining application in [12]. Instead of the normal square
root of the pressure difference used in the orifice equation, a general power
exponent is used. This power exponent is a tuning parameter for each valve
and was found experimentally in laboratory conditions. The control structure
was then tuned based on these results. The authors of [12] then tested the
system outside of laboratory conditions and found that due to the change in
operating conditions the control performance was reduced.

Linjama et al. try to design a more robust motion controller through robust
design and mixed sensitivity in [13-16]. According to the authors in [13], the
system was stable with 407% increase in the load mass and a 50% reduction
in bulk modulus.

Several papers address the valve model used in the model based con-
troller. The general exponent method describes DFCU flows better, but it
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is computationally intensive. Linjama et al. transform the system equations
into scalar form and use Ridders’ method to solve the equations faster in
[17]. Linjama et al. present a new valve model based on third or fourth order
polynomials in [18]. This also reduces the computation time.

Stauch et al. propose a new valve model, which can be inverted in [19]
and then in [20]. The new model allows valves to be open one by one until the
desired flow is reached. With this method no search algorithm iterations are
needed. The method imposes that the valves are coded with a binary coding.
The controller allows the position and force tracking to be decoupled. If the
position controller is prioritised, good position tracking is possible even with
low inertia systems or poor DFCU resolutions.

Several papers focus on reducing the computation complexity of the
controller without changing the valve model. Huova et al. in [21] investigate
the possibility of decreasing the computational complexity of the controller
established in [11]. The authors introduce a table-based switching cost,
instead of the on-line search algorithm. The simplified controller runs 194
times faster. Ersfolk et al. implement the model based controller on a GPU in
[22]. The computation time is reduced from 1350 ms on a sequential ARM
processor to 7.19 ms on the GPU.

Several papers focus on implementing the control on a wheeled excavator.
First, in [23] the system is designed using commercial components. The aim
was to achieve a flow rate of up to 400 I/min. The DFCU had 4 control edges
with 7 bits each. Four of the valves in each edge had orifices resulting in
a binary coding for the first 5 bits as 1:2:4:8. Valves 6 and 7 are opened
at the same time to give the 16 in the series 1:2:4:8:16. Ketonen et al. use
this valve system to realise independent metering valve control with digital
hydraulic valves on a 21-ton Volvo EW210C excavator through a simulation
study in [24]. A grading cycle was followed and the results showed that the
digital independent metering control could reduce energy consumption by
28-42%. Finally, in [25] Ketonen et al. present the conversion of a Volvo
EW210C wheeled excavator from a standard load sensing system into a
digital hydraulic system with parallel connected on/off valves. The tests
showed a 36% reduction in input energy for a grading work cycle. The authors
plan further modifications in order to improve the efficiency.

2.2.2 Introducing PWM in DFCU control

A major problem of DFCUs is that a low number of valves, results in poor
flow resolution. Several authors have tackled the possibility of improving
DFCU resolutions through introducing Pulse Width Modulation (PWM) into
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the control structure. If a valve is repeatedly closed and opened in such a way
that during one control period it is only open for half of the time, then that
valve has delivered approximately half the flow. The ratio dictating how much
of the time should the valve be open is known as a duty cycle.

Huova et al. discuss this possibility in [26]. Two of the valves are treated
as 5 artificial ones with a binary coding inside the code. These two valves act
like 10 binary coded valves. The DFCU has 4 valves, but acts like a DFCU
with 12 valves. The largest artificial valve corresponds to a 50% duty cycle
of the real valve. The improved resolution resulted in a minimum achieved
velocity of 1 mm/s from a maximum of 350 mm/s. This is a max/min velocity
ratio of 350. The 4 bit DFCU proposed by [10] discussed in the previous
section achieved a ratio of 50.

Paloniity et al. propose a similar scheme in [27] where pulse frequency
modulation is used on one of the bits of the DFCU in order to achieve even
smaller opening areas. Paloniity et al. report that the method is effective at
improving controllability as the average error for a slow trajectory has been
reduced by a factor of approximately 4 compared with just the Pulse Number
Modulation (PNM) technique.

Paloniity et al. present a method for improving the resolution and the
linearity of a digital hydraulic valve system using equal sized on/off valves
in [28]. The improvement comes from combining pulse width modulation
and pulse frequency modulation into the control structure. All the valves
in the DFCU are modulated, but it is done according to a circular buffer.
A valve is moved to the back of the buffer when it switches state. This
ensures that the same valve is not actuated several times in a row, unless
no other valves are available. PFM and PWM are combined in this way and
the result is a more equal distribution of the switching duty for the valves,
and a wider range within which average flow is linearly proportional to the
duty cycle. The method is tested in a laboratory experiment using a vertical
differential cylinder with a mass load of 50 kg. Eight prototype valves are
used in each of the two DFCUs. The maximum position error during the
trajectory is reportedly below 0.2 mm. In comparison, the PNM method
achieved 0.8 mm.

Siivonen et al. designed, simulated and tested a digital valve system for a
water hydraulic system in [29]. The valve package consisted of 16 prototype
on/off valves. The control method used is from [28]. Siivonen et al. conducted
60 days of testing and stated that despite some problems with the valves,
performance was still good. The digital solution exceeded the application’s
accuracy requirements of 133 pm on the cylinder position. Furthermore,
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it fit within the physical size limitations and had lower water cleanliness
requirements.

2.2.3 Other papers

Siivonen et al. present a method for detecting and diagnosing faults in [30].
Only pressure and position measurements are needed to distinguish the faults.
The procedure is simple, so it does not require a lot of computations, but
it is based on a number of tests which are conducted while the cylinder is
not following a trajectory. The procedure cannot be used on-line, which is a
disadvantage.

Laamanen et al. discuss the possibility of reducing pressure peaks in
the system due to actuation time uncertainty of the digital valves in [31].
The authors examine the possibility of including a weight on the more
dangerous switching events. They also examine if the Fibonacci coding has
better properties than the popular binary coding. The authors find that even
though the dangerous switching events are avoided, the selected event can
still exhibit the same property. For instance, when the flow should switch
from valves 1, 2 and 3 open to just 4 open, the controller chooses 1 and 4
to be opened. They also find that Fibonacci sequence is theoretically better
suited to avoid pressure peaks, due to the smaller steps between flow levels
and the possibility of choosing different combinations with the same flow
output.

Another benefit of DFCUs is that the components connected in parallel
are naturally fault tolerant. Siivonen et al. write in [32] that the systems
fault tolerance depends on the software and if faults can be detected online
and the control structure is changed to reflect this, all digital hydraulics
based on parallel valve combinations can have a degree of fault tolerance.
A drawback to including fault tolerance is that the computation requirements
are increased.

Lahteenmiki et al. [33] and then later on Ketonnen et al. [34] make a
pressure relief valve out of a DFCU through changing the control structure.
The DFCU was made of 16 parallel connected equal sized on/off valves. The
DFCU was compared to a standard pressure relief valve. The two valves
showed similar performance on the test stand with the DFCU achieving a
smaller pressure peak. The authors point out that a different pressure relief
valve could have performed better.

Huova et al. [35] propose a positioning method for a cylinder based on
the on/off valves in a digital valve system realized with DFCUs. The method
modulates the flow to one chamber at a time. Due to this, the piston position
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changes by very small step sizes and achieves a position accuracy of £1 um.
This small motion is achieved by using the model of the valve and the model
of the cylinder in order to calculate how much fluid a small opening pulse
in one chamber would achieve. The experimental setup used is a symmetric
cylinder connected to four DFCUs. The valve has an opening and closing time
of 2 ms due to booster electronics. The initial error is 70 um. The smallest
bit executes a 6.3 ms pulse to reduce the error to 4 um. A second pulse
then brings the error down to 0.3 pum. The authors note that some practical
limitations are present if the position overshoots and the controller has to
move the cylinder in the other direction. This is due to the static friction
force, which was not considered in the controller design.

2.3 Discussion

The conclusion based on this collection of papers is that DFCUs improve
hydraulic efficiency only through independent metering control. The flow to
each chamber is still throttled which is a major source of losses in hydraulics.

The position accuracy and smoothness of motion offered by the concept
is on par or better than standard proportional valves because they are both
based on throttling control. The major advantage of the concepts is the
improved reliability. Malfunctions are not critical, since multiple components
are actuated in parallel. The seat type valves used also reduce the sensitivity
to oil cleanliness and leakages. Constant switching between flow levels is not
always necessary. Furthermore, some concepts are designed in such a way as
to spread the switching load across all the valves. Overall, this is the digital
hydraulic architecture that has the smallest switching load. Component-wise
the change to multiple smaller, equally sized valves, that have simpler design
can even be beneficial in some cases. The reviewed papers contain multiple
experimental results, which show that it is possible to achieve good results
with current valve technology, and it is ready to be implemented more widely,
but it can be argued that the benefits are smaller due to the reliance on
throttling control. It can also be noticed that a lot of the papers focus on
computational complexity.

3 Single Valve Switching Control
3.1 Concept

Single valve switching control — an alternative digital hydraulics concept —
is based on power electronics theory. Instead of using a proportional orifice
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Figure 5 Concept for controlling a cylinder with switching valves.

open to a certain level, a single on/off valve is used. This valve is opened and
closed rapidly in order to give an average flow over time using either PWM
or Pulse Frequency Modulation (PFM). Only one valve is needed per flow
path as seen in Figure 5. This can still be considered throttling control.

The idea of using modulation techniques in hydraulics comes down to
a simple idea. If a valve can deliver a certain amount of flow in a certain
amount of time, then keeping the valve open for a fraction of the time will
mean it delivers a fraction of the flow. The inertia and compressibility of the
hydraulic fluid, as well as the delay and travel time of the spool complicate
this concept. A representation of a duty cycle can be seen in Figure 6. What
models and methods to use in order to achieve the concept is a major question
in the field.

The concept can be further augmented by continuing the analogy between
electrical systems and hydraulic system. The inertance of the fluid can act
as inductance in the system and this can be increase by using long fluid
lines. The compressibility of the fluid can act as capacitance. This makes
it is possible to realise Buck or Boost converters in a hydraulic system. An
illustration of the method can be seen in Figure 7. The concept allows the
inertia of the fluid in the long hose to produce a localized pressure drop in
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Figure 7 Concept for a Hydraulic Buck Converter (HBC).

front of the check valve. The check valve opens and fluid can be drawn from
the low pressure side. The same concept comes into play during retraction and
return fluid can be forced back to the supply line. This improves efficiency
and allows energy regeneration.
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A benefit of these concepts is the possibility of achieving an average flow
chosen by a duty cycle according to the well-known PWM technique. The
flow resolution of a DFCU is limited by the number of available valves, while
the flow resolution of a switching valve is limited by its switching frequency.
If the switching frequency is high enough, the duty cycle can be considered
a continuous input to the system. These methods have been introduced into
DFCUs in order to improve flow resolution without increasing the number of
valves.

A disadvantage of the concept is that the valve has to switch constantly
in order to achieve any flow level different from the maximum. Furthermore,
to achieve good control, the frequency of the valve should preferably exceed
the natural frequency of the system by a factor of up to 20 as stated by Gradl
et al. [36]. Gradl et al. proposed that several valves can be operated in parallel
with a phase shift allowing higher frequencies to be achieved.

The repeated opening and closing of the valves can lead to flow and pres-
sure pulsations. The authors of [36] also propose that instead of modulating
the width of the pulse, a specific pulse can be repeated leading to Pulse Count
Modulation (PCM). A pulse can be designed such that for a specific system
the second pulse removes the oscillations introduced by the first one. Another
way to dampen the pulsations is to include an accumulator just before the
cylinder as seen in Figure 7. This reduces pulsations, but it also increases the
softness of the system. A softer system in this case means a reduce position
tracking performance.

The HBC concept greatly benefits from valves, which can open and close
very fast. This allows for higher control frequencies. The flow pulsations
introduced in the system have less effect if the modulation frequency is
high enough. Due to current valve technology limitations, valves have a
minimum duty cycle, a maximum modulation frequency and other issues,
which researchers are trying to address.

Papers discussing the concept in Figure 4 are described in Subsec-
tion 3.2.1. Papers discussing digital hydraulic converters are described in
Subsection 3.2.2. The newest development of these concepts have moved
into quite complicated control structures to take into account the non-linearity
and softness of the system. Another research path has focused on designing
converters using a linear model of the system and these papers are described
in Subsection 3.2.3. Pressure pulsations have been identified as a major issue
with switching control. Most papers in the other three subsections deal with
the issue by introducing capacitive elements. Active solutions to the pressure
pulsations issue are discussed in Subsection 3.2.4.
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3.2 Papers

3.2.1 Replacing proportional valves with switching valves
Tsuchiya et al. investigate the possibility of PWM digital hydraulic control
of a table actuated by hydraulic cylinders in [37]. The authors show that it
is possible to increase the smoothness of the table’s motion by changing the
phase between the valve, which supplies flow to one chamber, and the valve,
which drains fluid from the other chamber.

Plockinger et al. [38] use the same test bench as in [26], but instead
of using a mix of DFCU and PWM, they use PWM only. One valve was
used for each of the four flow paths. The valves have a response time of 1.8
ms. The minimum duty cycle of the valve was selected based on the PWM
frequency in order to avoid ballistic operation of the valve. Thus, higher fre-
quencies resulted in larger minimum duty cycles. This corresponded to worse
controllability at small velocities with high PWM frequencies (100 Hz) and
better controllability with the lower PWM frequency (25 Hz). The pressure
pulsations in the fluid decreased in size with increased PWM frequency i.e.
40 bar at 25 Hz to approximately 10 bar at 75 Hz.

Simic et al. present the control of a differential cylinder with new digital
piezo DPVL-2 valves in [39]. Each of the four flow paths has a valve
controlled by PWM. The switching response of the time is below 0.3 ms
for 100% control signal. The fast response time of the valve is achieved by
actuating it with four piezo elements. The fast valves resulted in improved
overshoot and 15% less energy consumed. Unfortunately, the valves are not
commercially available.

3.2.2 Converters

Kogler et al. designed and tested a hydraulic buck converter in [40]. Two
valves have been used as can be seen in Figure 7. A minimum duty cycle
of 20% and a maximum of 60% has been selected at the 100 Hz PWM
frequency. The converter charges and discharges an accumulator. The results
are compared with those obtained from the same system controlled by a
proportional valve. The hydraulic buck converter achieved a 34% reduction in
average energy consumption and no significant pressure ripple can be noticed
in the measurements.

Kogler et al. present some further developments on the concept in [41].
They identify that the accumulator used to attenuate the pressure introduces
softness and non-linearity in the system, which prevents a simpler propor-
tional (P) controller from achieving satisfactory performance. The authors
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then develop a Flatness Based Controller (FBC) in the second part of the
publication [42]. The system can be transformed to a special class of flat
system according to the authors. Kogler et al. develop a non-linear observer
with a time varying observer gain in order to get full state feedback. The
output of the flatness based controller is converted to a duty cycle from
the static characteristics of the hydraulic buck converter. The sophisticated
control technique allows the hydraulic converter to give the same positional
accuracy as the system with the proportional valve and a P controller, but with
significantly better efficiency.

The same authors construct a test stand and test the concept in [43]. The
results agree with the previous articles — the FBC is more accurate than
the P controller and the HBC is more energy efficient than a conventional
setup. Pressure oscillations are still a problem for the concept as can be seen
in the measurements. This is despite the accumulator at the HBC output,
which is meant to attenuate the pressure. Kogler et al. propose that much
faster valves would solve the pressure pulsation problems and possibly make
the accumulators obsolete, but for the time being, they will research the
possibility of using several HBC in parallel.

Scheidl et al. present four cases in which digital fluid system are better
solutions compared with the standard one in [44]. Two examples stand out:
the control of a gap for rolling mills and the control of mould oscillations.
Both of these systems already have low bandwidths making it easier to
implement the solution.

Gradl et al. design and manufacture a stepper converter prototype in [45].
The converter is made out of two slave cylinders, which are controlled by
fast switching valves. One slave cylinder steps up, meaning that the master
cylinder is extended, and one steps down — doing the opposite. The paper
also describes the design of a fast switching plate-type check valve and a
combined hydrostatic hydrodynamic bearing. These were needed to improve
the converter performance. Specifically an improvement in energy efficiency
of approximately 15% was seen due to these components. The energy effi-
ciency compared with resistance control of the cylinder was reported as 30%
higher.

Lukachev et al. [46] present the building of a prototype of an elemen-
tary hydraulic switching control drive concept for heavy load actuation. An
analytical model of the transmission line and the cylinder itself is developed
according to previous research, and it is further augmented to include the
influence of the rod side chamber and the dead volume in the valve block.
A laboratory experiment is prepared where a cylinder pushes a 1.5 ton
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mass. The valves used in the experiment are four Bosch Rexroth WES spool
type on/off valves. There are four valves because each line has two valves
in parallel. The extra valves are used to increase the apparent switching
frequency of the converter as it is seen by the cylinder. The PWM frequency
is set to 200 Hz. The authors conclude that the tested switching control drive
provided dynamics sufficient for rolling mill actuators and aim to implement
the design in a real industrial application.

A gas-loaded accumulator is used in [47] in order to tune the dynamics
of the system for a smooth behaviour of the drive. Two PWM valves drive
a single acting ram with an attached weight of 500 kg. The accumulator
reduces the natural frequency of the drive, so it can still achieve smooth
motion even with the valve-imposed limitations on switching frequency. The
authors compensate for the added softness with a passivity-based controller.
A simulation is conducted in which the PWM frequency was set to 50 Hz.
The movement of the cylinder appears to be smooth and the pressure ripple
due to switching appears to be below 20 bar. Kogler at et al. mention that in
the future experimental work will be done and the influence of line dynamics
will be included.

3.2.3 Converter control based on linear models

The performance of hydraulic converters depends on the frequency of the
system on which they are applied. Kogler et al. states in [48] that the hydraulic
system contains non-linear components, which can make the analysis difficult
in the frequency domain alone. The authors propose a mixed time-frequency
domain model that needs to be solved iteratively in order to simulate the
system with a high degree of accuracy.

De Negri et al. show in [49] that it is possible to use a linear model
to predict the average value of the controlled pressure as well as the flow
rate in several parts of the system. Nostrani et al. [50] show the design
process of a hydraulic step-down switching converter with considerations
for the losses in the inertance tube and the switched valve. This is done
through a steady state analysis. The results of the analysis are then compared
with a non-linear simulation of the system. A hydraulic test rig is used to
validate the non-linear simulation. The authors report that when the system
was operated in open-loop configuration, the load pressure, the flow rate, and
the efficiency predicted by the steady-state model matched the results of the
dynamic simulation. According to this, the steady state equation can be used
to design hydraulic step-down switching converters.
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De Negri et al. present a steady state analysis of a step-down hydraulic
converter in [51]. The model is used to calculate the average load pressure
and average flow to the system as a function of duty cycle. The theoretical
values are compared with experimental results. The minimum and maximum
recorded flow rates deviate from the theoretical ones but the average flow rate
agrees better.

Nostrani et al. attempt to control a system consisting of two cylinders in
[52]. One cylinder is controlled by a conventional proportional valve, while
the other is controlled by PWM. The chosen PWM frequency is 32 Hz.
The authors find that the valve is not fast enough for position control of the
system. During movement the control signal of the valve reached saturation
and kept the valve fully opened or closed, which made the losses in the system
equivalent to the conventional system. The digital solution resulted in 17%
better efficiency, when performing velocity control.

3.2.4 Active damping of pressure pulsations due to switching
Scheidl et al. in [53] point out that one of the major issues with digital
hydraulics is still pressure and flow pulsations. Some of the work done in
investigating the pressure oscillations due to switching is presented here.

Pan et al. [54] investigate the possibility of attenuating the pressure spikes
in a system by active damping. The system consists of a length of pipe
with three transducers along the length, a pressure supply on one side and
a proportional valve, which can divert flow just before the load, which is in
this case a throttling orifice. The method consists of estimating the pressure
wave through the pipe by using the transducer measurements and annihilating
it by introducing an opposing pressure wave with the valve. This is done at
the expense of energy loss. The pressure pulsation frequency is 85 Hz while
the proportional valves bandwidth is 350 Hz.

Pan et al. in [55] use a piezo-electric switching valve instead of the
proportional valve from the previous test. The control structure is adaptive
and it reduces the pressure pulsations significantly. The piezo-electric valve
has a bandwidth of 425 Hz, while the pressure pulsations in the system have
a maximum frequency of 40 Hz.

Similarly, Kogler et al. investigate the pressure wave propagation due to
digital valve switching in [56]. Again, three transducers are used to measure
the wave. Instead of using a valve at the end of the pipe, to attenuate the fluid
borne noise, the authors investigate the opening trajectory of the switching
valve. They find that by using a slower opening or a smoother trajectory the
pressure oscillations can be reduced. Kogler et al. further point out that it is
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possible to design the pipe system in such a way as to force the pressure wave
to bounce back from the end of the pipe and annihilate itself.

Peng et al. [57] presents the concept of a zero-flowrate-switching con-
troller. The author uses an extra flow line between the pressure supply and the
cylinder chamber, which is specifically designed to resonate at the frequency
of the PWM signal. The pressure in the system is supplied by a piston pump,
which means that the supply pressure is pulsating with a certain frequency as
well. The valve can be switched exactly when there is no flow across it by
using the flow waves within the system. The pressure pulsations do not reach
the cylinder chamber because at that point the flow is supplied by the second
flow line. The resulting switching losses in the system are reduced from 158
W to 1.5 W, but this requires a valve with an opening/closing time of 2 ms.

3.3 Discussion

With regard to accuracy and smoothness of motion it can be said that state of
the art control in this field has achieved smooth motion on par with throttling
control. The switching load due to this is increased compared with parallel
valve solutions, because a constant switching frequency is selected. It can
be noticed that papers in the field have focused on systems with a natural
frequency of 100 Hz or less. The reliability of this architecture suffers, due
to the increased switching load, which does put a lot of strain on the valve. It
can be said that having parallel connected converters can improve reliability,
because of the added redundancy. This is not clear though, because the
apparent switching frequency which the system sees drops with each faulty
converter. The load on the valves grows when the natural frequency of the
system is increased. The efficiency of systems with hydraulic converters is
much improved and this can be said to be the main benefit of the technology.
The number of components required to make the concept work is difficult
to pin down. Parallel converters or switching valves seem to be needed in
order to actuate systems with a steady motion. Each converter requires a
state of the art switching valve, a long hose and possibly an accumulator.
At the same time fewer valves are needed. The computational complexity
of the controllers in this field are not high compared with those used in the
other fields. This is due to the fact that no optimization problem needs to be
solved at each instant. The active damping of pressure pulsations presented
in subsection 3.2.4 seems to be impossible as of yet, because the valves used
to attenuate the vibrations are in the 400 Hz bandwidth range and this is not
possible with commercially available valves.
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4 Multi-pressure Actuators
4.1 Concept

Multi-pressure actuators work on a similar principle as multi-chamber cham-
ber cylinders in the sense that they are controlled by switching between
different force levels. A differential cylinder is connected to different pressure
lines in order to achieve different force outputs. Multi-pressure systems with
only three pressures were proposed first. The low number of pressure lines
required that throttling was still used in order to achieve any controllability.
Seven or more pressures might be needed in order to achieve good control-
lability without throttling. Since switching losses scale with the difference
between the initial and final pressure, having many pressure lines can greatly
reduce losses. A pressure transformer was proposed by [58] in order to create
these many pressure lines. One high pressure rail is connected to the rod side
chamber of a row of small cylinders as can be seen in Figure 8.

The ratio between piston and rod side produces different pressures in the
piston side chamber. These chambers are used as the constant pressure rails.
The prototype in [58] was built with rather small cylinders for the pressure
line. The pistons of these cylinders move when fluid is extracted from the
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Figure 8 Concept for a multi-pressure cylinder with 6 pressures.
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pressure rail. Care needs to be taken not to drain too much fluid from a single
pressure rail, because this reduces the resolution of the controller.

There are few papers available for the digital concept of switching
between multiple pressure lines. The following subsection has not been
further divided for this reason. The main advantages of the concept is its
energy efficiency and so most papers are concerned with that. The main
problems to be solved are how to balance energy flows from pressure lines to
cylinder chamber, how to achieve smooth motion despite the switching nature
of the control and the computational complexity of the controller.

4.2 Papers

Dengler et al. [59] propose to use multiple pressure lines in the control of a
linear actuator in a wheel loader. The middle pressure line is supplied by an
accumulator. The control structure is based on a model prediction algorithm,
which attempts to optimise the energy consumption of the pump. In the cost
function, extracting energy from the high pressure line without charging the
medium pressure line has a prohibitive cost. The state equations for all control
combinations are solved and the two energies in the two pressure rails are
calculated for the next time step. The authors then use a proportional valve
and throttle the flow to get the correct chamber pressures. The article shows
that the resulting controller is 13% more efficient than a load sensing solution.

Stauch et al. propose the use of a digital hydraulic inspired accumulator to
store and recover energy in [60]. The accumulator has a multi-area piston type
design. The top part is filled with gas, which is the spring as in a conventional
accumulator, but the bottom part consists of several concentric annular areas
with different sizes. Each area can be switched between a load port and a low
pressure port. This makes the accumulator function in a manner similar to
a multi-chamber cylinder. The authors simulate a case in which a cylinder
moving a weight is used. The weight is first lifted. This discharges the
accumulator. Then the weight is lowered which charges the accumulator. The
weight is then lifted again but it does not reach the same height due to the
throttling losses and the friction in the system.

A three-pressure multi-pressure actuator is investigated in [61]. A state-
space representation of the system is obtained and used to find a Linear
Quadratic Regulator (LQR), which controls force and back pressure by
outputting flow references for the two cylinder chambers. A set of switching
rules are defined based on the available pressures and the possible flow
directions (i.e. flow from low to high pressure is not possible). Then the
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inverse valve model is used to realize the flow reference set by the LQR.
The switch happens over a period of 100 ms in order to avoid any flow spikes
during switching between pressure lines. Both pressure lines are connected
to the cylinder at 50 ms and are each providing half of the flow. The resulting
energy use was reduced by 49.3% on average for the six test cases, despite the
fact that cross-port leakage occurs. The reduction in question is in comparison
with the same system using two pressure rails.

Linjama et al. [62] discuss the possibility of combining the energy storage
concept from [59] together with the multi-chamber accumulator [60] or a
secondary controlled multi-chamber cylinder. The idea is to have an energy
storage unit providing the peak power for each actuator as opposed to a
unified energy storage solution. This reduces the need to transfer large power
quantities from the main power storage to each actuator. The energy peaks are
handled locally at the actuators instead. A further benefit is that the energy
storage for each actuator can be designed separately. The size and pre-charge
of the accumulator influence the efficiency of the system as discussed in [63].
This information is used to conclude that designing multiple actuators with
different loading conditions and a single storage system can be difficult.
The main issue with both the proposed solutions in [62] is the size of the
accumulator. Larger accumulators will be able to supply the system better,
but they are bulkier. Smaller accumulators can furthermore have problems
with heat dissipation due to the smaller amount of fluid in the system.

A two chamber cylinder is controlled by switching between multiple
pressure lines in [58]. Huova et al. propose 100 pressure lines instead of
the more common three. A more realistic prototype with 7 pressure lines is
tested. The authors compare the energy losses with those of a four-chamber
cylinder. The losses are 3.5 kJ for the multi-chamber cylinder and 2.49 kJ in
for the multi-pressure cylinder.

Huova et al. [64] study a multi-pressure actuator to drive a mobile
hydraulic boom mock-up. The authors consider the possibility of opening
one or two valves between a chamber and a pressure line. This changes the
maximum flow capacity of the valve and so changes the force resolution at
velocities different than zero. They also consider the possibility of allowing
crossflow between pressure lines. The authors find that at low velocities only
changing the number of valves opened does not improve the resolution. Both
PNM and crossflow have to be allowed in order to get good resolution. The
inclusion of crossflow does produce losses, but the authors have removed the
most costly combinations. The experimental results show an average energy
loss over movement distance between 10 and 14 J/mm depending on the
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controller and the loading conditions. Huova et al. study the source of the
power losses in the system and find that 65% are due to the on/off valve.

Linjama et al. develop a force controller for a multi-pressure cylinder
in [65]. The system has six possible pressures to choose from, but each
line has two valves connected in parallel. Two chambers, six pressures
lines and two valves per line result in 24 valves and 2?* combinations.
The two valves connected to each chamber do not have different sizes, so
opening either one is equivalent to opening the other. The total number of
unique combinations is 282, because there are two chambers. A cost function
is used to evaluate the control combinations by enumerating all of them.
The system is experimentally tested on a seesaw bench reported in other
papers. The energy efficiency measure was comparable with the results of
a multi-chamber cylinder actuating the same test stand.

Linjama et al. collect results and reflect on a 2-year research project for
the improvement of fuel efficiency in hydraulic working machines in [66].
The main finding of the project is that hybridization can reduce fuel consump-
tion by 15%. The most effective solution is the combination of independent
metering and hybridization where a 28% reduction is seen. It is noted that
multi-pressure systems have the potential to reduce fuel consumption by
36%. The inertia of the luffing and extension joints was too low for the system
to be implemented, so they used a standard load sensing system with 4/3
proportional valves for those two actuators. The multi-pressure system was
only implemented on the swing and lift actuators.

4.3 Discussion

The results for multi-pressure cylinder and multi-chamber cylinders are very
similar. Accuracy and smoothness of motion depends on the mass of the
system and the force resolution. Energy efficiency is the main advantage of
the architecture and results show that multi-pressure cylinders can be more
efficient than multi-chamber cylinders. The switching losses can be reduced
by both having smaller differences between pressure levels and by having
smaller chambers in which the change happens. Switching frequency is not
constant and is in general smaller than with a hydraulic buck converter. The
number of components needed to make the concept work is rather high as in
multi-chamber cylinders. A three-chamber three-pressure cylinder requires
12 valves, while a two-chamber, seven-pressure cylinder requires 14. Since
the pressure lines are created locally at the cylinder itself, each actuator would
require a transformer and having multiple multi-pressure cylinders does not
reduce the number of needed components.
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5 Multi-chamber Cylinders
5.1 Concept

Multi-chamber cylinders are hydraulic cylinders with more than two cham-
bers. The authors in [67] explain that using the same constant pressure in
different chambers produces different force levels. This can allow the four
quadrant secondary control of a multi-chamber cylinder.

In Figure 9, a multi-chamber cylinder with four chambers can be seen.
In the figure, only three chambers are used. The fourth chamber is vented
to tank. The cylinder can be connected to three pressure levels by a bank of
on/off valves. The resulting force level the cylinder is able to produce can
be seen in Figure 10. The resolution of the force depends on the number of
chambers and number of pressure lines, which are available. A four-chamber
cylinder with two pressure lines can produce 24 = 16 forces, a three-chamber
cylinder with three pressure lines can produce 3% = 27 forces, and a four-
chamber cylinder with three pressure lines can produce 3* = 81 forces. More
combinations can result in better performance, but it also necessitates more
components and it makes choosing a force level more difficult.

A force trajectory can be followed by switching between these force
levels. Since the valves are always on or off, there is no throttling. The multi-
chamber cylinder is a different way of creating a hydraulic converter, but
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Figure 9 Cylinder used in Wavestar prototype.



286 V. Donkov et al.

0.5

Normalised Force [-]
()

0 5 10 15 20 25
Combinations [-]

Figure 10 Normalised force levels, which a three-chamber cylinder with three pressure lines
can produce.

instead of modulating the flow, the pressures are being modulated. The major
source of losses in the system is switching, as the fluid in the chamber has
to be compressed and decompressed depending on the case. Some authors
propose throttling control as an inner loop of the force controller. That is —
a force level above the reference is chosen and then the minimum amount of
throttling is used to reach the force reference.

5.2 Papers

5.2.1 Multi-chamber cylinders with two pressure lines
The cylinder under consideration in [67] has four chambers with binary
coding ratios. The chambers are either connected to a high-pressure or low-
pressure line. Since there are four chambers and two pressure levels the
actuator can provide 16 discrete force levels. The control structure optimises
a cost function for the minimum force error while penalising excessive
switching. The experiments show that a secondary controlled multi-chamber
cylinder can have 60% less losses than a standard proportional valve and
cylinder solution. The authors identified the compressibility losses as the
largest source of losses in the multi-chamber cylinder solution. Linjama et al.
[67] also point out that the controllability at low velocities or with small
system inertias is poor.

Huova et al. [68] used a three-chamber cylinder with two pressure levels,
but instead of on/off valves the system has DFCUs, which are used to control
the velocity of the cylinder. It can be seen from the results that the velocity
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tracking is improved. The losses are still on average 60% lower than for a
standard load sensing system. The authors point out that if the cylinder is
supposed to drive overrunning loads a higher load pressure is needed and
then the losses are only 33% smaller compared with a load sensing system.
The reduction in losses is 50%, if the hoses are excluded from the simulation
and the chamber area ratio is changed.

Hansen et al. also optimise the chamber sizes of a four-chamber cylin-
der in [69] and determine that efficiency can be increased if the loading
conditions are known.

Belan et al. [70] investigate the possibility of using secondary controlled
multi-chamber cylinder in aviation. The authors have developed a procedure
for selecting cylinder areas.

Linkoping University and Volvo Construction Equipment discuss the
possibility of using digital hydraulics to improve the efficiency of a mobile
hydraulic machine in [71-73]. The concept utilises two constant pressure
rails. The wheel loaders work functions are realised with multi-chamber
cylinders. DFCU’s are proposed for connecting the pressure rails to the
chambers in order to efficiently control the transition from one force level
to another. The authors propose a model based controller (MPC) for the
cylinders. Heybroek et al. [73] focus on the MPC of a multi-chamber actuator.
The simulation results show a 5% force error over 99% of the cycle time. The
overall energy efficiency is 71%. The authors state that the controller requires
a bandwidth of 1 kHz, but 100 Hz is the common capability of the electrical
control units used in the excavator industry.

5.2.2 Multi-chamber cylinders with multiple pressure lines
Hansen et al. investigate the compressibility losses in [74] and [75]. The
authors point out that when shifting from one pressure level to another,
the pressure will overshoot the desired level due to the pressure dynamics.
Hansen et al. propose that it is possible to introduce an intermediate pressure
level. Thus the initial shift will result in a smaller energy loss, since the
pressure drop across the valve will be smaller. When the overshoot reaches
its maximum, the desired pressure level is introduced. Since at the time of the
shift the new pressure level is equal to the system pressure, the energy loss
would be zero. A minimum valve performance requirement to make such
shifts possible has been established in [76].

The work in [74-78] used a multi-chamber cylinder with three pressure
lines to extract energy from waves. They achieved a 90% efficiency over
multiple operating conditions.
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Hansen et al. [79] present a test bench representing a part of the wave
energy extractor presented in [78]. The authors faced a control problem as the
fast switching time of the on/off valves resulted in under-damped chamber
pressure responses. Hansen et al. stagger the opening of the valve over the
opening period in order to avoid the pressure overshoot or cavitation. An
optimal opening trajectory is proposed. In order to follow the trajectory a
parallel valves solution is used.

Hansen et al. [80] further show that small shifting times lead to a better
efficiency of the system, but they can also lead to larger pressure oscillations
in the cylinder chambers. The optimal shifting time depends on the size of
the chamber, which in turn depends on the current stroke of the cylinder. The
authors proposed selecting opening times for every chamber as a trade-off.
The authors then further expanded on their work in [81], where they investi-
gate the influence of a box flow and a cosine flow shape. The conclusion is
that the cosine input flow produces less oscillation, because it has a smoother
shape and has a longer shifting time.

Dell’ Amico et al. use a four-chamber cylinder and three pressure lines
in [82]. The resulting structure can produce 81 different forces. The control
structure consisted of a PI controller in the outer loop, which outputs the
desired force reference. The force reference was compared with the possible
steady state forces and the closest match was selected. The smoothness of
the motion was improved by using a smaller load and placing a weight
on unnecessary switching. When a larger weight was used the pressure to
the larger chambers was switched, which resulted in larger fluctuations in
velocity.

Niemi et al. attempt to use a multi-chamber cylinder together with a
multi-pump approach in [83]. The cylinder has four chambers which can be
connected to supply or load pressure. Instead of using a constant pressure
rail, the authors have connected three pumps with different displacements
to the same motor shaft. The pumps can pump either to the supply line,
or directly to tank. This changes the flow output of the pumps. There are
three pumps with binary coded displacements and four cylinder chambers,
which results in 106 force-velocity combinations. The results showed several
problems with the system. Since the supply pressure is dictated by the
load force, when the cylinder is stopped against the load force, the supply
pressure would rise to the demands of the load. If the cylinder then has
to move in the opposite direction (with the load force) the high pressure
would result in a velocity surge. The energy efficiency of the system is
compared with other control structures on a similar setup. The system is more
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efficient than a proportional solution with a load sensing system, but not as
efficient as [67].

Hansen et al. [84] investigate the performance of a Force Selection Algo-
rithm (FSA) and a Model Predictive Controller (MPC) algorithm for solving
the tracking problem of a multi-chamber cylinder, while minimizing energy
use. Two MPC algorithms are investigated and are compared to the FSA.
The cylinder used has three chambers and three pressure lines. The middle
pressure line’s level is chosen as the average of the high and low pressures.
The cylinder is pushing against a spring damper system. The time horizon
of the MPC was varied from 0.2 to 0.8 s and the time step from 0.1 to 0.5 s
respectively. The parameters chosen are 0.5 s and 0.1 s. In order to compare
the algorithms, they were tuned so they have less than 3 mm mean squared
error over the trajectory. The computation time for the MPC controllers where
38 s and 327 s, values much larger than the 0.5 s horizon. The results indicate
that the energy efficiency of a position tracking multi-chamber cylinder can
be improved significantly by using the MPC algorithm.

Donkov et al. [85] investigate the energy saving potential of using a
multi-chamber cylinder to actuate the inner jib of a knuckle-boom crane.
A three-chamber cylinder is used along with three pressure lines in the
simulation. The controller is based on a simple FSA, where all switching
is punished with the same weight without regard for actual losses involved.
A parameter sweep is performed to find the optimal weight and the optimal
pressure for the mid pressure line, showing that the controller can perform
better if the force levels are tailored to the load and the trajectory. A second
controller is presented which has a large weight on the two valves, which
connect chamber A and chamber B to high pressure. The two controllers
showed close performance with regard to accuracy and energy efficiency, but
at the same time, they exhibited different switching patterns. One controller
would follow the force trajectory closer and switch less often, while the
other switched more often to forces above and below the actual trajectory.
The original controller which followed the force trajectory more closely had
large force spikes during switching. The force controllers were compared to
a traditional hydraulic system — a mobile hydraulic proportional valve and a
constant pressure supply. The proportional valve achieved a root mean square
(RMS) error of 2 mm while the force controller achieved 74 mm at best. At
the same time the energy used was 0.89 MJ versus 0.22 MIJ for the force
controller.

Hansen et al. [86] investigate how a new MPC algorithm can lead to a
significant increase in the harvested power of a wave energy converter with
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discrete fluid power take-off system. The discrete power take-off system is
a three-chamber cylinder with three pressure lines. The losses considered in
the MPC are losses due to switching and throttling losses associated with the
displacement flow. The influence of the time horizon and the time step size
on the controller are investigated. The authors report that average absorbed
power increases when the prediction horizon is increased, but the gains flatten
out in horizons longer than 4 s. The authors also report that average absorbed
energy decreases as time step grows. In practice, a value of 200 ms was
chosen, because it takes 50 ms for the pressure shift to occur in the chamber.
These dynamics are omitted in the MPC, because they are assumed to happen
much faster than the time step. Three cost functions are tested — one without
losses, one with switching losses, and one with switching and throttling
losses. Harvested power was largest in all tests with the third cost function.

Donkov et al. [87] discuss the possibility of using MPC to control the
multi-chamber cylinders actuating a realistically sized crane. This is a sim-
ulation study only. A large weight is added to the load, after both inner
and outer jibs are extended, to simulate the crane picking up something
heavy. The FSA and the MPC are compared against a system with a load
sensing pump, proportional valves, and normal cylinders. It is shown that
the MPC performs better than the normal cylinders and the FSA in terms of
energy efficiency. It is also shown that the large change in weight causes a
constant error in the MPC and furthermore reduces its energy efficiency. This
is found to be due to the change in the model, which is not reflected in the
algorithm.

Hansen et al. investigate the long term effect of valve shifting time on
a mechanical structure driven by a multi-chamber cylinder in [88]. A three-
chamber, three-pressure cylinder is controlled with a FSA. The simulation is
run for 100 wave periods and the force shifts are recorded. These force shifts
are converted to an equivalent fatigue load using Miners rule. The results
show that harvested energy decreases with increasing valve shifting time, but
the fatigue load generally decreases.

Hansen et al. conduct a hardware-in-the-loop validation of a MPC con-
trolled multi-chamber cylinder in [89]. The test bench is two cylinders
pushing against each-other. One simulating a wave load, while the other
simulates the power take-off system of a wave energy converter. Five different
cost functions are compared in terms of energy efficiency, but also in term
of computation time. The more complicated cost functions took longer to
compute, but also extracted more energy. The least complicated cost function
took 16 ms, while the most complicated took 85 ms. In both cases this was
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below the MPCs prediction horizon, meaning that it is possible to run these
controllers in real time.

Donkov et al. [90] investigate a fault-tolerant MPC. A seesaw test bench
was driven by a three-chamber, three-pressure cylinder. The faults investi-
gated where valves stuck closed and valves stuck open. A simulation study
was performed in which the system was investigated with and without a fault
tolerant controller. It was shown that in general valves stuck closed produce
a smaller effect on the system. Furthermore, the system can operate normally
if the fault is detected. The effects were much larger in the case where valves
are stuck open — often resulting in an inability to move the cylinder. Two
cases were tested on the test bench to validate the simulations, but modelling
errors and undiscovered faults gave inconclusive results.

5.2.3 Multi-chamber cylinders for exoskeletons

A digital cylinder drive is studied for a knee joint of an exoskeleton in [91].
A four-chamber cylinder is used and the aim is to examine the jerkiness of
the motion due to force transitions, when the system is used for getting up
from a crouching position. The multi-chamber cylinder is made up of three
differential cylinders connected in parallel. Only two pressure lines are used.
The valves used are 3/3 two-way switching valves. This reduces the number
of valves from eight to four. The control structure is described as a simple
model predictive controller. The initial and desired angle of the leg are used
to compute a position, velocity and acceleration trajectory for the cylinder. It
is noted that valve size is a problem as the ones used in the simulation would
have to be attached to the upper body. A different trajectory — fast walking,
and experimental results are suggested as future work.

Scheidl et al. [92] continue the investigation of a multi-chamber cylinder
for the knee joint of an exoskeleton. In this case the focus is on the valves
system. In order to reduce the size and weight of the four valves, they
are changed from electrically actuated to pilot pressure actuated. The pilot
pressure for the four valves is controlled by one proportional valve. Moving
the spool of the one valve causes the pilot pressure to change and the four
valves to switch states making this a hydraulic binary counter. These valves
switch from one state to another in 50 ms, but the authors claim that this can
be reduced by changing the switching trajectory.

5.2.4 Discussion
Multi-chamber cylinders rate lower than throttling based approaches such
as parallel valves, in terms of accuracy and smoothness of motion. The
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actual performance depends on the size of the system, the trajectory and
the available force levels. The switching frequency and the switching events
can be reduced compared with the switching valve or the hydraulic buck
converter concepts. The reduced switching load can also lead to improved
reliability. Furthermore, the components operate in parallel, so it is possible
to avoid using faulty components without affecting the system. The efficiency
of multi-chamber cylinders can be considered their main advantage with
proven efficiency of the cylinder of 98% in multiple loading conditions. This
efficiency can be destroyed though by the inefficiency of the pressure rails if
they are not constructed in a smart way (e.g. throttling a high pressure rail in
order to create a medium pressure rail). The concept does not require many
components — each chamber requires a number of valves equal to the number
of pressure rails. Pressure rails may require multiple pumps, accumulators
and possibly significant length of hose. This can be offset if the pressure lines
supply multiple actuators. The multi-chamber cylinder itself can be costly
as it is a more complicated component than a differential cylinder. In terms
of control the current trend is towards MPC over FSA. The computational
complexity associated with MPC is an issue.

6 General Conclusion

The general conclusion for these concepts is presented in table form in
Table 1. Pluses and minuses have been assigned to each category. A 4 denotes
either average result or that the result depends on how you implement the
technology. Simple pluses and minuses do not represent the full reality of
the differences between technologies and furthermore subjectivity cannot be
avoided, but the table can be used to give an estimate of the subject area.

Table 1 Result of state of the art review
Parallel ~ Switching  Multi-chamber ~ Multi-pressure

Valves Valves cylinders cylinders
Accuracy ++ ++ + ¥
Energy efficiency + + ++ ++
Switching + - _ _
Extra Components + + - _
Computational Complexity + + — _

Robustness ++ - + +
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The mobile-hydraulic industry in particular has so far shown the largest
interest in digital hydraulics, specifically Bosch-Rexroth and Volvo, which
have collaborated on some of the papers cited e.g. [72, 93].

In terms of accuracy parallel valves and switching valves have been given
very good results. This is a reflection of the fact that parallel valves can
use throttling and micro-positioning with single pulses. Papers concerning
switching valves also report accurate smooth motion with the complex flat-
ness based controllers. The other two concepts get average results, because
most papers in these fields focus energy efficiency more.

Multi-pressure cylinders and by extension multi-chamber cylinders with
multiple pressure lines are very efficient and as such are given the highest
mark in this category. Switching valves are given a good result, because the
field contains both HBC and throttling based concepts. Parallel valves are
given an average result, because they still rely on throttling control. They are
more efficient that a standard proportional valve solution, because they can
throttle the flows to the cylinders chambers separately.

Concerning switching, parallel valves require the least amount of it. The
concept controls velocity directly and with possible cross-port leakage good
resolution can be achieved with relatively few valves. Multi-chamber and
multi-pressure cylinders require switching between forces in order to follow a
trajectory, but the control structures try to punish this. That is to say switching
will only occur when it is needed. A constant switching frequency is used
to the PWM controllers in the case of switching valves. For this reason,
switching valves are given the worst score.

Multi-pressure cylinders are given the worst score in the “Extra com-
ponents” category, because they require a transformer for each cylinder.
Multiple multi-chamber cylinders can be actuated from the same pressure
rail. Switching valves are given an average result, because HBC require extra
check valves and hoses, but at the same time, two valves might be enough to
actuate a cylinder.

Multi-pressure and multi-chamber cylinders receive low scores in com-
putational complexity, because the field seems to be moving towards the use
of MPC. Depending on the prediction horizon, this can be quite complex. No
computational problems have been reported in the field of switching valves
and multiple papers address the computational complexity of parallel valve
controllers.

Parallel valves receive the highest grade in terms of robustness, since all
the valves are essentially equal. Multi-pressure and multi-chamber cylinders
have some valves that can be more important i.e. those connecting to the
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low-pressure line. Switching valves incur the highest switching load and
based on that have been given the lowest grade.

A trend can be seen in the field of parallel valves towards reducing the
number of valves. This is achieved by adding more switching. The trend in the
field of switching valves seems to be to incorporate multiple HBCs in parallel.
Increasingly complicated control structures are receiving more attention in
both fields, when compared with physical changes to concept or architecture.

The field of multi-chamber cylinders is moving towards MPC and trying
to solve the computation problem associated with it. The field of multi-
pressure cylinders is still new and not enough papers are present in order
for a trend to be detected, though it can be expected that the field will follow
the others and control strategies will receive more attention.
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