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The WIEFP is a Swedish-Brazilian initiative started in 2012 whose focus is to promote
collaboration in the development of technologies, education, innovation management, and
methods and tools for hydraulic and pneumatic system development and design, aiming to
bring together industry and academia interested in this evolving multidisciplinary field of
fluid power, driver, actuation, and control systems present in almost all industrial sectors.

In the 2022 edition, besides the panel discussions with panelists from industry and
academia, the workshop had selected presentations from industry engineers and papers
submitted by master’s and doctoral students, which were peer-reviewed by the scientific
committee. Furthermore, the workshop had short courses offered by experts from industry
and academia.

The topics of the workshop are focused, but not limited to:

¢ Electrification and digital transformation
e Applied artificial intelligence

e Energy efficiency solutions

e Fluid power applications and design

e Modeling and simulation

¢ Innovation and management

e Sustainability

e Components and systems

il
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Linképing, Ostergotland, Sweden Eskilstuna, Sodermanland, Sweden

Liselott Ericson
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ABSTRACT

An observable trend nowadays is the change in the prime movers of mobile heavy machinery to electric
alternatives to achieve more eco-friendly equipment. These solutions often require large and heavy batteries
with limited capacity, making the research of more efficient components and the development of different
system architectures an important topic of study. Hydraulic actuation is still a relevant application for these
vehicles because of its reliability, controllability, and high power density. The electrification and
digitalization of mobile machinery allow for innovative designs and control strategies to be implemented
that take advantage of electro-hydraulic systems and their characteristics. Similar research has shown that
a higher number of degrees of freedom allow for the system to operate with higher total efficiency. This paper
introduces a novel actuation architecture that combines multiple fixed displacement hydraulic pumps and
on/off directional valves to control the position and force of two hydraulic actuators for the working
functions of a mobile machine. Each pump is powered by a variable speed electric drive so that each one can
be operated independently, and together with the set of directional valves, allows the selection of different
combinations of pumps and flow sharing between the actuators’ chambers to achieve the desired flow and
pressure on each cylinder. The multi-pump system favours the use of smaller pumps, and the possibility of
combining their flows reduces the need to operate the components at lower efficiency points such as partial
displacement. At the same time, controlling the pumps’ flow through the variable-speed electric motors
means that throttling valves are not needed. The development of this architecture will allow for its use in
mathematical models to analyse its behaviour and efficiency and to obtain insights regarding points of
improvement in the system architecture.

[DOL: https://doi.org/10.3384/ecp196001]

Keywords: Electrification, digitalization, multi-pump system, control optimization

INTRODUCTION

A traditional solution for the operation of loads in heavy machinery, such as excavators and wheel
loaders, is hydraulic actuators because of their high power density, controllability, and reliability. Load-sensing
systems have been traditionally used to control the system pressure so that multiple loads can be operated with
the same pump [1]. This commonly involves one or more pumps connected to the internal combustion engine
that adjust their displacement continuously to reach the required pressure [2]. To guarantee that the loads can
achieve the desired speed, it is possible to combine pumps so that higher flows can be achieved. On the other
hand, two or more actuators can be used at the same time, meaning that the flow of a pump might be
distributed between them, resulting in what is called flow sharing. Although this process allows the operator
to use different functions continuously to increase productivity, the loads often require different pressure
levels, meaning that proportional valves are needed to limit the flow to each cylinder or motor, which often
results in losses through pressure drop [3].

The load sensing system is well established in the industry for being a reliable solution that has seen
constant improvement and is capable of adapting the system to different working conditions as needed by the
operator, but the high losses encourage the search for different alternatives [4]. One option is the development
of new pumps and motors, such as the Digital Displacement Pump® (DDP) [5]. Another research topic is
reducing the system losses by modifying the conventional system [2, 4] or by exploring new architectures that
aim at reducing the losses in hydraulic systems by changing the throttling valves to a series of on/off valves to
operate the actuators [6, 7] and that take advantage of the higher control capabilities of a combined electric-
hydraulic system by controlling the pump speed, and thus the flow [8].

A Novel Multi-Pump System for Hydraulic Actuation in Electric Mobile Machinery © 2022 by Artur Tozzi de Cantuaria Gama, Kim
Heybroek, Liselott Ericson is licensed under CC BY-NC 4.0. Proceedings of the 6th Workshop on Innovative Engineering for Fluid
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The electrification and digitalization trend of heavy machinery supports the development of both these
alternatives. The use of electric batteries with limited capacity requires more frequent and longer recharge
times [9] or a complete battery exchange [10]. In this regard, having a hydraulic system with higher efficiency
is advantageous, as the machine can operate for longer periods, but also reduce the overall energy cost even
for newer or conventional fossil fuel equipment or hybrid solutions, thus also reducing emissions.

With a focus on the system architecture, this paper presents a novel solution for the hydraulic system
in excavators. A multi-pump system is considered, where a series of fixed displacement pumps are used to
provide the required flow. With a fully electric vehicle, it is possible to separate the pumps from the main
engine and have each being operated by a different electric motor, thus granting operation independency to
these components. Finally, a manifold block with on/off valves allows for the system to connect any number
of pumps to any of the actuators as needed, as well as connect different chambers to regenerate energy.

The challenge in the development of such a system is finding a way to estimate its performance and
possible benefits since the control strategy to be used is not clear because of the high number of control
variables. This paper finishes with a discussion about dynamic programming, which has been used before to
evaluate another highly complex system with a DDP [11]. This method aims at finding the optimal control
strategy for a given operating cycle, thus offering insights on how to improve the system and develop an
adequate controller.

ELECTRIFICATION AND DIGITALIZATION
Valve-controlled systems

A traditional valve-controlled system with actuators operating at different pressures always includes
the loss of part of the total power [2, 12]. Figure 1.a) presents a simplified model of a load-sensing system with
two cylinders, where the pressures in the actuators are compared and the higher one is used as a reference to
control the displacement of the pump so that both pump flow and, consequently, pressure are adjusted as
needed.

In Figure 1.b) the power consumption of the system is shown. One actuator consumes a total power of
P, based on its flow and pressure while the second actuator needs flow at a lower pressure, thus consuming P..
But since they share the same pump, the system must keep the pressure on a higher level, thus a large pressure
drop is required on the proportional valve of the lower pressure cylinder, resulting in the previously mentioned
power loss. The dashed line represents the extra power loss derived from internal losses in the system such as
friction and leakage.

I
I

Pmax
] L]
it X bl X Ploss
ol ot

Pressure
O
—_

a) b)

Figure 1 - Load-sensing system. a) Simplified hydraulic circuit for two actuators. b) Loads
power consumption and losses

Although this system has been a successful change when compared to an open-centre valve circuit or
a pressure-controlled system concerning system efficiency [1] and improvements have been proposed by
combining, for example, load-sensing with open-centre solutions and controlling both the pressure and flow

Proceedings of the 6th Workshop on Innovative Engineering for Fluid Power — WIEFP 2022
22-23 November 2022. ABIMAQ, Sdo Paulo, SP, Brazil.

2



of the pump [3], the energy loss is still present through the load interference since a pump is always shared
between actuators.

Current research on electrified systems

Different countries are instituting regulations with a focus on reducing the consumption of fossil fuels
and emissions from vehicles. For companies that require heavy machinery, such as mining and civil
construction, new laws and requirements should be followed, and OEMs are now searching for different ways
to power the vehicles, such as battery, fuel cell and hydrogen combustion [13].

New challenges arise when sizing these vehicles regarding operation time, energy management and
cost, but it also opens new possibilities for the design of the different systems in the machine. If a fully electric
vehicle is considered, then having the hydraulic pumps connected directly to the prime mover is not a necessity
anymore, since smaller electric motors and pumps can be installed on different spots of the machine and
powered through electric cables. The hydraulic connections could also be done with shorter hoses, for example,
since the pumps could be installed closer to the machine’s actuators.

One topic nowadays is pump-controlled systems. When considering the flexibility provided by electric
systems, one example is [14], which analyses a pump-controlled solution to operate differential cylinders. A
single electric motor is used to power two fixed displacement pumps/motors and a control strategy is
discussed. There are no throttling losses through valves and the flow is only provided to each of the chambers
when needed. [15, 16] discuss different electro-hydraulic solutions regarding the number of pumps and
utilization of hydraulic transformers or accumulators, while also comparing different architectures, benefits,
and controllability challenges.

[11] discusses the application of the Digital Displacement Pump® in an electric scooptram. In this case,
the electric motor speed is based on the operating cycle and the operator actions and two DDPs are used to
provide flow to three actuators. Based on the design of the DDP, each one is modelled as a set of four small
pumps with independent variable displacement connected to the same mechanical shaft, thus simulating an
eight-pump system. The main advantages derive from the higher efficiency of the machines in a larger range
of operating points and the fact that the valves can be used only to change the direction of the flow without
acting as throttling components.

Another alternative for electric-powered hydraulic systems is presented in [17]. Here the discussion
revolves around controlling two cylinders with multiple fixed pumps connected to different chambers of the
actuators and powered by variable-speed electric motors, a system denominated as an electro-hydraulic
variable-speed drive network. Different architectures are compared, considering how pumps can interconnect
different chambers and how to size them, while completely removing the need for throttling valves.

A MULTI-PUMP ARCHITECTURE FOR MODULAR EXPANSION

The previous research shows the potential for electrification and digitalization and how those systems
can improve overall efficiency by eliminating throttling losses. To expand on these ideas, a new architecture
for two cylinders is proposed in Figure 2. The basic components considered are two actuators that should be
operated by four fixed displacement pumps/motors plus four variable speed drives (VSD) for electric motors
and thirty on/off valves. In the figure, A, are the actuators, P, are the pumps, Pnm are the pump ports connected
to the valves and S, refer to the service lines that connect the valves to each actuator chamber.

Another goal of this study is to evaluate how the system could benefit from using smaller fixed-
displacement pumps. Smaller machines can normally operate at higher speeds to reach the same flow as a
larger pump, which could reduce the overall weight and space required for installation. Scooptrams and
excavators also commonly work under operating cycles that do not always require the maximum power at the
actuators, thus having multiple pumps would allow the system to operate only the number of components
needed at the adequate speed to reach maximum overall efficiency.

The considerations and ideas behind the proposed architecture can be summarized in the following
points:

e The proposal considers identical-size pumps and valves, which can reduce the overall cost of

production and allow for modularity,

e The system should operate by transferring fluid between the actuators directly through the valves,
allowing for energy recuperation or through a pump if a higher pressure is needed,

e An auxiliary pump connected to the tank is available for use when extra flow is required or when
excess flow should be returned to the reservoir. This extra pump allows the system to adjust the
low-pressure level during operation,

e The variable speed drives also allow for energy recuperation by charging the vehicle batteries with
the hydraulic machines operating as motors.
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Figure 2 - System diagram for two actuators

The architecture shown allows for all possible interconnections between components. This means that
each chamber from each actuator can be connected to any one of the pumps’ inlets or outlets or the auxiliary
pump. A single pump can be used if the required flow is low or multiple pumps can be activated simultaneously
if a function requires a higher flow.

As an example, one could consider actuators A, returning and A, advancing. One possible operation
could be connecting S; to S, through the valves on the pump P; column for direct energy recuperation, and if
there is excess flow, it can be directed to the auxiliary line. At the same time, S5 could be connected to P,, so
that P, can set the pressure for P», which would be connected to S.. If extra flow is needed, then the system
could add flow from the auxiliary line or send it back to the tank through the auxiliary pump if there is an
excess flow.

The number of valves needed can be calculated based on the number of pumps that are connected to
the actuators’ services lines (connection points S,) times the number of valves needed for each pump setup,
which are two valves connected to the auxiliary line plus four valves for each actuator, thus

n, = (np, — (2 + 4n,), (1

where n, is the total number of valves, n,, is the total number of pumps and n, is the number of actuators.
Increasing the number of actuators means adding an extra line of valves while adding an extra pump adds a
column of valves connecting to the actuators and two extra valves to the auxiliary line.

This proposal also allows for some level of modularity. Figure 3 below represents how the system can
be expanded to include any number of actuators and pumps for application on different machines. In this
regard, having a standardized valve block solution would allow for the basic system to be adapted to an
excavator, for example, that includes an arm, boom, bucket, and swing, totalling four actuators, while the
number of pumps could be increased to achieve the maximum required flow instead of increasing the size of
the components.
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Figure 3 - General modular diagram for the multi-pump architecture
Evaluation proposal for the multi-pump system

The first step in evaluating this system will consist in analysing the possible gains of using multiple
pumps. When the maximum flow is not needed, then a single pump operating at high speed could provide all
the flow or multiple pumps could be active at the same time at a lower speed. The ideal solution could depend
on the drive cycle considered and on the efficiency of the machines at the operating conditions. A sizing study
and static evaluation with one or two actuators will provide insight into the system’s behaviour and operating
limitations.

The multi-pump system includes a high number of components that need to be operated. It also shows
how to achieve a high degree of freedom, meaning that each pump can be connected to each actuator chamber
at any moment. A system with four actuators and eight pumps (seven work pumps and one auxiliary pump)
would require a total of 126 valves. A fair assumption is that the actual system would not need all these
components to work adequately, but identifying what parts are redundant is a hard task to be done through an
empirical analysis.

To tackle this problem, dynamic programming can be used to find the optimal solution. The system
can be modelled as a discrete-time optimization problem where a target function, for example, minimizing the
total energy consumption, is the main objective [18]. By setting the vehicle to work on a drive cycle, it is possible
to estimate what would be the optimal selection of valves and pumps and when to activate them at each time
step.

This method was applied before in [11] to find the optimal control strategy for the scooptram with
DDPs and estimate the system’s efficiency. For the current application, besides giving more information
regarding the multi-pump solution capabilities and how it would operate, the results should also indicate which
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parts of the circuit are redundant. It would be possible, for example, to identify certain valves (or valves
combination) that are never used because a more efficient alternative exists, which can be used as a basis for
adapting the system architecture to a simpler alternative.

Finally, the results of the dynamic programming and the simplified architecture can then be analysed
from the dynamic perspective to develop an adequate control strategy. Rule-based controllers tend to increase
drastically in complexity as the number of control variables increases, in this case, pump speeds and valves, so
alternative methods should be studied. Machine learning is one alternative that should be considered, where
the system is trained with different drive cycles to define the ideal combination of valves and pumps that should
be active based on, for example, pressure levels and operator commands.

CONCLUSIONS

This paper focuses on the broad research area of electrification and digitalization, more specifically on
the integration of hydraulic systems into fully electric machines and how to make the hydraulic system more
efficient. A discussion about the different subtopics is presented and which methods and approaches have been
considered by different research groups, including component development, digital hydraulics, electro-
hydraulic solutions, and multi-pump systems.

A novel multi-pump architecture is presented that combines a series of fixed displacement pumps with
variable speed electric motors and a set of on/off valves that can be used to control different actuators. The
system is presented at its most generic state with a high degree of freedom for controllability and a discussion
about its modularity and how it can be adapted to different machines is presented.

Dynamic programming is then discussed as a mathematical algorithm that can be used to identify the
optimal solution for a given drive cycle. The results would serve not only to estimate the capabilities of the
system but also to identify redundant components that could be excluded from the system architecture since,
for example, a more efficient combination of valves and pumps should be used. Another analysis could revolve
around determining which parts of the system are unfrequently used, thus a compromise between the number
of degrees of freedom and the overall cost of the system could be studied.
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ABSTRACT

In the last decades, digital hydraulics has emerged as a new alternative for the development of more efficient
hydraulic systems, where the effects of throttling losses and internal leakages are minimized through the use
of conventional hydraulic components associated in parallel or through switching hydraulics. In the aviation
industry, hydraulic systems are commonly applied to control highly relevant systems, such as landing gear
and flight control surfaces. In this context, digital hydraulics can be used as an alternative solution to
improve the energy efficiency of aircraft hydraulic systems. Based on that, this paper aims to present three
new hydraulic actuators for application on aircraft flight control surfaces using digital hydraulics. The
actuators are being studied by the Laboratory of Hydraulic and Pneumatic Systems - LASHIP of the Federal
University of Santa Catarina - UFSC and are called Digital Hydraulic Actuator - DHA, Digital Electro
Hydrostatic Actuator - DEHA and Variable Speed Digital Electro Hydrostatic Actuator - VSDEHA. The
simulation results show that the actuators developed can be 23 times more efficient than conventional servo-
hydraulic actuators, with equivalent dynamic characteristics, demonstrating the potential for application of
these new actuators in aeronautical systems.

[DOI: https://doi.org/10.3384/ecp196002]

Keywords: Digital hydraulics, Digital hydraulic pump, Efficiency, Variable speed, Dynamic simulation.

INTRODUCTION

Hydraulic systems are mainly applied when it is necessary to develop a large amount of power
combined with a compact volume. This characteristic makes hydraulic systems be applied in several areas,
such as in construction machinery, hydroelectric plants, and the aeronautical industry. In the aviation
industry, hydraulic systems are used in aircraft flight control surfaces, cargo doors, steering, landing gears. [1].
Additionally, hydraulic systems are known for their high reliability and fast dynamic response, making these
systems suitable for aircraft application. However, one of the disadvantages of using hydraulic systems is the
low energy efficiency, which is caused by the use of valves that throttle the flow and by the internal leakage of
the hydraulic components. In order to develop a more efficient actuator solution, studies using digital
hydraulics began to be carried out aiming at aircraft applications [2 — 6]. In this technology, components such
as the servo or proportional valves are replaced by a set of on/off valves connected in parallel or by a fast
switching on/off valve, which is capable of delivering discrete outputs, avoiding the throttling control and
minimizing the internal leakage. On/off valves can also be applied to control the pump output, in cases of
parallel connection two or more fixed displacement pumps can be connected through the same shaft to provide
different flow levels in place of variable displacement pumps. Therefore, using the digital hydraulics approach,
throttle losses and internal leaks can be reduced and the system is controlled by the interaction of simple on/off
hydraulic components.

In this paper, an overview of researches provided by the Laboratory of Hydraulic and Pneumatic
Systems - LASHIP of the Federal University of Santa Catarina — UFSC in the development of digital hydraulic
actuators for aeronautical applications will be presented.

Digital Hydraulic Actuators: An Alternative for Aircraft Control Surfaces © 2022 by Dimitri Oliveira e Silva, Marcos Paulo Nostrani,
Rodrigo Simoes Lopes Junior, Victor Juliano De Negri is licensed under CC BY-NC 4.0. Proceedings of the 6th Workshop on
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8



STUDIES ON DIGITAL HYDRAULICS TOPOLOGIES

The Laboratory of Hydraulic and Pneumatic Systems at the Federal University of Santa Catarina is one
of the main centers in Latin America in the development of hydraulic and pneumatic systems. Currently, the
laboratory has a research line focused on the study of different topologies for aircraft actuators applying digital
hydraulics to flight control surfaces. In this context, three digital hydraulic topologies are being studied, which
are called Digital Hydraulic Actuator — DHA, Digital Electro Hydrostatic Actuator —- DEHA, and Variable Speed
Digital Hydrostatic Actuator — VSDEHA. These solutions will be presented according to the chronological
development in the laboratory.

Digital Hydraulic Actuator (DHA)

In this topology, a multi-chamber cylinder with different areas is supplied by different pressure lines
(Figure 1). The on/off valves are used to direct the flow rate from the supply lines to the cylinder chamber,
where each cylinder chamber can be connected to each supply line independently [2]. The secondary control
system of this solution is based on the combination of the pressure lines with the areas of the cylinder chambers
to produce the necessary force to move the cylinder, according to the load condition estimated by the system
[4]. In this solution, a centralized hydraulic power unit is used to supply the pressure lines.

In [4], the authors proposed a way to define the areas of the multi-chamber cylinder and the pressure
values of the supply lines, with a focus on the use for aircraft control surface applications. In the experimental
study developed by [2], a four-chamber cylinder connected to three pressure lines through twelve on/off valves
was used. Using the combinations of areas and pressures, it was possible to obtain 81 discrete output forces
values.

The study carried out by [2], the authors presented an evaluation of the energy saving potential of the
solution, where it was possible to reach levels between 80% and 96% of reduction in energy dissipation using
the DHA solution when compared to a Servo Hydraulic Actuator under the same simulation conditions. In [6],
the simulations performed by the author showed a reduction in energy dissipation of 15.7 times.

Set of
On/Off
Valves

Pressures 3VAH| 3vB H| svc 3vDH
Lines | — —
| Lo Hd H4 L H—
e [FY[E [51[5 3
>t : . :
—

Figure 1 — Digital Hydraulic Actuator [10].
Digital Electro Hydrostatic Actuator (DEHA)
In this topology, a digital hydraulic pump (DHP) is used to provide different flow rate levels, which
combined with different areas of the cylinder chamber, produce different cylinder velocities, for the cylinder

control [3] (Figure 2). The on/off valves are used to control the output combination of the digital hydraulic
pump and direct the flow rate to the cylinder chambers. In [3], the author proposed a DEHA using a digital
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hydraulic pump with three pump units and a four-chamber cylinder, using a block valve with 8 valves to
connect the DHP and the cylinder chambers.

With the use of three pump units, seven different flow rates are obtained, which combined with the
four-chamber cylinder areas, it is possible to obtain 28 cylinder velocities. However, as in the DHA solution,
in the DEHA is possible to connect each cylinder chamber to each supply line. In [7], the same configuration
is used and the authors propose the use of the DEHA in regenerative mode, increasing the number of different
cylinder velocities to 43.

Multi-Chamber
Cylinder
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On/Off £ 3
Valves : —é} Rv3 1|
Rv2 p
e
| Digital
| "é—j RV; 'V? | Power
| q | Unit
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_ __ bt _pt_ pt

L
Figure 2 — Digital Electro Hydrostatic Actuator [10].
Variable Speed Digital Electro Hydrostatic Actuator (VSDEHA)

This topology is an evolution of the two topologies presented previously, where a variable-speed digital
hydraulic pump is used to supply a cylinder (Figure 3). Unlike the DEHA topology, the flow rate can be changed
continuously, where it is not mandatory to have a combination of chamber area and flow rate to increase or
decrease the cylinder speed. Speed control is performed by the combination of the angular speed source and
pump unit. According to [8], the use of the variable speed increases the number of different flow rates of the
DHP, which becomes a continuous flow rate source and allows using the power-on-demand concept to adjust
the angular speed for each pump unit combination. This strategy aims to achieve the best operating point for
each work condition.

The use of a variable speed digital hydraulic pump is justified by the possibility of changing the pump
unit combination to supply a certain operation point or flow rate range without sacrificing efficiency [8]. For
example, under low demand conditions, the smaller pump unit can be used more efficiently to supply the low
flow rate demand, and under high demand conditions, the higher pump unit combination can be used to
achieve this point. Whereas, in a variable displacement pump, the volumetric efficiency generally decreases
drastically with the reduction of the volumetric displacement [8; 9].

In this topology, during cylinder movement, there is no cylinder chamber switching to change cylinder
speed. This is an advantage from a valve-commutation number perspective, as valve-commutation is only used
to change the direction of the cylinder, reducing the number of valve cycles per operating time. However, when
the external load is acting in the same direction as the cylinder movement, there is a risk of cylinder overspeed,
which may impair the controllability of the system. To overcome this risk, during this condition a second set
of on/off valves (V}, 4, Vp5, Vo, and V) is used to limit the maximum cylinder velocity by dissipating the extra
energy supplied by the external load.
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Figure 3 — Variable Speed Digital Electro Hydrostatic Actuator [10].

TOPOLOGY COMPARISON
With the development of new solutions, it is natural to perform some comparisons between their
characteristics and research evolutions. Table 1 presents a comparison of the main characteristics of the digital

solutions presented in this paper.

Table 1 — Characteristics of the digital hydraulic actuators studied.

Characteristic DHA DEHA VSDEHA
Controlled
hydraulic variable Pressure Flow rate Flow rate
Controlled . .
mechanical variable Force Velocity Velocity
Hydrallllllll(i:tsupply Not considered Digital Hydraulic Pump Digital Hydraulic Pump
MEA concept Not considered Considered Considered
Electric motor Not considered Fixed angular speed Variable angular speed
control
Cylinder valve To change force and To change velocity and

. . . : . To change direction
commutation direction direction &

Pump valve To change the pump To change the pump

Not considered

commutation unit combination unit combination
Limited by the number  Limited by the number  Limited by the angular
Number of forces or  of pressure lines and of discrete flow rate speed range available
velocities cylinder chamber and cylinder chamber for each pump unit

combinations combinations combination

Dynamic and energy saving potential
In [10], the authors present a comparison between DHA, DEHA, and VSDEHA topologies, which were
designed for the aircraft primary control surfaces. The three topologies were implemented in a generic aircraft
Proceedings of the 6th Workshop on Innovative Engineering for Fluid Power — WIEFP 2022
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model called Aero-Data Model in a Research Environment (ADMIRE) [11]. The ADMIRE implemented in
MatLab/Simulink ® was used to perform simulations of the actuators in a virtual aircraft environment to
simulate flight commands, behavior, and load conditions. Different flight maneuver missions were used to
verify the behavior of the digital hydraulic solutions and perform dynamic and energetic analyses of the
systems. The control surfaces analyzed were the left inner elevon (LIE) and left outer elevon (LOE) [10].

Table 2 presents a summary of the dynamic evaluation results highlighted by [10] in relation to the
reference, where the overshoot and response time presented are in the maximum condition for the evaluated
maneuver, which in this case was the roll-turn flight maneuver. Due to the non-linearities of the system, the
dynamic behavior is not the same for different input signals [10].

Table 2 — Dynamic characteristics of digital hydraulic actuators. Adapted from [10].

ADMIRE DHA DEHA VSDEHA
Overshoot (%) - 13.8% 4.8% 10.9%
Time response (s) 0.168 0.241 0.351 0.241

Table 3 presents the energy efficiency of the systems during three different maneuvers, landing, roll-
turn, and longitudinal, for each digital actuator. The servo hydraulic actuator is a conventional hydraulic
system used in aircraft control surfaces, which are known for their low energy efficiency caused by the
throttling control and internal leakage of the system components. In [10], a servo hydraulic actuator model
was used as a baseline and presented an energy efficiency lower than 2% for the maneuvers. This demonstrates
the high energy-saving potential of the digital hydraulic solutions, where energy efficiency values above 30%
have been achieved during some maneuvers.

Table 3 — Energy efficiency of digital hydraulic actuators. Adapted from [10].

DHA DEHA VSDEHA
Control surface LIE LOE LIE LOE LIE LOE
Landing 1.93 % 1.86 % 8.49 % 8.04 % 5.85 % 6.06 %
Roll-turn 6.2% 6.23 % 14.41 % 14.86 % 35.05 % 34.95 %
Longitudinal 11.3 % 6.47 % 34.87 % 41.63 % 39.9 % 27.9 %

CONCLUSIONS

This paper presented an overview of three digital hydraulic topologies developed at the Laboratory of
Hydraulic and Pneumatic Systems of the Federal University of Santa Catarina, designed to be applied to
primary control surfaces of aircraft. The use of digital hydraulic solutions is focused on reducing the use of
dissipative control strategies and improving system efficiency by using simpler components, reducing costs,
and improving reliability.

One of the main features of digital hydraulics is the use of intelligent control to control the output of
the system. In this aspect, it is possible to notice that the three topologies presented have almost the same
physical structure. However, due to the different control strategies adopted for each one, the results obtained
were quite different for each simulated condition.

From an aircraft design point of view, more experimental studies using prototypes should be
developed to validate the dynamics and energy savings presented by the proposed systems. In addition, with
the use of prototypes, other characteristics such as occupied volume and weight can be evaluated.

ACKNOWLEDGMENTS

The authors are grateful for all the support offered by the entities CISB, CNPq, Saab AB and Link6ping
University for the sandwich doctorate scholarship CNPq 201325/2020-9, the Federal University of South and
Southeast of Para and the Federal University of Santa Catarina. The research is supported also by the CNPq
Grant 315239/2018-2.

REFERENCES

[1] Ward, S. Digital Hydraulics in Aircraft Control Surface Actuation. Fluid and Mechatronic Systems Master
Thesis. Linkoping University. 2017.

[2] Belan, H. C. “Sistemas de atuacdo hidraulicos digitais para avides com foco em eficiéncia energética,”
Doctoral thesis, Federal University of Santa Catarina, Florian6polis, Brazil, 2018.

Proceedings of the 6th Workshop on Innovative Engineering for Fluid Power — WIEFP 2022
22-23 November 2022. ABIMAQ, Sdo Paulo, SP, Brazil.

12



[3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

Nostrani, M. P. Development of a digital electro hydrostatic actuator for application in aircraft flight
control surfaces. 2021. 1—192 f. Federal University of Santa Catarina, 2021.

Belan, H. C.; Locateli, C. C.; Lantto, B.; Krus, P.; De Negri, V. J. Digital Secondary Control Architecture
for Aircraft Application. The Seventh Workshop on Digital Fluid Power. p. 21-39, 2015.

Lopes, R. S. “Avaliacdo do desempenho dindmico de um atuador hidraulico digital para aplicacoes
aeronauticas em condicdo de falha”. Master thesis, Federal University of Santa Catarina, Florian6polis,
Brazil, 2021.

Lopes, R. S.; Nostrani, M. P.; Carvalho, L. A. B.; Dell’Amico, A.; Krus, P. and De Negri, V. J., “Modeling
and Analysis of a Digital Hydraulic Actuator for Flight Control Surfaces,” Symposium on Fluid Power and
Motion Control FPMC2021. online, October, 2021, doi: 10.1115/FPMC2021-68923

Nostrani, M. P.; Raduenz, H.; Dell’amico, A.; De Negri; V. J.; Krus, P. Multi-Chamber Actuator Using
Digital Pump for Position and Velocity Control Applied in Aircraft. Global Fluid Power Society - GFPS
2020 PhD Symposium., 2020.

Silva, D. O.; Carvalho, L. A. B.; De Negri, V. J.; Waltrich, G. Digital Hydraulic Pump: an energy efficiency
study. 2021. Proceedings of the 26th International Congress of Mechanical Engineering: ABCM, 2021.
https://doi.org/10.26678/ABCM.COBEM2021.COB2021-1613.

Maré, J.C. Aerospace Actuators 1: Needs, Reliability and Hydraulic Power Solutions. Hoboken, NJ, USA:
John Wiley & Sons, Inc., 2016.

Lopes, R. S; Silva, D. O.; Nostrani, M. P.; Dell’amico, A.; KRUS, P.; De Negri, V. J. A comparative analysis
of innovative digital hydraulic actuators for primary flight control. 2022. 33RD Congress of the
International Council of the Aeronautical Sciences. Stockholm, 2022. p. 18.

Forssell, L. and Nilsson, U. “ADMIRE The Aero-Data Model. In a Research Environment Version 4.0,
Model Description,” FOI Report No. FOI-R-1624-SE, December, 2005.

Proceedings of the 6th Workshop on Innovative Engineering for Fluid Power — WIEFP 2022
22-23 November 2022. ABIMAQ, Sdo Paulo, SP, Brazil.

13



ENERGY EFFICIENCY ANALYSIS AND EXPERIMENTAL TEST OF A
CLOSED-CIRCUIT PNEUMATIC SYSTEM

Fedor Nazarov Jiirgen Weber
Technische Universitiat Dresden, Technische Universitiat Dresden,
Institute of Mechatronic Engineering  Institute of Mechatronic Engineering
Chair of Fluid-Mechatronic Systems Chair of Fluid-Mechatronic Systems
fedor.nazarov@tu-dresden.de (c/0) fluidtronik@mailbox.tu-dresden.de
Dresden, Saxony, Germany Dresden, Saxony, Germany

ABSTRACT

In a closed-circuit pneumatic system the air from the pneumatic cylinder is not exhausted directly in the
atmosphere, as done in traditional open-circuit systems, but is captured and fed to the compressor inlet. This
provides an opportunity to increase the compressor inlet pressure above the atmospheric and consequently
enables both higher compression efficiency and volumetric flow rate. Until the present, the advantages of the
closed-circuit pneumatics were assessed only within theoretical studies without being verified
experimentally due to uncertainties in performance of a real compressor under oscillating pressure and flow
rate, as well as due to a risk of mutual cylinder interference caused by differences in load and required
pressure profiles. Hence, this study focuses on experimental investigation of energy efficiency and
practicability issues of the closed-circuit pneumatics. It is shown that simultaneous operation of two
pneumatic cylinders of different size (032x200 and @50%x200) performing different tasks (high-dynamic
mass handling and extension against the constant force) does not have any negative effect neither on the
cylinder dynamics nor on the compressor performance. Inlet pressure increase up to 1.5 barre leads to by
factor 2.5 higher volumetric flow rate and total efficiency gain of 72 % (increase from 10.7 % to 18.4 %). The
experimentally obtained results show a great potential of the closed-loop pneumatics and indicate the need
in further research into design and control methods of such systems to enable technology deployment to the
industry. Industrial applications can profit from the reduced energy consumption especially in case of
pneumatic systems with decentralized air supply.

[DOI: https://doi.org/10.3384/ecp196003]

Keywords: closed-circuit pneumatics, compressor, efficiency, thermodynamics, pressure ratio

INTRODUCTION

Pneumatics is commonly used in modern automation, robotic and nutrition sectors. It offers such
advantages as low investment costs, high robustness, ease of use, and lightweight components. Alongside the
Industry 4.0 transition, improving the energy efficiency of pneumatic systems has been one of the most
challenging and important research fields in the pneumatics within the last decades, essential to keep this
technology environmentally friendly and competitive on the global market.

The total efficiency of a pneumatic drive depends on the energy losses brought about by: i) energy
conversion (prime mover, compressor, pneumatic actuator), ii) transportation (pressure drops throughout the
air cooler, dryer, filter, pipeline system), and iii) power management (pressure and flow rate control, usually
by throttling). An efficient design of a pneumatic system implies that all the components needed for energy
conversion, transportation, and power management are selected and tuned for an operation with minimal
energy losses. The contribution of energy saving measures feasible within each of the group i-iii) was evaluated
and assessed within several studies such as [1] and [2]. However, a simultaneous implementation of all these
energy saving measures in practice can appear as tedious and costly when retrofitting an already existing
pneumatic system. Besides, pneumatic drives are often not the only consumers of compressed air delivered by
the compressor plant. Therefore, an exact quantification of energy losses and total efficiency of one particular
drive, counting from the plug of the compressor power unit up to the mechanical coupling on the cylinder shaft,
is very challenging. The consequence is a common splitting of calculation of energy consumption into two
parts: firstly, estimation of how efficiently the air is compressed, prepared, and transported, and secondly, how
efficiently is it consumed. The first part provides information about the energy needed to compress a unit
quantity of air to nominal pressure, to cool, to dry, and to transport it (usually referred as “specific energy
consumption” or “compressed air index”, measured in
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kWhxNm-3) [2]. The second part tells how much air is consumed by a pneumatic drive or a group of
drives (measured in Nm3 per time unit or per cycle) [3].

Once knowing the specific energy consumption, this approach provides an easy and transparent
assessment of energy consumption by pneumatic drives without having to take into consideration other air
consumers and having an exact knowledge about efficiency of each process involved in the air compression
and preparation. On the other side, this reduction of complexity displaces the focus of the research in
pneumatics to the question “how efficient is the air consumed”, whilst often leaving out the question “how
efficient the air is compressed and prepared”. This can hinder a generation and investigation of new high-
efficient methods and system structures, where the compressed air production and consumption are coherent
and both questions are equally important. An example of such a system, considered within this paper, is a
closed-circuit pneumatic system, where the exhausted air is fed back to the compressor inlet port and hence
circulates in the circuit without leaving it.

THEORETICAL ADVANTAGES OF A CLOSED-CIRCUIT AIR COMPRESSION

Theoretical advantages of a closed-circuit pneumatic system rely on a simple observation that
theoretical work Weompr needed for an adiabatic compression of air with mass m = p,;xV; from inlet pressure p,
to outlet pressure p. depends on the relation of these pressures € = p. / p., whereas the work W;s, performed
by the displacement machine, such as a pneumatic cylinder acting against the constant force Fioqq, depends on
the pressure difference in the cylinder chambers. Assuming a lossless air transportation from the compressor
to the frictionless cylinder with an infinitely large stroke, this pressure difference equals to Ap = p.- p.. For the
sake of simplicity no losses are considered in this section.

K—1
K [%) (T)
Vl/compr=V1XP1XRXT1XK—1X[<E) _1] (1)

mxRXT;
Waispr = Vo X (02 — 1) = 0 X (p2 —p1) (2)

2

From Equations (1) and (2) can be obtained that an increase in p, at constant pressure difference Ap
increases the relation of the theoretical cylinder displacement work (Equations (2)) to theoretical compression
work (Equations (1)). This relation can be used as a measure of total efficiency n = Waispi / Weompr of the system.
Hence the idea of the closed-circuit pneumatics is to increase the 1 by raising the inlet compressor pressure
over the atmospheric pressure while keeping constant the pressure difference Ap, relevant for the application.

Figure 1 illustrates these relations by comparison of p-V diagrams of a compression cycle from 1 baraps
to 5 barans with compression cycle of the same air mass from 3 bara,s to 7 barass. Both scenarios provide the
same differential pressure Ap = 4 bar allowing the cylinder to overcome the force Fiouqa. The orange-colored
area on the diagrams a) and b) corresponds to the work of adiabatic compression cycle composed of the
compression work, displacement work and suction work (first, second and third terms in Equation (3)
respectively), and is equal to the result of Equation (1).

Je®os

P1

p1 XVy
VVC?)‘Tiin = K—1

+p, XV, —p XV (3)

Adiabatic compression is taken here as a simplification of a real compression process that can proceed
as a polytropic (with partial heat flow from compressed gas to environment, calculated with polytropic
exponent n < k) or superadiabatic process (with heat flow from environment, calculated with polytropic
exponent n > k) [4]. From diagrams a) and b) in Figure 1 can be obtained that compression with € = 7/3 (closed
circuit) takes less than the half of the energy needed to compress the same air quantity with € = 5/1 (open
circuit).

After being compressed, the air needs to be cooled down to the ambient temperature and the absorbed
heat is extracted from the system. The air volume shrinks from V.4 to Vs and takes the state equivalent to
the result of an isothermal compression (Figure 1, ¢) and d)):

VVcioSmpr =mxRXT; XIn (%) (4)

From the diagrams c) and d), Figure 1, is visible that the heat losses also decrease with the reduction
of compression ratio. In the given case the heat loss in closed circuit is almost four times lower than that after
compression from the atmospheric pressure.
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Because the air volume V. at pressure p. = 7 baras is smaller than at p. = 5 baraps, it can perform lower
displacement work, as can be seen from Figure 1, €) and f). Nevertheless, when considering the relation n =
Waispr/Wesmpr the closed-circuit system is about 50 % more efficient then the open one.

Open circuit Closed circuit
7 ‘ ; . ‘ ‘ ‘ .
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Figure 1 — p-V-diagrams for compression from atmospheric inlet pressure (open circuit, left
column) and from inlet pressure of p, = 3 bar.ys (closed circuit, right column)

Furthermore, the increase in inlet pressure results in higher compressor delivery rate. In case of a real
compressor, the geometrical suction volume V; is always constant. When referring to the example on diagrams
b) and d) in Figure 1, the starting point of compression would always have an abscisse of V; = 1 m3 regardless
of the inlet pressure. Hence, higher air mass is inhausted within the suction stroke at increased inlet pressure
because of higher inlet air density. This amplifies delivered mass flow rate m and volumetric flow rate V, at the
outlet port, giving an opportunity to supply more pneumatic cylinders with the same compressor.

m_V1><P1_ Vi Xpy
At AtxRxT,
. m VX vy x
v, == 12%P1_NiXh (6)
p2 At Xxp, AtXxp,

(5)

Although an increase in inlet air density gains the energy consumption according to Equation (1), the
relation n = Wy, /W54, remains in favor of the closed circuit. The advantage is that the compressor (but not
the prime mover) needed to supply a given number of pneumatic drives can be downsized when operating in
a closed-circuit system. A further notable effect is a decrease in discharge temperature brought about by
reduction of the compression ratio:

K—1
T, =T, x (%) @)
Low discharge temperature contributes to lower thermal strain in the piston block and valve plates,
reduces the wear of the sealing rings and carbonizing in oiled compressors. Hypothetically, bringing € down to
¢ =~ 1.8 enables discharge temperatures of about T = 50...60 °C. These temperatures are safe in case of a skin
contact (with regards to the safety regulations ISO 13732-1) as well as tolerable by almost all pneumatic
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components. This allows to operate the compressor without a cooler and hence almost without any heat losses.
However, very high inlet pressure, needed to reach the compression ratios of € < 1.8, narrows the usable
pressure difference to Ap < 5 bar, because the maximum operational pressure of most pneumatic cylinders and
valves is usually limited to ~10 barye.

STATE OF THE ART AND THE AIM OF THE STUDY

The observations noted and illustrated in the previous section are well-known in the literature. The
most relevant for pneumatics theoretical study is carried out by WeiB [6]. He analyses the thermodynamic
relations, considered above, and assesses the benefits of the closed-circuit compressed air systems. He shows
that to achieve a typical for pneumatics differential pressure of 6 bar compression from 4 to 10 bar brings
significant benefits compared to the conventional compression from 0 to 6 bar.. In detail, the delivered flow
rate, normalized to the normal conditions according to ISO 1217, increases by factor of five, whilst compression
power is only doubled. This results in a significant reduction of specific energy consumption: 1.31 instead of
3.24 KkWxm-3xmin-. A practical implementation of a closed-circuit system is expected to be challenging due to
the effect of pressure oscillations caused by the non-continuity of air demand from the cylinders on efficiency
of the continuously operated compressor. The components need to be optimized for one specific pressure ratio.
To ensure an efficient air transportation (i. e. low pressure drop in the pipeline) piping tubes must be upsized
because of higher volumetric flow rate and air density. Moreover, extra low-pressure piping line is needed to
collect the exhausted air from the cylinders and convey it to the inlet port of the compressor, being an extra
source of leakage and pressure loss. The closed-circuit system can only be applied, if no exhaust in the
atmosphere is needed by the application, that is no vacuum ejectors or air-blasting are used. Finally, a technical
solution for compensation of some inevitable air leakage from the closed system is needed.

A positive effect of the closed-circuit system is observed by authors of [7]. Here a closed system was
implemented to supply the pneumatic tools typically used in the car repair shops. The toolkit proposed in [7]
is suitable for modification of any compressor for an operation at inlet pressure up to 2 baras. The influence of
the inlet pressure increase on torque of the prime mover is not discussed. According to the authors the closed-
circuit system enables energy costs savings of up to 40 %.

The impact of the back-pressure on the cylinder with a servo control as well as evaluation of energy
savings are discussed in [8]. Apart from efficiency increase, a lower noise level due to absence of exhaust is
noted by the authors as a further benefit. Another closely related approach for boosting the inlet pressure
without closing the pneumatic circuit completely is proposed and successfully implemented by [9]. A special
unit is designed to forward the exhausted air from the cylinder chamber through an ejector nozzle forcing the
atmospheric air to pass to a low-pressure tank (~1.5 barays) at the inlet port of compressor. On this way the
energy intake by compressor can be reduced up to 15 %. The project is focused primary on the efficient ejector
nozzle design capable of operating at different pressures.

Summing up, the evidence of thermodynamic advantages of pneumatic closed-circuit systems is
shadowed by their possible drawbacks noted in the above-mentioned studies. These drawbacks put a question,
whether a closed-circuit system can operate reliably and is economically sound. Up to the present moment no
successful implementation of the closed-circuit pneumatics could be found in the published sources. In this
context, the aim of this research is to study experimentally the performance of a compressor with increased
inlet pressure as well as to implement and to test a pneumatic system operating in the closed circuit. Basing
on the practical experience, the conclusions about applicability, prospects, and need in further research of such
systems are drawn.

EXPERIMENTAL STUDY ON COMPRESOR PERFORMACE

Basically, any positive displacement compressor can operate with inlet pressure above the
atmospheric, provided the suction line is mechanically strong enough to resist it. However, a compressor in
closed circuit is more likely to operate at variable compression ratio € because of temporary discrepancies
between the volumetric flow rate delivery and demand. In this case, piston compressors, though being in
general less efficient than rotary-screw compressors, are a better option, for their compression ratio is defined
by the outlet pressure. That means, air is compressed in the piston chamber until the pressure level of discharge
piping is reached, and a discharge valve opens. In case of rotary-screw or gear machine, the pressure ratio is
defined by the inner geometry and is constant. If pressure in discharge line is higher or lower than pressure
reached by the internal compression, the pressurized air volume shrinks or expands respectively, causing
vibrations and energy losses. For this reason, a piston compressor was chosen for this experimental study. The
aim of the experiment was to obtain the information about compressor performance at various inlet pressures
and pressure differences, and to compare the open and the closed circuits. The pneumatic plan of the test rig
is shown in Figure 2. Pressures and temperatures at inlet port, discharge port and after the cooler were
measured along with normal flow rate V,, and real power I of the asynchronous motor. The rotational speed n
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was estimated from the Fourier analysis of the pressure oscillations. The inlet pressure was set by a pressure
regulator to p; € {0, 0.5, 1, 1.5, 2} bar;. and kept constant during each measurement. The pressure difference
was adjusted by a throttle until outlet pressure of p. = 8 bar:a was reached or the motor was overloaded.

N
N/
U P2 U P3

0:30 0 X
UTl o U AQTé,

{
Figure 2 — Test circuit for experimental investigation of the 500-W-compressor performance

The data were obtained within at least 2 minutes of a steady compressor operation, i. e. after pressures
and flow rate have settled down to a constant value. The results calculated from the mean values measured
over this time are plotted in Figure 3.
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Figure 3 — Experimentally obtained performance characterization of the 500-W-compressor
at various inlet pressures p, and pressure differences Ap = p. - p.

Due to compressors under 1 kW designed for operation at inlet pressure above the atmospheric
(usually called “booster compressors”) are difficult to acquire, the experiments were carried out on a small one-
stage, double-piston compressor designed for air intake from the atmosphere only. Despite on sufficient
mechanical strength of the inlet port, this matter limited the maximum level of inlet pressure because of an
overload of the asynchronous motor at p, > 2 baryq and W > 9oo W (Figure 3, a)). The motor overload can be
also observed by a drastic sagging of rotational speed at high inlet pressures (s. Figure 3, h)).

The theoretical power Waispi (Figure 3, b) that can be obtained with a displacement machine, such as
pneumatic cylinder, driven by the delivered compressed air is calculated from Equation (2). Volumetric flow
rate V; (Figure 3, c) is estimated from the measured normal flow rate Vj, pressure p; and temperature T; basing
on Equation (6). As expected from the theoretical analysis, power demand W, displacement power Waispi of a
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pneumatic cylinder and volumetric flow rate V; increase with inlet pressure. Volumetric flow rate drops with
rising discharge pressure due to the compressibility of air and the pressure-dependence of volumetric
efficiency A. Similar relations of volumetric flow rate and power demand to the pressure difference were also
observed within tests of a scroll compressor for natural gas, carried out at different inlet pressures [10]. For
displacement power Waisp: being a product of pressure difference Ap and flow rate V;, the maximum peak is
present. It is noticeable that the point of maximum power shifts towards the higher pressure differences with
an increase in inlet pressure. This shift is caused by a lower gradient of the Ap-dependent volumetric efficiency
A at higher inlet pressures additionally contributing to increase in flow rate V;.

Volumetric efficiency A is estimated from the displacement volume Vg;spr = 33.2 cm3 per piston, and
rotational speed n applying Equation (8). According to [5], volumetric efficiency is a product of factors,
representing re-expansion of the clearance volume A,, inlet air density reduction due to throttling in the inlet
valve A, and heat absorption while passing the inlet channels A, as well as the leakage factor A, (Equation (9)).
While measuring A, A;, and A4, requires sophisticated equipment, A, can be estimated from the pressure values
and the clearance volume of Veeqr = 5.3 cm3 using Equation (10):

A= Vm.easured — Vl (8)
Vineor. VdiSpl xXn
A=A1XA_2XA3XA4 (9)
V 1
Ay =1— 2 e — 1] (10)
displ

It is remarkable that the volumetric efficiency that mostly depends on the re-expansion term A, rises
significantly with increase in inlet pressure. For this reason, the volumetric flow rate is gained even stronger
than predicted alone with Equation (6). For example, at Ap = 4 bar and p, = 1.5 bar:e compressor delivers more
than 2.5 times the flow rate delivered at p; = pam and the same Ap. This observation dispels the doubts about
the poor compressor efficiency at increased inlet pressure. However, it can be expected that at very high inlet
pressures p; > 5 barr the volumetric efficiency will be influenced by inlet air density decrease due to pressure
losses in the inlet valve (A.). That may be especially relevant for the simple feather valves as in case of the
studied compressor.

This discussion leads to analysis of relation of displacement cylinder power Wispi to power demand W,
noted here as total efficiency 1. As in case of Waispi, this relation has a clear optimal point, that moves towards
the higher values of Ap with rising p,. Since inlet pressure reaches p, = 1.5...2 bar, the efficiency does not
increase significantly anymore. However, this phenomenon can be explained with a poor motor performance
in the overloaded region above W > 800 W. It is expected, that driving the compressor with a more powerful
asynchronous motor would enable a further performance increase and operation at higher inlet pressures over
P:1 > 2 barye.

Nevertheless, the present study shows that the performance improvement of a closed-circuit
compressor is measurable and distinguishes itself by both increasing efficiency and compressor delivery. In
the given case, volumetric flow rate was more than doubled, and efficiency was increased by about 50...60 %.
Another measure of compressor efficiency, specific energy consumption (Figure 3, f) or relation of power
demand to the volumetric flow rate, also illustrates a lower energy consumption in the closed system. In
contrary to the standard definition of specific energy consumption, the relation of volumetric flow rate to the
normal conditions can be misleading in the closed-circuit systems. Therefore, the volumetric flow rate Vs
related to the conditions after compression and cooling is used here. Facing the fact that large high-
performance rotary-screw compressors have a specific energy consumption of ~0.7...0.9 kWh-m3xh- at
Ap = 7 bar and the tested compressor needs double this specific energy, must be noticed that the smaller the
compressor is the lower is its efficiency. Implementation of a closed-circuit system with a well-sized prime
mover and a small compressor of industrial quality with a power range of 1...5 kW makes feasible the decrease
in specific energy consumption up to the values currently typical only for the large high-performance rotary-
screw compressors. This offers a great market opportunity for small compressors to be used for decentralized
air supply in the closed-circuit architecture.

EXPERIMENTAL IMPLEMENTATION OF CLOSED-CIRCUIT PNEUMATIC SYSTEM

In the previous section the compressor performance under the constant load, that is constant pressure
difference caused by continuous air consumption, was analyzed. To address the uncertainty and anticipations
of a negative effect of oscillating pressure and volumetric flow rate consumption by real consumers with
discontinuous behavior two pneumatic cylinders were added to the studied compressor. For the sake of
demonstrativeness, the cylinders of different size performing different tasks were chosen, as specified in the
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Table 1: high-dynamic horizontal handling of a mass within the specified time and extension against the
constant force (lifting and descending of a large mass).

Table 1 — Operational cases for two cylinders at pressure Ap = 4 bar;.

oo | borane T vertal linder v, 050-200
Handled mass m, [kg] 10 65
Force, Fext // Frestr, [N] o//o 640 // -640

Travel time, text // tretr, [S] 0.34+0.02 // 0.44+0.03 <3// <3

The cases were parameterized in the way that both cylinders are properly loaded and not oversized for
their tasks. The horizontal cylinder was sized using the Pneumatic Frequency Ratio (PFR) approach proposed
by [11]. According to that, both PFR Q.+ = 1.37 and Qex = 1.77 correspond to a properly sized cylinder that can
operate safely with a standard pneumatic end cushioning. The constant force of the vertical cylinder is
calculated to be about 80 % of its theoretical pneumatic force, hence leaving some space for acceleration and
overcoming the friction force, not included into the load forces in Table 1. The test circuit is shown in Figure 4.

\/D}W\C ]
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S0 0 |5
U\ Py U

N

Figure 4 — Test circuit with compressor and two cylinders operating in a closed circuit.
Tank volumes on the discharge and suction site are Vg, = 91 and Vz. = 2 1 respectively.

Before starting the measurements, the system was filled with dry compressed air. The filling pressure
depends on the volumes of low-pressure and high-pressure sides (mostly composed of tanks Vz, =91 and
Vro=21), desired steady-state inlet pressure p,, differential pressure Apq needed for operation of cylinders
and their flow rate demand. To estimate Ap,;, pressure was measured at supply and exhaust ports of the
cylinder valve. Differential pressure on compressor Ap is greater than the differential pressure on the cylinder
Apcy by the value of pressure losses in the piping tubes. Due to no simple method for calculation of the filling
pressure is currently present, this pressure was estimated empirically within the tests and amounted
Ppan = 2...2.65 bare for the studied cases. After being filled, the system was disconnected from the pressure
source and operated completely autonomous.

Volumetric flow rate, delivered from the compressor, is consumed by the both cylinders, switched
every tu.akt/2 and tv.iake/2 seconds (s. Table 2) in such a way, that cumulative air consumption of the horizontal
cylinder is about two times that of the vertical cylinder. The total volumetric flow rate can be determined from
the already known compressor performance data shown in Figure 3, ¢) depending on the inlet pressure and
pressure difference. With regards to the different volumes of the cylinders, the horizontal cylinder represents
a nearly constant load, and the vertical cylinder brings low-frequent (with frequency of 2/tv.a:), high-
amplitude peak load. In Figure 5 two forms of pressure oscillations caused by overlapping of these different
consumption profiles can be easily distinguished.
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Figure 5 — Fragments of the measured inlet pressure p,, discharge pressure p., supply

pressure of horizontal cylinder py, power demand W, and horizontal cylinder stroke xy at
a) p, = 0 bara (open circuit), b) pi.mean = 0.59 barrel, €) Pi.mean = 1.17 barrel, d) Pr.mean = 1.5 barrel.

To evaluate the quality of the cylinder operation at different inlet pressures, travel times of both
cylinders were captured during the operation for extension and retraction strokes (t.cx: and t.rer for horizontal
and tv.ex and tv.e- for the vertical cylinder in Table 2). Due to the mean differential pressure was slightly above
the desired value of Ap.,1 = 4 barrq in cases b) and c), travel times of the vertical cylinder appears to be slightly
lower in these cases. The dispersion of travel times within one measurement session is similar for all
experiments with the closed circuit and does not exceed that for the open-circuit operation. Hence, the
expectations of disruptive and non-representative dynamic behaviour of cylinders in the closed system could
not be confirmed. The closed-circuit pneumatics seems to operate as reliable as the classical open system even
with the non-constant load. Remarkable is an amplitude decrease of the high-frequent and low-frequent
pressure oscillations with increasing inlet pressure.

Table 2 — Cylinder operation in the closed-circuit pneumatic system at Ap = 4 bar;.

P1.mean, Ap: Apcyl; ty .takt, ty. takt, tu. .exts ty retrs tV.ext, tV.retr, Wmean, V3 , Neyls
[bare] | [barr] | [barw] | [s] [s] [s] [s] [s] [s] (W] | [I/min] | [-]
0.36... | 0.43... | 2.3... | 2.64...

0 4-07 3-93 2.8 14 ...0.37 | ...0.46 | ...2.65 | ...2.65 620 10.1 0.107
0.33... | 0.41... | 1.64... | 2.74...

0.59 4.62 4.42 1.8 10 ...3’14 ...3.43 ...1%67 ---3%77 720 15.2 0.155

117 4.82 4.52 1.4 ” 0.33... | 0.42... | 1.61... | 2.84... 851 50.2 0.181

...0.34 | ...0.45 | ...1.69 | ...2.85

6.2 0.33... | 0.43... | 1.95... | 2.76...

...0.35 | ...0.46 | ...1.06 | ...2.8 906 24.8 0.184

1.5 4.41 4.04 1.1

Considering the efficiency as relation of the mean displacement power of both cylinders to the mean
power demand of compressor Neyi = Apeyt X Vs /Wiean, an efficiency increase of 72 % (from 10.7 % to 18.4 %) can
be observed when comparing the open circuit and the closed circuit at p; = 1.5 bar. These values match good
with the measurements carried out on compressor with constant pressure and constant flow rate in the
previous section (Figure 3, g)).

CONCLUSION

The aim of this study was firstly, to prove experimentally the earlier analytically outlined theory about
the increase in efficiency and delivery of a compressor operating at the boosted inlet pressure, and secondly,
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to perform the test of a real pneumatic system that is supplied from this compressor and feeds the exhausted
air back to its inlet at various pressures within a range from o (open circuit) to 1.5 bar. The test rig included
a small one-stage double-piston compressor with a displacement volume of ca. 33 cm3 per piston and two
pneumatic cylinders of 32 and 50 mm in diameter. The experiments have shown a real increase in efficiency
of up to 72 % and the volumetric flow rate gain by factor 2.5. The compressor performance is very similar in
both standalone test with continuous volumetric flow demand and in the experiments with discontinuous air
consumption. In the latter case, a smaller cylinder has imitated a constant load and the larger cylinder a peak
load. No disturbances were observed in the cylinder operation. Both types of operational cases, i. e. high-
dynamic motion and extension against the constant force, were performed with the repeatability of the classical
open-circuit system. Besides, following points should be noted:

e Volumetric efficiency of compressor rises significantly with increasing inlet pressure.

e The prime mover must be properly sized for an optimal operation with a closed-circuit
compressor because of higher torque at higher inlet air density.

¢ An additional benefit is a considerably lower noise level observed during experiments because
the air is neither taken from nor exhausted in the atmosphere.

e Increase in pressure level in both low-pressure and high-pressure sides is favourable for high-
dynamic tasks because it increases the stiffness of the air springs in the cylinder.

e Increase in pressure losses caused by higher flow rate and air density is measurable (compare
the differences between Ap and Ap., for various inlet pressures in Table 2), but not crucial
and easily avoidable by a proper sizing of the piping system.

e Due to the relatively short test phases in this study (several minutes only), no major issues
with the air leakage from the closed system were observed. However, this will be the case in
real applications and a system for leakage compensation must be designed.

An economic benefit of the closed-circuit pneumatic system relies on a higher energy efficiency and
hence lower energy costs as well as the possibility to downsize the compressor and hence to decrease
investment costs. On the other hand, additional piping lines are needed to convey the exhausted air from the
valves to the compressor as well as components for compensation of the leakages. Therefore, especially
pneumatic systems with closely located drives can profit from the closed-circuit architecture with a local and
decentralized air supply. In this case, the further corners can be cut on the absent piping infrastructure and
non-present pressure losses throughout the central pipeline. Besides, in a smaller decentralized closed system
with a constant air mass, the leakages are easier to detect, access and eliminate, saving further energy costs.

OUTLOOK

The further research is needed to design and validate the methods and algorithms for calculation of
large and complex pneumatic closed-circuit systems. Cost-effective strategies for the volumetric flow
management for different types of the air consumption profiles are of a highest interest. As already noted, an
automated leakage compensation must be designed in order to make the closed-circuit system appliable for
real industrial conditions.

NOMENCLATURE

Compression ratio [-]
Efficiency [-]

Isentropic exponent [-]
Volumetric efficiency [-]
Density [kg x m3]
Pneumatic frequency ratio [-]
Force [N]

Mass [kg]

Mass flow rate [kg x s]
Rotational speed [s]
Pressure [bar]

Specific gas constant [J x kg1 x K]
Time [s]

Temperature [°C]

<N ~®"T 3 3IHMODT NI o

Volume [m3]
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14 Volumetric flow rate [m3 x s1]
W Work [J]
W  Power [W]
x Stroke [m]
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ABSTRACT

This paper illustrates how Singular Value Decomposition (SVD) and regression analyses can be used to
create estimation models for aircraft actuator components by use of industrial data. The estimation models
are at the end used to show how an electromechanical actuator’s weight and size will evolve with respect to
output force. An essential step in the early design of aircraft is to be able to predict the weight and size of a
resulting concept. This weight and size typically include contributions of main components such as wing and
fuselage. Weight and size estimations at this stage can also range down to components at a sub-system level,
for example, the aircraft actuators. The weight and size of an actuator depends on many parameters, and it
is desirable to understand any underlying relationship to make qualified estimations of an actuator’s
characteristics. However, the knowledge about a design is often limited at an early design stage and the
required information is not always available. Consequently, estimations must be made from limited
information and desired properties of the actuator. One way to approach this problem is to use SVD. An SVD
analysis determines the most influential parameters in a data set and uses these to create an estimation
model that only requires a few inputs for estimating the remaining parameters in the data set. An SVD can
thereby be used for both identifying the driving parameters in a statistical dataset of existing solutions and
to estimate the characteristics of new designs to be developed.

[DOI: https://doi.org/10.3384/ecp196004]

Keywords: Aircraft Actuation System, Singular Value Decomposition, Statistical Analysis, Estimation
Model, Principal Component Analysis

INTRODUCTION

The aircraft actuation system is one of the most critical systems in an aircraft. The most common actuator
technology with high maturity and safety is the servo-hydraulic actuator. Today, electrification of the actuation
system is emerging and has been shown promising, where the electromechanical- and the electro-hydrostatic
actuators are the most common solutions. Benefits in energy consumption, maintenance and in some cases
system weight has been reported. [1] [2] [3]

System weight and size are directly related to cost, performance and fuel burn of an aircraft, especially for
fighter aircraft. The size and weight of an aircraft actuator is typically dependent on many different parameters,
such as required maximum force, speed, acceleration, redundancy level and thermal time constant. Also, the
chosen technology will highly influence the size and weight, where the relationship to the previously mentioned
parameters may be different. This can make the selection of technology, with regards to size and weight,
dependent on, for example, the required maximum force.

Both size and weight are essential parameters when it comes to the early design of an aircraft and are
directly tied to the overall results of the sizing procedure for a new aircraft to be developed. It is consequently
important to be able to estimate the weight of the actuation system of an aircraft as early as possible in the
design process. However, information about a new design is typically scarce at such a stage and this creates a
desire of being able to estimate the characteristics of the actuators with limited information. At a conceptual
design stage of a new aircraft platform, the desired aircraft performance and wing geometry to fulfil the given
operational requirements should at least be known. From this, it should be possible to derive the maximum
hinge moments and roll rates of the aircraft, which in turn can be derived to required force and speed of the
actuators. Thereby, a desired model to estimate size and weight of the actuators is presented in Figure 1.
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Force Vs ~ Weight

Speed Actuator size and
Stroke weight estimator Volume
\. J
Figure 1: Outline of the desired estimation
model.

The main power converters in most electromechanical actuators (EMAs) designed for flight applications
are a power electronics control unit (PECU), an electric motor, a ball screw and in some cases a gearbox in
between the ball screw and electric motor. There are also many other components and elements needed, such
as extra bearings, anti-rotation devices and in some cases brakes. These components include many different
parameters which in some sense will affect the final weight and size. The main drivers for size and weight are
however the main power converters, i.e., the electric motor, ball screw and gearbox. Previous research provides
thorough frameworks for estimation of actuator size and weight, but often much information about the final
product is required, and the frameworks often aims at optimizing designs rather than providing simple
frameworks for first estimations of size and weight based on limited information. [4] [5] [6] [7]

Objectives

This work aims to provide estimation models for an electromechanical actuator which can be used at an
early aircraft conceptual design phase for technology comparisons and selections. The purpose is to use the
estimation models for high level comparison of actuators based on the few inputs seen in Figure 1, and to
analyse how electromechanical actuators will change in size and weight with respect to the requirements.

Since there is little information publicly available for flight actuators, industrial data will be used to find
the relationships between size and weight, and the set inputs shown in Figure 1, for the different components
within an EMA. The estimation models will then be used to compile an architecture of an electromechanical
actuator where the inputs, which primarily is the maximum output force, will be varied to show how the total
weight and size change.

Overall, the long-term objective of this work is to understand whether it may be feasible or not to use
electric actuators for a certain platform with respect to size and weight. Today, there is insufficient data present
within literature to answer this. This, combined with the lack of high-level estimation methods emphasizes the
objectives of this paper.

Additionally, this paper aims to illustrate how a Singular Value Decomposition (SVD) analysis can aid in
the identification of principal actuator parameters from statistics of existing solutions and how these can be
used to create estimation models that only require a few input parameters. The theoretical fundamental section
of this paper describes the underlying theory of an SVD analysis, and some information about the actuator
components, while the results and analysis section illustrate the applicability on a data set of existing solutions.
The discussion section highlights some alternative approaches and expands on possible opportunities for
future work and next steps for this analysis.

THEORETICAL FUNDAMENTALS

This section mentions and elaborates on the approaches and methods that make up the theoretical
fundament of this presented work.

Singular Value Decomposition

A Singular Value Decomposition (SVD) utilizes statistical data in order to create estimation models and to
improve the understanding of relationships between involved parameters [8]. This is similar to, for example,
statistical analyses based on linear regressions. However, a key feature with an SVD is that only a few input
parameters are required. This means that all parameters in a data set can be estimated with reasonable
accuracy with only a limited number of known or desired parameters. The reason for this is that an SVD builds
upon a Principal Component Analysis (PCA) and the dominating parameters in a used data set are thereby
identified [9]. An SVD analysis can consequently be used to provide quick estimates of new designs from
limited information and to show the dominating relationships between involved parameters. Designs
suggested by the SVD model can thereafter be investigated in detail and then possibly be added to the original
data set that the SVD once was based on. Similarly, an SVD can also act as a meta model, in for example,
optimizations to reduce the computational effort.
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Actuator fundamentals

As mentioned in the introduction, an EMA generally consists of at least a PECU, an electric motor and a
ball screw. This is illustrated in Figure 2. The weight- and volume studies will be based on this architecture,
where a trendline with respect to the inputs mentioned in the introduction is of interest. However, in this work,
the PECU will not be included. The focus will thereby be on finding estimation models for the electric motor
and the ball screw.

Figure 2: The studied actuator architecture.

The final EMA estimation models for size and weight will be structured as equation (1) and (2).
Vema = Ves(F, S) + Ve (T) (€]
Mgya = Mps(F,S) + mep (T) (2)
Where V is the volume, F is the force, S is the stroke, T represents torque and m is the mass. The notation
BS stands for ball screw and em stands for electric motor.
Ball screw fundamentals
Aball screw is used for transformation of rotational- into linear-mechanic power. A schematic view of a ball

screw is presented in Figure 3. The ball screw estimation models for size and weight will be structured as
equation (3) and (4).

m(dn (F) — d3(F)) (3)
4

Mps = Mg (F) * (Lseroke + lpue (F)) + my (F) 4)

Vgs = As(F) * (Lstroke + lnue (F)) + Vo, Vo = 1, (F)

Where A; is the cut-through shaft area, 1 is length, V;, is the nut volume, d,s is the nut and shaft outer
diameters, msy is the shaft mass per meter and m, is the nut mass.

Number of ball circuits
>—Nut s Shaft

| ; |
' ™~ Stroke '

Figure 3: A schematic view of a ball screw.

Electric motor

Previous research has shown that the size and weight of an electric motor can be estimated from motor
torque [5]. The torque that the electric motor needs to fulfil can be calculated with equation (5). [10]

2mn

T_FL (5)
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Where L is the screw lead, 5 is the screw efficiency, and F is the load force acting on the nut. The torque
can thereby be minimized through minimizing the lead, which in turn should minimize the size of the electric
motor. The electric motor estimation models for size and weight will be estimated with torque as input which
can be calculated from the force requirement with equation (5).

METHODOLOGY

The used methodology in this work is presented in Figure 4. First, the necessary data was gathered from
well-known component manufactures. When sufficient data had been found, regression analyses were used to
find the relationship between inputs, size and weight for the electric motors. For the ball screw size and weight
estimation, SVD analyses were used since many different parameters had to be estimated from very few inputs.

Data collection Model creation Act‘uato_r Size
Estimation

Regression
Analyses

Figure 4: The used methodology and workflow to arrive at an estimator model for actuator
sizes.

Subsequently, the component estimation models were connected to create an actuator architecture
according to Figure 2. This was thereafter used to study how weight and size evolved with the inputs according
to industrial data.

RESULTS AND ANALYSIS

To perform the SVD- and regression analyses, statistics of existing electric motors and ball screws had to
be gathered and compiled. The ball screw data was collected from THK, where their caged ball and precision
ball screws were selected (SBN, BNFN). [11] The gathered parameters from these specifications were:

- Shaft diameter, lead and mass per length
- Number of closed ball circuits in nut

- Static load rating of ball screw

- Nut volume and mass

With this data, an SVD analysis was performed in Microsoft Excel using an implemented macro. The

obtained statistical values were converted into log scale before the SVD analysis. The reason for this was to
obtain a better structure of the model due to the size difference of the entries in the collected data set.
The results of the analysis and resulting SVD model can be seen in Figure 5. The four leftmost columns in
Figure 5 shows that the “SBN 1604-5" reference ball screw from the data set is estimated with zero percent
relative error for every variable in the SVD model. The reason for this is that all SVD variables are used and
that the ball screw is included in the used data set. However, as mentioned before, one of the benefits with an
SVD model is that only a few input parameters are required, and many of the SVD variables in the right-hand
side column marked in yellow can consequently be set to zero. The “w-diagonal” column on the right side in
Figure 5 indicates the significance of the different variables, and it can be seen that the most significant
variables for the estimation model are the once corresponding to outer shaft diameter, screw lead and the
number of recirculating circuits of balls. Consequently, all SVD variables except the ones in the first three rows
are set to zero to create an estimation model that only require three inputs. This reduced SVD model can be
seen in Figure 6. The maximum relative error of the estimation has now increased to 20% as seen in the second
leftmost column. The largest difference comes from the dynamic load rating while all other parameters are
estimated with little difference. Only three parameters are thereby used to estimate the remaining 10 from the
data set within 20% relative error.
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Figure 5: The Singular Value Decomposition (SVD) model of the ball screw.
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Figure 6: The reduced SVD model.

As a small validation test, an analysis was made on a ball screw not included in the original data set that the
SVD was based on. This was done to see how well the ball screw could be estimated with the obtained model.
Here, the three SVD variables were varied in order to minimize the overall difference between the reference
and the estimate of the ball screw. The results of this can be seen in Figure 7.
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Figure 7: The validation test and estimation of a reference ball screw.

As seen in Figure 7, the characteristics for the reference ball screw of type BNFN 10020A-7.5 has been
inserted in the third column from the left. The maximum relative error found is consequently around 8% after
adjusting the three SVD variables. In this case, the largest difference is found in the nut flange width and the
shaft mass/meter parameters.

It can be assumed that the lead should be as low as possible to reduce the required torque by the electric
motor, which should keep the motor as small as possible. Thereby, it is interesting to find the relationships
between the ball screw rated load, and all the other parameters, when the lead is kept as low as possible. These
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relationships can be found by utilizing the SVD estimation model from Figure 7 with the built-in solver in
Excel. Characteristics of “yet-to-be-designed” ball screws can thereby be estimated with the three remaining
SVD variables. This is done by optimizing their values so that the given requirements are fulfilled as best as
possible. The built-in solver in Excel was consequently used for this purpose. The solver’s objective function
was specified as a minimization of the lead requirement with the three SVD variables as design parameters.
The SVD variables were constrained to only vary between -2 and 2 to allow light extrapolation from the original
data set (values between -1 and 1 corresponds to an interpolation in an SVD analysis). Additional constraints
were subsequently added to account for different requirements on static-load rating and number of circuits.
The solver was then used on the SVD model to give estimates for all characteristics under varying requirements
and constraints. More specifically, the requirement on static-load rating was varied between 0 and 300kN for
each number of circuits requirement, which was specified as either 1, 2 or 3. Consequently, this analysis
resulted in 37 different estimated ball screw designs. Figures 8, 9 and 10 shows some of the resulting
characteristics for the estimated ball screw designs.
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Figure 8: The left graph shows the relationship between force and shaft area and the
relationship between force and nut volume is shown to the right.
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Figure 9: The left graph shows the relationship between force and shaft mass per meter while
the relationship between force and nut mass is shown in the right graph.
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Figure 10: The left graph shows the relationship between force and nut length while the
relationship between force and lead is shown in the right graph.

The results from Figures 8, 9 and 10 were thereafter used to create the final estimation model for the ball

screws. This was done by fitting exponential trendlines to the presented graphs. However, as seen in Figure 9,
the ball screws with 3 rows of balls are generally the lighter options in terms of weight. Consequently, these are

Proceedings of the 6th Workshop on Innovative Engineering for Fluid Power — WIEFP 2022
22-23 November 2022. ABIMAQ, Sdo Paulo, SP, Brazil.

29



of most interest and their corresponding relationships from the trendline fitting are presented below in
equations (6-11).

Mgy = 0,0354 * FL16 [kg/m] (6)
Ag=1%10"8 % F2 + 9,28 % 107° x F [m?] (7)
m, = 0,0129 x F118 [kg] (8)

1, = 0,0259 * F%38 [m] (9)

V, = 1,8%107% % F11° [m3] (10)

L= 1,023 « F%37 [mm/rev] (11)

Here, F represents the static load rating in kN.

The electric motor data was collected from Bosch Rexroth, where the selected motor type was a permanent
magnet synchronous motor (PMSM) [12]. This motor type is used in aircraft EMAs due to its high-power
density, high efficiency and high response.

For the estimation of electric motor size and weight, regression analyses were made to find how weight and
volume varies with output torque. For every electric motor size and weight, four output torque levels were
specified in the data. These were the maximum torque that the motor can produce, and the continuous torque
which can be held at standstill with a maximum temperature increase of 60 K in the stator when it is cooled by
natural convection, forced convection or liquid cooling. The results of this can be seen in Figure 11 and 12.

Torque vs Mass
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Figure 11: Torque and weight regression analysis of the PMSM data.
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Torque vs Volume
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Figure 12: Torque and volume regression analyses of the PMSM data.

The weight and volume estimation models for the PMSM based on the regression analyses are presented

in equations (12-19).
Myaxrorque = 0,265 * Tygy
Myiquidcootea = 0,443 * Tyay
Mpancootea = 0,580 * Tyyqyx

Mpaturalconvection = 0'866 * TMax

Vimaxrorque = 9,597 * 1075 Tyax
Viiquiacootea = 1,606 * 107 * Tyax
Veancootea = 2,109 % 10™* * Ty,

— —4
VNaturalConvection - 3'139 *10 * TMax

(12)
(13)
(14)
(15)
(16)
(17)
(18)

(19)

With the estimation models created for the ball screw and electric motor, the total mass and volume of an
EMA with a single ball screw and PMSM was estimated with equations (1-5). The results of these models with

varying force requirement can be found in Figures 13 and 14.
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EMA mass estimation

350

300

250
I
= 200 ® EMA Max torque
<
_%o 150 EMA water
= 100 “.‘. EMA fan

50 e0®® eo0°? EMA natural convection
[ J
0 g ws K X J o0
0 50 100 150 200 250 300
Force [kN]

Figure 13: The result of the EMA weight estimation model with varied force input.
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Figure 14: The result of the EMA volume estimation model with varied force input.

DISCUSSION

The results in the previous section have shown how statistics of existing solutions can be used to create
estimation models for the design of new actuators. A combination of regression and SVD analyses were used
in this study, although, there are many other ways for creating estimation models, such as machine learning
techniques. However, such techniques typically offer less transparency compared to, for example, regular
regressions between variables and SVD analyses. The SVD analyses were only performed on the ball screw
statistics. Regular regression models could have worked in this case as well, however, the relationships between
parameters would in that case have to be determined manually. This would have added to the complexity of
the method and uncertainty about the estimations.

The validation of the SVD analysis showed good agreement with the reference ball screw’s characteristics
with the three SVD variables. However, a future validation of the SVD estimation model could involve
approximating the characteristics for several ball screws that have been excluded from the used data set and
SVD analysis. This could thereby give a better indication of the model’s validity over a wider range of ball screw
designs. Another possibility is to also create an SVD analysis of the electric motor data. This could possibly
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ease the design process and an optimization could be used to obtain a complete actuator design automatically,
rather than doing it manually.

One of many possible topics for future work is to expand the used datasets to include even more
parameters. This could include parameters that are required to set up simulation models for analysis of, for
example, performance and power consumption. With such estimation models, actuators could be compared
with respect to many attributes at an early stage of aircraft conceptual design, and thereby provide a better
decision basis with respect to actuator technologies. An SVD could consequently be used to estimate an even
higher number of unknown parameters for a new actuator system than shown in this paper, thus increasing
the overall fidelity. The SVD estimations with the solver currently involve some manual labour. Consequently,
future improvements of this presented work involve automizing the estimation process. This could, for
example, be done with user-implemented macros in Excel together with a design of experiments (DOE) that
specifies the different cases that are to be run. A higher degree of automation would also allow for easier
continues updates in the underlying data set that the estimations originally are based on. This would therefore
ensure that the estimates are up to date if additional information is introduced to the used data set.
Consequently, this is a prominent area for future work for the presented study.

Overall, this work is part of a larger scope, where the intention is to compare different actuator
technologies, such as electro-hydrostatic-, electromechanical- and servo-hydraulic actuators, with respect to
size and weight. The next step within the scope of this work is to use the obtained estimation models to predict
the size and weight of an actuator architecture which has been used in an aircraft, and were weight and size is
known. Then, it would be possible to compare the estimation with real data and in that way adjust the
estimation model to be more accurate.

CONCLUSIONS

This paper has shown how an estimator for aircraft actuator characteristics can be created with statistics
and various regression analyses. A Singular Value Decomposition (SVD) was used as a convenient way for
identifying the principal components of a used data set and to estimate characteristics from limited
information. The results from the performed SVD and regression analyses showed that simple estimation
models could be obtained. The results also show that the methodology used in this work can be used to create
estimation models of electromechanical actuators with respect to industrial data where growth trends with
based on output force and stroke can be found. The estimation models were found to be accurate with respect
to the relative errors in the SVD model and the R2-values in excel. This means that it is possible to estimate
size and weight of the actuator components based on limited information, and from this, a good indication of
the total size and weight of an aircraft actuator can be found. However, to predict the weight and size of aircraft
actuators, the data must be compared and, if found necessary, adjusted with realistic data of physical actuators.
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ABSTRACT

Hydraulically powered flight control systems are widely used in aviation, especially for commercial aircraft,
which require significant forces from system actuators to control the applicable surfaces as demanded. These
systems are being studied and are evolving to become smaller, lighter, and more efficient. These
improvements bring several advantages, such as payload increase and drag reduction. However, as these
systems are optimized, and their dimensions are reduced, the thermal effects of fluid flow become more
relevant. Especially when the working fluid passes through small orifices, excessive heat can eventually
compromise the equipment's performance and damage its internal subcomponents. When we analyze the
damped mode operation of actuation systems presented on some commercial aircraft, these restrictions
become even more relevant — knowing that the damping orifice diameter can be significantly reduced to
provide the desired performance for the operation. Therefore, the main goal of this study is to analyze and
evaluate the thermal impact on an Electro-Hydraulic Servo Actuator (EHSA) while in damped mode
operation, contributing to the industry and the literature in this kind of assessment. Through the research
presented, it's possible to estimate the temperature of the system's components and, consequently, avoid
malfunctions caused by overheating. Furthermore, developing a model allows the simulation of various
environmental conditions, reducing rig costs or in-flight tests. The modeling approach was conducted on the
MATLAB/Simulink platform. It was based on two main points that improved model comprehension during
its development and minimized errors: the building blocks philosophy of segregating each component's
influence and model, and the continuous validation of the model through a comparison with a physics-
integrated software (AMESim).

[DOI: https://doi.org/10.3384/ecp196005]

Keywords: flight control system, thermohydraulic modeling, damped operation, electro-hydraulic servo
actuator (EHSA)

INTRODUCTION

Hydraulically powered flight control systems are widely used in aviation, mainly for primary and
secondary flight control surfaces. The primary surfaces are essential for aircraft control and must meet safety
requirements, leading to complex architectures. One requirement is to have redundancies to guarantee a low
failure probability [1]. Usually, the redundancy required in a flight control system can be met with two
actuators for each primary surface with independent power sources [2]. Depending on the aircraft design, the
operating flight control system mode is called active-active (both actuators apply force at the surface) or active-
standby (one actuator activated and one on standby). The redundancy configuration is chosen during aircraft
development due to weight, performance, and load requirements.

For both configurations (active-active and active-standby), if there is a failure in one actuator, the
faulty actuator goes into the damped or bypass mode, and the remaining actuator needs to be engaged.
However, during this operation, the interaction between actuators' dynamic damping and/or stiffness with the
aeroelastic characteristics of the aircraft wing is impacted. Thereby, the vibratory behavior of the system is
affected. If vibrations at specific frequencies occur, they can increase in case there is no energy dissipation from
the system, resulting in a catastrophic aircraft failure. Thus, during the design of flight control system
components, mainly primary actuators, a damped valve, which embeds a calibrated orifice, can provide
damping forces to change the vibratory behavior of the system precluding a flutter.
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The damper effect is due to the passage of hydraulic fluid between the actuator chambers through a
mode select valve. From the system design point of view, active-active has two operating modes: normal
operation (when both actuators are suitable for operation) and operation with failure (when one of the
actuators has a fault) [3]. Figure 1 shows the main components of the flight control hydraulic system. In this
case, its mode select valve determines whether the mode is active, bypassed, or damped. Figure 1 represents
the Solenoid Valve (SOV) not energized, consequently the Mode Select Valve (MSV) is not actuated and
remains in the damped position for the analyzed system.
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Figure 1 — Actuation architecture comprising active, bypass, and damped modes of an electro-
hydraulic servo actuator.

Fluid passing through small orifices can impact the temperatures of the hydraulic system and
consequently compromise the equipment's performance and damage its internal subcomponents. Previous
studies discussed the influence of temperature variation on the system time and frequency response and
aeroelastic requirements [2][4] or the temperature behavior of the hydraulic system during normal operation
[51[61[71[81[9].

This study focuses on modeling the thermal behavior of the main components of a flight control system
in the damped operation of a certified civil aircraft. The analysis was selected since the damped orifice can have
restricted dimensions and may cause fluid heating inside the system. Also, the behavior can be amplified as
the fluid is restricted to the manifold lines and cycled in this operation. The configuration investigated has a
complete fly-by-wire control system, and its actuators are electro-hydraulic (actuation is hydraulically
powered, and control is electro-electronically). The actuation surface is a primary surface type and features
redundancy with two actuators in operation to carry out the flight demands. The hydraulic fluid is a fire-
resistant phosphate ester hydraulic fluid type IV detailed at the standard SAE AS1241 [10].
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THERMAL HYDRAULIC MODEL

The modeling was developed considering the main components of the hydraulic system in damped
mode operation, and some simplifications were performed. Figure 2 represents the components modeled to
evaluate the thermal behavior: the damping orifice of the mode select valve, two anti-cavitation valves, two
relief valves, one balanced actuator with two chambers, and the return line. The compensator and the relief
valve linked to the return line were not modeled; thus, the temperature of the return was considered the
average value of the return temperature and the chambers mean temperature.

Return
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Anti-cavitation . Anti-cavitation
valve Damping valve . Extension
orifice of MSV
— » . Retraction

\ J::‘

Relief Relief

Valve Valve

Extension Retraction

a : n Input

movement

Figure 2 — Simplified damped hydraulic system.

Also, the input of the model is the position of the actuator stroke, as a position sensor often measures
it. The model converted this input into stroke speed and consequently into the volumetric rate of the actuator
chambers. The volume change generated a pressure difference between the chambers and a mass flow rate.

Two fundamental elements describe the physical behavior of thermohydraulic systems: capacitive and
resistive blocks [6]. The following subsections detail the mathematical modeling of both.

Resistive Elements

Two equations govern the thermohydraulic behavior of resistive elements (e.g., restrictions). The first
calculates the mass flow in the region — Equation (1) —, and the second the temperature increase — Equation
(3). Because of viscous friction, a coefficient is introduced for the mass flow to address the power loss effects
[11]. The discharge coefficient (c,) is a dimensionless number, function of the characteristics of the flow, and
geometric aspects of the orifice. The mass flow rate equation is indicated by Equation (1) [12].

2
m=p-cgA- ;(P1_p2) 6y

The enthalpy equation for thermohydraulic fluids can be written as Equation (2), a function of the
temperature derivative (dT /dt) and the pressure derivative (dp/dt) [6].

dh dT (1 —aT) dp

- = -4 7 2
ac Pde p dt (2)

Considering that the heat generated by the restriction is transferred to the fluid, the transformation
can be classified as isenthalpic. Thereby, it is possible to estimate the temperature variation in the fluid using
Equation (2) and considering that the derivative of the enthalpy (dh/dt) is zero as shown in Equation (3).
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(1 - aTyy) - 14p]
Toue = Ton + —— 20— (3)

Capacitive Element

The fundamental capacitive element is considered a control volume with variable volume (e.g., each
actuator chamber). Two equations govern the thermohydraulic behavior of capacitive elements: The first
relates the pressure variation to the temperature and density variation using two experimental parameters (the
bulk modulus and the expansion coefficient) — Equation (10) —, and the second estimates the temperature rise
— Equation (15).

The mass variation inside a control volume (dm/dt) is the difference between the mass flow rate
entering and the mass flow rate leaving the volume. The mass of a control volume (m) is given by its density
(p) multiplied by its volume (V). Equation (4) evaluates the derivative of the equation, a relation between the
derivatives of mass (dm/dt), volume (dV /dt), and density (dp/dt) [12].

dm av dp
E =p E + E (4)
In addition to density, properties such as kinematic viscosity, specific heat, volumetric expansion
coefficient, and bulk modulus are a function of the pressure and temperature of the fluid. The density (p) is a
function of pressure (p) and temperature (T). With partial derivatives, the relation of Equation (5) is obtained

[12].

dp = (6_p) dp+(a—p) ar (5)
op/ ., oT/,

To address the density variation, two empirical quantities of fluids - the bulk modulus (8) and the
thermal expansion coefficient (a) - relate pressure, temperature, and density variations. Equation (5) was
manipulated to highlight these parameters.

p |dp 1/0p
dp = o~ ———(—) -dT]
9 oT (6)
(Bp)T p P P

The thermal expansion coefficient (a) is a volumetric expansion coefficient that describes a fluid's
contraction or expansion with a specific temperature change. It is calculated as a function of density (p) and
temperature (T) [11].

dp

1
a(p,T) = —;ﬁ @)

One of the most relevant properties of flight control system is the bulk modulus. The bulk modulus is
a term used to denote fluid resistance to uniform compression [13]. The selection of the proper bulk modulus
is based on the function performed. AIR 1362 (2008) suggests that dynamic systems with small pressure
excursions, e.g., oscillating servo actuators, shall be modeled using the adiabatic tangent module (3;) showed
in Equation (8).

ap ap
Be=-V W Pap ©)
The tangent bulk modulus (B,) is calculated using the derivative of pressure (p) and volume (V) or as
a function of the density (p) and the pressure (p). Returning to Equation (6) and applying Equations (77) and
(8), Equation (9) is obtained:
dp 1dp daT
=P Gat  a) ©
This equation relates the pressure variation (dp/dt) with two empirical parameters — the bulk modulus

(B) and the volumetric expansion coefficient («) — and with the density (dp/dt) and temperature variation
(dT/dt).

Proceedings of the 6th Workshop on Innovative Engineering for Fluid Power — WIEFP 2022
22-23 November 2022. ABIMAQ, Sdo Paulo, SP, Brazil.

38



Combining expressions (4) and (9), Equation (10) is obtained. The relation for the derivative of the
pressure is a function of the bulk modulus (8), the mass flow rate balance (2(m)), the density (p), the volume
derivative (dV/dt), the volume (V), the thermal expansion coefficient («) and the temperature derivative
(dT /dt).

. av
dp _ Z(m)—p;Jr dr 0)
at pV BT °

For temperature evaluation, the first law of thermodynamics is used. The system's energy variation
(AE) is a function of the heat transferred to the system (Q) and the work applied or done by the system (W).
When applied to control volumes, the equation of the first law can be written as Equation (11) [14]:

dE_ v . )
dt_Q Pt X

Also, the mass enthalpy (mh) is the sum of the internal energy (U) and the product of the pressure and
volume (PV) of a thermodynamic system [15]:

mh=U+pV (12)

The energy (E) inside the control volume is the sum of the internal energy (U), the kinetic energy, and
the potential energy [6]. Thus, if the kinetic and potential energies are neglected, based on Equations (12), the
time rate of change of the system's energy can be expressed as Equation (13).

dE._dU _ d(mh —pV)

= = 1
dt dt dt (13)
Combining Equations (11) and (13), Equation (14) is obtained.
dh 1 . , . 1ldp
E—p—v (Q+th-h2m)+;$ (14)
Finally, combining Equations (2) and (14), the following relation is obtained:
dT  Q+X(inh)—h-2(m) a-Td
2-e + ® (15)

at prcy,V pcydt
Thermal exchanges

In addition to the thermohydraulic components, the manifold's heat exchanges, and thermal
capacitances need to be addressed mathematically. For the modeling developed, the temperature on the
surface of the chambers is calculated. The manifold is being evaluated with a simplified approach. The thermal
capacitance between the fluid inside the chambers and the manifold surface is modeled as a single mass. Also,
the resistive coefficients are modeled with an equivalent thermal coefficient.

With complex systems, it is possible to simplify the model and work with an overall heat transfer
coefficient (U,) [16]. This approach is used when intermediate temperatures are not an objective of the study.
The transferred heat (Q) is also dependent on the heat exchange area (A) and the temperature difference (AT).

In addition, an analogy exists between heat transfer and electrical systems. Electrical resistance is
associated with the conduction of electricity; likewise, thermal resistance may be related to heat conduction.
Therefore, the thermal resistance is defined as the ratio of a driving potential, the temperature difference (AT),
to the corresponding transfer rate (Q). The following equation summarizes the total thermal resistance (R;,;)
as the sum of the resistances (YR) that are part of the heat transfer system. Also, the overall heat transfer
coefficient (U, ) is related to the total thermal resistance and the heat exchange area (4).

1

R, = R—AT— 6
tot = 2, _?_UtA (16)
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The equivalent capacitance (C,) of a volume can be expressed as the material's specific heat multiplied
by its mass.

ar _ ¥Q _ X0
E_m—cp_? (17)

Modeling Platforms

Software such as MATLAB/Simulink or AMESim is often used to perform the simulations of dynamic
models. MATLAB and Simulink combine textual and graphical programming to design in their simulation
environment. AMESim is widely used for one-dimensional multi-domain system simulation by assembling
and linking pre-defined components of a set of libraries. This research was mainly conducted in
MATLAB/Simulink. However, AMESim was used to assess the results. This was possible since the AMESim
libraries were developed and validated in cooperation with industrial partners, and the libraries are constantly
being verified by the software users. In addition, the mathematical formulation of the blocks is available to
users assess if the boundary conditions and hypotheses made during its development complies with the system
to be modeled [17]. The comparison between software was very important in the development of the model
because it was possible to identify modeling errors at the beginning of the development.

This modeling aims to be versatile for future developments; therefore, it was constructed by building
each component separately. The Simulink model was developed based on two main blocks: the resistive (with
equations (1) and (3)) and the capacitive (with equations (10) and (15). The blocks were linked by additional
blocks representing the relations between the components of the system. Figure 3 shows the schematic of the
Simulink model.
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Figure 3 — Modeling schematic of Simulink with the blocks developed, classification (resistive
or capacitive), and properties calculated.

The AMESim model was created using the thermal hydraulic library (damping orifice, anti-cavitation

valves, and relief valves), the thermal hydraulic component design (actuator), and the thermal library (thermal
capacitances and resistances). The complete model is represented in Figure 4.
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The main difference between both models is the fire-resistant phosphate ester hydraulic fluid type IV
modeling. AMESim uses an embedded formulation based on higher-order polynomial functions. And
MATLAB/Simulink formulation was developed based on the graphs of standard SAE AS1241 [10]. The
equations presented in the previous subsections are valid for both MATLAB/Simulink and AMESim models

[17].

RESULTS

Both models received the same input: five cycles initiating in the central position, reaching the
retraction end, the extension end, and returning to the central position. The mean temperature of the chambers

Input position

Actuator i_._.
: : R

-
I'm

Figure 4 — AMESim complete model.

and the mean temperature of the external surface of the manifold were evaluated to compare the results.

60

Temperature [°C]
w w I N [4)] (42
o [3)] o [$)] o (3]

N
(6]

As shown in Figure 5, the behavior of both models was similar. The final value of the chambers average
temperature simulated by MATLAB/Simulink had a percent variance of 1.3% from the AMESim result. And

Chamber mean temperature - AMESim simulation
Chamber mean temperature - MATLAB/Simulink simulation | |

| | | | |

5 6 7 8 9
Time [s]

Figure 5 — Comparison of chambers mean temperature.

the surface temperature of the manifold obtained a difference of less than 1%, represented in Figure 6.
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Figure 6 — Comparison of manifold surface temperature.

Software selection needs to be based on the research objective. The MATLAB/Simulink platform
guarantees that all variables and implemented equations are known. However, the implementation of the
equation is quite costly and subject to errors. AMESim has a more user-friendly interface; however, it has
coupled physics. If the model designer does not study the details of modeling each component, some equations
can be unintentionally added. Furthermore, for systems with many components, AMESim brings more
advantages due to the model's speed of processing and development effort. However, the choice of a modeling
platform is also a result of factors such as the number of licenses available in the organization.

Regarding the results, for the simulation performed, Figure 5 suggests that the chamber mean
temperature reaches a plateau of around 55°C. Thus, superheating does not occur for the simulated case. The
simulation was repeated with different thermal coefficients and higher operating pressure. Also, the cycles
were extended to 200 seconds. The results are compiled in Figure 7.
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Figure 7 — Temperatures of second system condition simulated with MATLAB/Simulink.

Figure 7 shows that the chamber temperature reaches a higher plateau around 60°C and the manifold
skin temperature is above 40°C due to the greater thermal coefficient. Moreover, the whole system elevates its
temperature faster than the first case.

Analyzing an aircraft's flight envelope, performing a hundred cycles reaching the retraction end and
the extension end of a primary flight control surface is not probable. However, a maintenance procedure or
equipment test could require high cycling of the electro-hydraulic servo actuator. This simulation is an example
of the capabilities of the model as it can evaluate the system temperature after design changes and for different
operating conditions. In this way, it is possible to understand the impacts of the components dimensioning,
geometry, and material changes on the system temperature. Also, the model can be applied to identify
operation limitations such as the completion of a maintenance procedure that requires cycling with the electro-
hydraulic servo actuator on damped mode.
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CONCLUSION

Both models achieved satisfactory results, and it was possible to simulate the temperature of the
manifold. A more detailed heat transfer assessment could more accurately evaluate the temperature of each
component. In addition, it would be interesting to compare the results achieved with data from tests, perform
a sensitivity analysis regarding the temperature impacts of each design change or perform a parametric
identification to fit the models. However, the objectives of this research were achieved, and the models can be
used to evaluate the flight control system operation in damped mode, focusing on predicting overheating.

NOMENCLATURE

A Area
B Bulk modulus
a Coefficient of thermal expansion
p Density
Cq Discharge coefficient
EHSV Electro-Hydraulic Servo Valve

E Energy

h Enthalpy

(o Equivalent capacitance
0 Heat transfer rate

U Internal energy

m Mass

m Mass flow
MSV  Mode Select Valve
U, Overall transfer coefficient
p Pressure
SOV  Solenoid Valve
Cp Specific heat at constant pressure

T Temperature
R Thermal resistance
t Time

R,,: Total thermal resistance
\% Volume
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In the rehabilitation process, robotic structures can support the different medical-surgical actions. These
recovery process activities often involve repetitive movements that must be performed several times at
various amplitudes. Robotic structures for rehabilitation can be driven by three types of active drives,
namely electric, pneumatic and hydraulic actuators. Pneumatic systems have become increasingly present
in various market segments and are widely used in the industry, mainly due to their ease of maintenance,
low cost, safety and applicability in various processes. Currently, the concept of Frugal Innovation is being
discussed, which emerges as a way to produce effective and affordable products using fewer resources to
reach less-served customers. Frugal Innovation is centered on saving resources, is characterized by
simplicity and clarity and aims to reach the low-income market. This article proposes the application of
Frugal development methods in the design of a lower limb rehabilitation system. With the application of
frugal concepts, pneumatic actuators were chosen. The choice of the pneumatic cylinder is presented from
the required pneumatic force. The application of the Frugal Innovation approach in the design of this type of
products demonstrates the relevance of applying these methods in efforts to mitigate or reduce the growth

of the technological gap between underdeveloped and developed countries.

[DOI: https://doi.org/10.3384/ecp196006]
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INTRODUCTION

Frugal innovation is a highly relevant innovation concept today [1], [2] and, more broadly, for the
development of new products or even enterprises, as well as learning [3]. Nevertheless, according to [4], the
concept of frugal innovation has been cited since 2009. Frugal engineering consists of a set of principles and
methods used to design and develop low-cost, high-quality products to satisfy the needs of low-income
customers in developing markets [5].

World Health Organization (WHO) estimates that over one billion people, nearly 15% of global
population, live with at least one kind of disability or 1 in 7 individuals suffers from disability and 2% to 4%
have severe difficulties in locomotion [6], [7]. Disability disproportionately affects women, and older and poor
people, in particular indigenous individuals and ethnic minorities [77]. Disability is a global health and human
rights issue that leads to poor health outcomes, lower educational achievement, and less economic
participation and has a higher incidence in low and middle income countries, which include many in Latin

America [7].

Cost constraints are also a key issue when considering applications of physical rehabilitation devices
in low-income countries [8]. Robotic rehabilitation devices are currently priced in the $75,000 to $350,000
range before any additional hidden costs related to shipping, taxes, maintenance, and installation/training [8].
This is particularly an ominous limitation as 85% of all stroke deaths occur in low- and middle-income

countries.

Helping address this research gap, this paper investigates how a constraint-based approach can be
applied to the frugal product development for rehabilitation process. Based on the theory of constraints, this
work used a structured and iterative approach of constraint-based thinking to define frugal product design
requirements for physical rehabilitation.

Frugal Approach for The Design of a Rehabilitation Physical System © 2022 by Ruben Dario Solarte Bolafios, Antonio Carlos
Valdiero, Joao Carlos Espindola Ferreira, Vinicius Vigolo, Isaac Varela Brito Guimaraes de Souza, Tarik El Hayek Rocha Pitta De
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The approach contains a problem and solution space consisting of the following four iterative steps
[9l:

a) the identification of constraints or existing limitations, hindrances behind the status quo that need
to be changed;

b) a root-cause analysis to understand the underlying causes for each of the identified constraints;

c¢) a mapping of each of those causes to specific product characteristics or requirements;

d) development of a minimal viable product or a prototype. To the best of authors’ knowledge, this is
the first study combining constraints and innovation using an ex-ante approach to develop frugal products.

With the application of frugal concepts, pneumatic actuators were chosen, showing the relevance of
applying these methods in efforts to mitigate or reduce the growth of the technological gap between
underdeveloped and developed countries.

METODOLOGHY AND USER REQUIREMENTS DEFINITION

Figure 1 provides an overview of the constraints that authors considered critical and influenced the
development of frugal product.

Constraint

The world report on disability published by the World Health Organization (WHO) presented ¢
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Figure 1 — Mapping of constraints to frugal features for physical rehabilitation products

These constraints are defined based on work that applies constraint-based thinking to frugal
developments [9]-[11]. In addition, researches that propose developments of rehabilitation systems in
emerging countries are studied for the process of defining the restrictions [8], [12], [13]. In conclusion, the
restrictions are defined taking into account the analysis of the restrictions presented in Table 1, in conjunction
with the restrictions defined in other similar works and on the analysis of local researches, mainly in Brazil.

According to [9], a number of factors stimulate frugal innovation and can be placed in the categories
depicted in Table 1.

Table 1 — Types of constraints

Process Constraints Product Constraints

Time Product requirements
Equipment Customer and market needs
Human resources Business needs

Money Intellectual property
Technology Product legacy

Process legacy Regulations

Manufacturing capability Public health
Organizational structure
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RESULTS

Abibliographic review of some physical rehabilitation systems was carried out, then efforts were found
such as: [6], [8], [13]-[16]. These efforts are based on proposing mechatronic products to assist the physical
rehabilitation process in people; for example, [8] presents a prototype to help recovering mobility in the fingers
of the hand; [16] proposed a product for the rehabilitation of upper and lower limbs, that is legs and arms.

These works were evaluated to choose the solution that best represents the listed frugal user
requirements (Table 2). The user requirements are listed based on Constraint feature Mapping presents in

Figure 1.

Table 2 — Determination of the utility function values of product conceptions

(JARRETT; (KOCAK; | (GONCALVES;

User Weight | MCDAID, (GONCALVES et GEZGIN, | RODRIGUES, (CIOBANU et | (GOERGEN,
Requirements 2017) al., 2020) 2022) 2010) al., 2018) 2020)
Price 1,6 3 4 4 4 3 4
Transportability | 1,5 4 4 4 4 3 4
Complexity 1,4 4 4 4 4 4 4
Supplyability 1,4 3 3 3 3 3 3
Usability 1,3 3 4 4 4 3 5

Robust 1,2 3 3 3 3 3 5
Connectivity 1,2 3 3 3 3 3 3
Aesthetics 1,2 4 4 4 4 4 3
Applicability 1,2 3 3 3 3 3 4
safety of use 1,1 4 4 4 4 4 4

Value of the utility function 44,5 47,4 47,4 47,4 46,1 51,1

Ordering of conceptions 6th Second Third Fourth 5th First

The weights of each requirement (Table 2) were prioritized through the use of the house of quality
(QFD) presented in [17]. The method “Value of the utility function” was used here for conceptions evaluation
(Table 2) [17]. As can be seen, the solution that best meets the user requirements according to the triage done
in Table 1 is the one presented by [12]. The Figure 2 presents an overview of the concept presented by the

authors, where frugal features can be identified, such as:

1. Low price (Manpower costs; component costs; production costs and total cost): [12] is one of the

cheapest products in relation to cost/number of rehabilitation functions.

2. Transportability (Weight and modularity or product): [12] is one of the most modularized and

transportable products considering its weight and size.

3. Low complexity (number of components, complexity of software and others): Measuring the
complexity through to use [18] method, [12] have similar complexity to the other products studied.
4. Supplyability (complexity of finding the components (national suppliers? regional suppliers?,

international suppliers?): [12] have national suppliers for its fabrication.

Link 0
(fixed

.
Link 1

movable lower

limb and support

Figure 2. Pneumatically driven robotic bench for upper and lower limb rehabilitation [16]
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According to [16], the pneumatic actuators can absorb unwanted forces, because their main energy

source is the air, whose characteristic is to be compressive. Moreover, the pneumatic actuators present a high
force/weight ratio, implementation with low costs, flexibility for installation and reliability, which
characterizes considerable advantages. Consequently, robots that use this technology are getting lighter and
show less inertia, resulting in a more secure system.
[16] used the relationship between the actuator length variation (y) and the respective joint displacement
variation (q) given by equation 7; through the use of equation 7, it is possible to arrive at the necessary course
parameter in the cylinder y (mm); just enter the necessary angular displacement (q) in the rehabilitation
process.

2 2 ®
Y = L1" +L" — 2|Ly[|Lz] cos(q — Ap) — L

Where L,, L,, L; andAg are construction parameters.

As a proposal, this work intends to use the mathematical models presented by [16] to provide a new
concept that reduces costs in the new product since the original idea is considered expensive due to the price
of a pneumatic 5/2 valve (>R$400). The Figure 3 presents: a. the original pneumatic drive system of the robot
and b. the system proposed as future work.

a. Original Pneumatic System b. Pneumatic System Proposal

4‘
B
—HH
4‘
—H A

Figure 3. Pneumatic circuit of the robot prototype for limb rehabilitation [19].

The future work has as a goal to build a rehabilitation bench using valves on-off. On-off pneumatic
valves are available from R$30. The cylinder sizing methods presented by [20] and [16] will be used.

Other configurations such as the one presented in [33] will be studied to analyze the price of
components vs. energy consumption, to conclude which configuration best meets the Frugal and Sustainable
approaches.

The assembly of a pneumatic system involves several factors, such as the dimensions of the actuators,
the type of cylinder, the precision required in the system and the total cost of the project. When the idea is to
carry out a project that can be used on a large scale and that can attract smaller buyers and in emerging
countries, it becomes necessary that the main focus is the final cost of the product, and that it can perform the
required work without great losses.

This article presents the initial stage of the user requirements definition process for frugal innovations.
This work combines the PRODIP reference model and the Constraint-Based thinking method on the way to
develop a special methodology for the development of frugal mechatronic products for industry 4.0 and 5.0.
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ABSTRACT

Positive displacement pumps have been around for thousands of years, but it was first in the beginning of
the 19th century they started to be used for power transmission purposes. At that time, the fluid was water,
and the applications were primarily presses. During the century, the technology developed and towards its
end, fluid power systems were used to transmit power to hundreds or even thousands of consumers within
several cities. However, in the 20t century, these large-scale fluid power transmission systems were
outcompeted by the electric grid. But at the same time, the focus for fluid power was shifted towards self-
contained, oil-based systems, which were suitable in many mobile applications powered by combustion
engines. Once again, fluid power systems are now undergoing a transition. This especially apply to mobile
applications, where combustion engines are being replaced by electric motors. This puts new requirements
on the hydraulic systems as well as the pumps and motors that are to be used. Electrification means increased
focus on energy efficiency, and speed-control becomes more relevant than before. New system designs are
therefore highly relevant. Depending on the architecture that is chosen, different requirements will be set on
the pumps and motors. Aspects such as multi-mode operation, high- and low-speed performance, and
displacement control will be discussed in this paper.

[DOI: https://doi.org/10.3384/ecp196007]

Keywords: fluid power, positive displacement, history, electrification, mobile machinery
THE EVOLUTION OF POSITIVE DISPLACEMENT MACHINES

This paper focuses on positive displacement pumps and motors, which are used in fluid power to
convert power between the mechanical and hydraulic domains. The term “machine” will hereafter be used to
refer to both pumps and motors.

In the following sections, the evolution of positive displacement machines will be presented. An
overview of the main events is also shown in Figure 1.
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Figure 1 — Timeline
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The Pre-Fluid Power Age

Naturally, there are quite some uncertainties when it comes to the history of positive displacement
machines. Words such as “first” are therefore used with caution. However, the first man-made positive
displacement machine appears to date back to ancient Egypt. The machine in question was a simple screw
pump, often referred to as Archimedes’ screw. It was used to move water from the river Nile [1]. The next major
invention in the field appears to have been the piston pump. The invention is usually credited to the Greek
inventor Ctesibius, who was active around 250 BC. His pump was based on a reciprocating piston that used
check valves for commutation — one for the inlet and one for the outlet. The pump was powered by a lever, but
similar pumps with rotational inputs were soon developed. An example where such a pump can be found is
Heron’s wind-powered organ. However, piston pumps were not only used for entertainment, but likely also for
firefighting purposes [2].

Years passed by without major (documented) happenings regarding positive displacement pumps and
motors. However, in 1588, Agostino Ramelli published a book called “Le diverse et artificiose machine del
Capitano Agostino Ramelli” [3]. The book is often considered to be the first mechanical engineering handbook.
It contains illustrations and descriptions of several pump types, including the first known records of vane
pumps, some types of swashplate pumps, and screw pump arrangements. Around year 1600, Johannes Kepler
developed what appears to be the first gear pump [4]. This was an external gear pump and several similar gear
pump designs came out later in the 17th century, such as the Pappenheim pump. Furthermore, at that time,
Blaise Pascal formulated the hydrostatic law, and the first experiments with steam engines were conducted.
Then, in the beginning of the 18t century, Thomas Newcomen developed the first commercial steam engine,
which later was improved by James Watt. However, the steam engines were mainly used to pump water from
mines, and the pumps in question were typically force pumps (i.e. piston pumps similar to the ones Ctesibius
invented).

The Age of Fluid Power

So far, almost all applications have been related to some kind of water conveyance. It was not until
year 1795, when Joseph Bramah patented the hydraulic press [5], that fluid power really became a power
transmission technology. The pump that Bramah used in his invention was principally quite similar to
Ctesibius ancient pump. However, now the development in fluid power started to boom. Primarily in Great
Britain. Bramah himself came up with several applications for fluid power, such as a simple crane, and a
machine that could pull out trees with their roots. He also proposed the idea to have central pumping stations
that could be used to provide power to different machines within a city [6]. This idea became reality in several
different cities within Great Britain towards the end of the 19th century [7]. The pumps that were used in the
early pumping stations were double acting so-called three-throw ram pumps, which is a piston type pump
based on crank shafts [8].

In the beginning of the 19t century, typical fluid power applications were presses for packing but also
presses for extracting oil from seeds. However, also rotary applications appeared, meaning that the
development for rotary actuators got a push forward.

In the second half of the 19th century, many different types of rotary machines started to appear. It was
primarily motors, which at that time often was referred to as “water engines”. It is not surprising that William
George Armstrong — the inventor of the accumulator — also developed rotary machines. In the 1830’s, he
invented a rotary pump with swiveling paddles, but later he focused more on a solution with oscillating pistons
placed in line, connected to a crank shaft. Another somewhat similar design was developed by John
Ramsbottom, who also invented the split piston ring, which is commonly found in piston machines even today.
His motor was widely used in many different applications. The porting to the inlet and outlet (i.e. the
commutation) was achieved with the oscillation of the pistons. Another very popular water engine was the
Brotherhood engine, invented by Peter Brotherhood in the beginning of the 1870’s. It was a type of radial piston
motor with three cylinders placed 120 degrees apart. It could be powered by either, water, steam, or
compressed air. A rotary valve (similar to the valve plate used in e.g. axial piston pumps today) was used for
commutation. In a paper from 1888 about the hydraulic power network in London, Edward B. Ellington wrote
as follows about them: “they are too well known to require detailed description” [8]. It was also stated that the
efficiencies were around 60-70 %. The brotherhood engine was a fixed displacement motor. However, variable
displacement motors started to appear at this time too. John Hastie took the Brotherhood design and made it
variable. For obvious reasons, this is usually referred to as the “Brotherhood-Hastie engine” [9]. Hastie also
came up with a variable radial piston motor with oscillating pistons. His motor with automatic control is
presented in his paper “On Water-Power Engines with Variable Stroke” from 1879 [10]. At that time, he had
had at least one motor in operation for two years. Another radial piston motor with variable displacement was
developed by Arthur Rigg during the second half of the 1880s. In the previously mentioned paper from
Ellington, it is stated that a Rigg engine is used to drive a dynamo for electric lighting [8].
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Until this point, focus has been on radial piston machines and machines based on crank shafts, and
most of them have been designed for motor applications. However, in 1893, William Cooper and George
Hampton patented a variable axial piston pump of swashplate design [11]. Notice that it was not the first
swashplate pump (such pumps were already described by Ramelli in the 16t century), but it appears to be the
first variable swashplate pump. In the application, the following sentence can be found: “Our invention relates
to a pump adapted for use at either high or low speeds, and especially adapted for use with electric motors or
other constant rotary power”. The pump suffered from leakage due to non-compensated forces on the valve
plate. The problem was, however, solved by Charles Manly, who introduced radial porting [12]. In the
beginning of the 20t century, Harvey Williams and Reynold Janney from Waterbury Tool Company came up
with several improvements of the swashplate pump, and they incorporated it in a hydraulic transmission,
where they had one machine working as a pump and one as a motor [13], [14]. Furthermore, they propagated
for the use of oil as the power transmitting fluid, which primarily only had been used in seed presses before
[2]. Oil had the advantage of not freezing, offer better lubrication, and prohibit corrosion. Furthermore, at that
time, there was a movement towards self-contained hydraulic systems. Fluid power networks were still around
(the one in London one closed in 1977), but the electric grid started to outcompete them since the electric grid
was more appropriate for longer transmission distances.

Waterbury Tool Company was not alone in developing transmissions based on oil in those days. Henry
Selby Hele-Shaw did also work with such development. He came up with the so-called Hele-Shaw pump, which
is a radial piston pump with variable displacement that can run as a motor too, and the principal design is still
in production today. In an article in the magazine The Commercial Motor from 1912, it is stated that the Hele-
Shaw pump could achieve efficiencies above 90 % [15]. Whether this is trustworthy can be argued.
Nevertheless, the bent-axis machine also appears to date back to this period. In 1909, Francis Hector Clergue
was given a patent on such a machine [16].

Even though oil-based fluid power started to emerge, pumps were naturally still developed for water
drainage applications. Around 1910, Jens Nielsen invented the internal gear pump and co-founded the Viking
Pump Company [17]. The pump was invented with the application quarry drainage in mind. A main selling
point was that the pump was the ability to handle contaminated fluids. The company is still around, producing
pumps for harsh applications, but internal gear pumps are nowadays also used in fluid power, where they are
known for being quiet.

Another pump that is stated to be quiet is the vane pump. It can be understood that the vane pump
has been around for quite some time since it was included already in Ramelli’s book from 1588. However, in
1920s, Harry Vickers developed the balanced vane pump [18], in which the forces on the bearings are
substantially reduced since it has two strokes per revolution and radial forces are thereby cancelled out.

At this point (i.e. about 100 years ago), most major commercial pump and motor types have been
brought up. That includes, external and internal gear machines, balanced and non-balanced vane machines,
radial, axial, and inline piston machines. Naturally, there has been quite some improvements of the machines
over the years, but the principal ideas are in many aspects still the same. There are, however, some more recent
concepts that are getting increased focus. One is the so-called Digital Displacement® technology, which saw
light towards the end of the 1980’s at the University of Edinburg [19]. Since then, it has been developed under
the company Artemis Intelligent Power, which recently was acquired by Danfoss. The technology is based on
piston machines, in which the commutation for each piston is electronically controlled. Thereby, individual
pistons can be deactivated and hence the displacement controlled. Currently, pumps are available for
costumers [20], but machines that can work as both pumps and motors are about to come. Danfoss is focusing
much on the excavator market, but their machines have been tested in many other applications, such as
transmissions for wind power plants. A main motivator for Digital Displacement is that the technology offers
high efficiency even at low displacement fractions, which is not the case for conventional variable machines. It
also has very low idling losses and fast response. Another advantage is that it can offer several pump/motors
in one unit since pistons can be grouped to serve different actuators.

Another more recent technology is the so-called floating cup technology, invented by the company
Innas. It appeared in the early 2000s, both as a pump [21] and a transformer [22]. It has been shown to be
very good at low speeds, which is rare among conventional machine types, especially pumps. The floating cup
technology has recently been commercialised by Bucher Hydraulics and it is applied in mobile machinery,
amongst others in an electrified Mecalac excavator [23].

Additionally, there is a new piston-type pump called floating piston pump [24]. The pump type is,
however, not yet commercially available.

ELECTRIFICATION
Since the mid-20t century, combustion engines have typically been used to power hydraulic systems

in mobile machinery. In many applications, the combustion engines are now about to be replaced by electric
machines, and batteries are often supposed to be used as energy storage, especially for smaller machines. This
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will likely affect both the general architecture of the hydraulic system and the requirements on the hydraulic
machines. One reason is that energy efficiency becomes prioritized since the battery size should be minimized.
Another reason is that the characteristics of electric machines are completely different than for combustion
engines. For example, electric machines typically have the following properties:

e They can run in both directions.
e They can be controlled down to zero speed.
e They can transfer power in both directions.

This is very different from combustion engines, which usually run in one direction and have a
comparatively limited speed range. They are also totally incapable of creating fuel from mechanical power.
Furthermore, an electric machine is in general also much simpler and more compact than a combustion engine
of comparative power rating. These aspects create headroom for new system architectures. Note that it in some
cases also is likely that electro-mechanical actuators will replace hydraulic, but this will not be discussed here.

System Architecture

Most fluid power applications have several actuators that need to be controlled individually.
Traditionally, the power is hydraulically distributed to the different actuators, and throttling valves are used
to control the distribution. However, that is inherently inefficient, but it does not have to be that way — power
can be controlled and/or distributed in other ways. In an electrified system, the power distribution can either
be hydraulic, mechanical, or electric. This is exemplified in Figure 2.
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Figure 2 — Power distribution methods

For hydraulic power distribution, transformers can be used instead of valve control. Throttling losses
can thereby be avoided, and energy recuperation can also be allowed. Transformers can either be based on
rotary machines [22] or on fluid inertial effects [25]. To date, such solutions are, however, not commercially
available. Another promising approach within hydraulic power distribution is to make use of multi-chamber
cylinders and/or multiple pressure lines [26].

System architectures based on mechanical and electric power distribution are often referred to as
pump-controlled systems. At a first glance, it can seem straight forward to design such systems. However, there
are many possible solutions. An overview can be found in [27]. The concepts can be displacement controlled
and/or speed controlled, they can be based on open or closed circuits, they can use one or more pumps per
actuator, and they can be passively or actively controlled. The list of alternatives continues. The question that
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is left to answer in this paper is, however, how should the hydraulic pumps and motors be designed to match
these future hydraulic systems?

THE FUTURE OF FLUID POWER PUMPS AND MOTORS

When considering systems with hydraulic power distribution, hydraulic motors are of high interest for
rotary motions. However, these should preferably be displacement controlled, and have the possibility to go
over-center (i.e. negative displacement). This to allow bi-directional motions. It is often also desired to have
motors that can work as pumps to allow energy recovery. When it comes to linear motions, development on
transformers is required. The primary pump in systems based on hydraulic power distribution does not
necessarily have to be able to operate as a motor since accumulators often are used to store energy.
Furthermore, it typically only needs to work at one or a few defined pressure levels.

When it comes to pump-controlled systems, there are, as stated above, many different possibilities,
and each of them put somewhat different requirements on the hydraulic machines. However, in general it can
be stated that the machines should be able to work as both pumps and motors. If the machine is supposed to
work in an open circuit, only two quadrants of operation is required. If it is supposed to work in a closed circuit,
four quadrants are necessary. The quadrants are defined by flow direction and pressure difference and notice
that the flow direction principally can be varied with both the displacement setting and the rotational speed.
However, since electric machines generally can run in both directions, it is reasonable to have a hydraulic
machine that also works well in both rotational directions. Displacement control over-center can be considered
as less relevant, assuming that speed-control is used. It should also be stated that it often is desirable to have
a pressurized low-pressure side in pump-controlled systems, amongst others to avoid cavitation in motoring
mode. The machines should be built to withstand that.

Furthermore, to avoid the need for too large electric machines, it is desired to increase the speed of the
pumps. This to reduce the required displacement and thereby the required torque. However, notice that an
increased speed might have negative impact of the noise from the pump. Variable displacement can also be
used to downsize the electric machine. This is since a smaller displacement can be used at higher pressure
levels. Smaller displacement settings can also be used to improve the efficiency at low flow rates, since the
machines then can operate at higher speeds, where they typically are more efficient. However, hydraulic
machines must still be better at low-speed operation since variable displacement cannot always be used. In
fact, many of the most promising pump-controlled systems require two hydraulic machines for each actuator.
For this to be commercially relevant, the design should be kept simple.

Currently, there is much research on integrating hydraulic machines into electric machines. This to
offer compact and efficient solutions. Obviously, this is of interest for all architectures, and not at least for
systems with electric power distribution, where multiple units are required.

CONCLUSION

Traditionally, hydraulic machines have typically had one specific role and the operating conditions
have been quite bounded. This is about to change. To meet the requirements that comes with new system
architectures, hydraulic machines must be able to work both as pumps and motors, and often in both directions
of movement. They should be better at low speeds and at the same time allow higher speeds. Displacement
control will still be of interest. Partly because if allows smooth motor control of systems with hydraulic power
distribution, but also because it can be used to improve the efficiency and downsize electric machines in other
types of systems, but the displacement control must be more efficient than it is in conventional machines. It is
easy to write these sentences, but the future will tell how easy it to achieve the desired performance of the
hydraulic machines.
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ABSTRACT

In hydraulic axial piston machines, each chamber switches between the high-pressure and the low-pressure
port with every revolution. How this process, the commutation, is done, is an essential part of pump design.
The commutation typically targets a smooth pressure transition to minimize compressible flow pulsations.
However, an ideal pressure match is not possible over the whole operating range of the machine. Thus,
pressure relief grooves are considered a “necessary evil” in the state of the art, which can reduce flow
pulsations over a wide operating range on the expense of slightly increased losses. Depending on the drive
cycle and especially the number of quadrants a hydraulic machine is used in, the optimal pressure relief
groove design differs. The increased losses and pulsations for enabling 4-quadrant operation of hydraulic
machines are shown. Pump-controlled systems lead to hydraulic machines running in different drive cycles
than in conventional valve-controlled systems, affecting ideal groove design. This paper focuses on how to
optimize pressure relief grooves and thus presents the methodology incl. the simulation model, formulation
of the objective function, and choice of optimization algorithm. Optimizations are carried out for 1-, 2- and
4-quadrant operation. Pareto fronts for a trade-off between flow pulsations and losses are presented, for
both a valve-controlled system and a pump-controlled system carrying out the same task in an excavator
boom application.

[DOI: https://doi.org/10.3384/ecp196008]

Keywords: axial piston pump, multi-quadrant, relief or silencing groove, design optimization
INTRODUCTION

With the ongoing trend towards electrification of hydraulic systems, efficiency and noise become even
more important for hydraulic machines. High efficiency is important to reduce required battery size or increase
machine uptime, whereas the absence of a combustion engine makes noise from hydraulic machines more
audible.

Valve plates play a crucial role for both the efficiency and noise of hydraulic machinery. In the state of
the art, pressure relief grooves (also called silencing grooves) are designed to provide a good compromise of
efficiency and noise over the whole operating range. Thus, several works have dealt with ideal pressure relief
groove design for hydraulic machines.

[1] describes the effect of pressure relief groove design on pump flow ripple and provides analytical
equations for relief groove design based on a single operating point. [2] shows possible objectives to quantify
noise in hydraulic machines and investigates the formulation of different objective functions. [3] describes a
multi-objective optimization of pressure relief grooves in axial piston pumps described by their start and end
angles as well as the slope of the opening area over the groove angle. [4] additionally allows non-linear groove
area functions. [5] introduces a multi-objective optimization of the opening areas during commutation for a
gear pump, followed by a second optimization in which the optimal opening area is approximated by simple
geometric features such as circles and triangles.

This work uses multiple operating points to approximate drive cycles for pressure relief groove design.
It applies multi-objective optimization on hydraulic machinery which works in 1-, 2- and 4-quadrants. The
penalty for 4-quadrant operation is shown. Furthermore, optimizations for the hydraulic machines in two
different systems are carried out and compared: a valve-controlled system and a pump-controlled system. The
potential for energy recuperation on a system level and the losses and pulsations on a pump-level are quantified
based on an exemplary excavator boom application.

Optimization of Pressure Relief Grooves for Multi-Quadrant Hydraulic Machines in Different System Architectures © 2022 by
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VALVE PLATE DESIGN AND PRESSURE RELIEF GROOVES

Hydraulic positive displacement machines can principally work both as a pump and a motor. For the
pumping case, displacement chambers are connected to the low pressure (LP) kidney to suck in fluid and the
high pressure (HP) kidney to deliver the fluid. In axial piston machines, the kidneys are located in the valve
plate. In-between the kidneys, so-called bridges close the displacement chambers and prevent cross-porting
(i.e., flow from the HP kidney to the LP kidney through a direct connection provided by the displacement
volume) at commutation. Besides separating the inlet channel from the outlet channel, the valve plate needs
to provide a smooth pressure transition for each piston chamber. This reduces compressible flow pulsations
[6].

For a smooth pressure transition, pre-compression takes place before the displacement volume
connects to the HP kidney and de-compression takes place before the displacement volume connects to the LP
kidney. Figure 1 shows the principal design for a valve plate for each operating quadrant. As the displacement
volume at bottom dead center (BDC) is larger than at top dead center (TDC), the corresponding angle in the
valve plate is also larger [7]. The quasi-static pressure change during pre- and de-compression can be
calculated as

Vdisp,l

Py — D1 = PeIn €))]

Vdisp,] I

with the index I representing the state when entering the bridge and index II representing the state
when leaving the bridge. [8]
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Figure 1 — Principal design of optimized valve plate design for different operating quadrants
for a fluid power pump/motor [7].

Equation (1) shows that pre- and decompression angles as shown in Figure 1 can only be customized
to one pressure level. For this reason, pressure relief grooves are typically used. Pressure relief grooves are
small cuts in the valve plate that provide a small opening between the displacement chamber and the kidneys
[9]. The pressure transition is smoothened for a wider range of pressure levels by providing a small channel.
However, the flows through the pressure relief grooves lead to undesired losses, so that pressure relief grooves
are seen as a "necessary evil" [6].

Palmberg states that pressure relief grooves with quadratically increasing area can provide better
results than pressure relief grooves with linearly increasing area and thus the pressure relief grooves in this
work are chosen to have a quadratically increasing area. The relative charge time has a dominant effect on the
flow pulsations, and therefore the groove area during charging is important. Instead of as a function of time,
the groove area can also be expressed as a function of geometry, with A being the orifice area, x being the groove
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angle, w being the shaft frequency, R, being the cylinder barrel radius and t being the time. For quadratically
increasing groove areash. [1]

A=k, -x" (2)
X=w "Ryt (3)
MODEL-BASED OPTIMIZATION OF PRESSURE RELIEF GROOVES
The following chapter will present a methodology for model-based optimization of pressure relief grooves by

discussing the architecture, design variables, objectives and constraints, the simulation model, the choice of
operating points and the optimization algorithm used. The process flow is shown in Figure 2.
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Figure 2 — Process flow of optimization procedure.
Architecture

The optimization algorithm is implemented in MATLAB. The hydraulic machine is simulated in
Hopsan. The design variables and simulation time are sent to Hopsan via API, and after the simulation the
simulation results are sent to MATLAB as raw data, so that post-processing takes place in MATLAB. The
simulation time is always chosen as one period (i.e., the time it takes between two successive pistons pass the
same point).

Design Variables

The valve land between the HP kidney and the LP kidney is fixed and covers exactly the angle of one
cylinder port opening. At the start and end of each kidney, a pressure relief groove is added. From a
manufacturing point of view, each pressure relief groove can be described by the groove angle, the groove
shape, and the final area of the groove. As Palmberg [1] stated that grooves with quadratically increasing area
can provide better results than pressure relief grooves with linearly increasing area, the groove shape is fixed
to a triangular shape with an area that increases quadratically with the groove angle. Cross-porting [9] is not
considered in this work to reduce the amount of design variables and thus the computational effort. However,
cross-porting could further reduce flow pulsations on the expense of increased losses.

The groove angle and the final groove area for each groove are to be optimized. However, there are a lot of
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combinations of groove angles and areas that provide poor results due to the interaction of these two
parameters. Therefore, k. (see Equation (2)) replaces the grooves area as design variable, see Figure 3. That
means that k, scales the groove area with the groove angle, and therefore it facilitates the search for an optimal
result.

If the machine only operates in 1 or 2 quadrants, only 2 grooves are needed (1 for pre-compression, 1 for de-
compression, see Figure 1). In that case, the design variables for the grooves that are not needed might be
removed to simplify the problem.

Objectives and Constraints

The objectives and constraints can be defined in a similar way as done in [8]. The objectives are low
losses and low noise. In comparison to machines with zero-lapped valve plates, designs that reduce losses
typically also reduce noise and vice versa, i.e., the biggest share of loss reduction and noise reduction goes hand
in hand. However, for fine-tuning the characteristics, a trade-off between the two objective needs to be made.
Pareto fronts are created so that this trade-off between losses and noise can take place a posteriori. As a
simplification, the proxy for noise can be peak-to-peak flow pulsations. The LP flow pulsations and the HP flow
pulsations are combined to one overall value by weighting them according to their energy content (i.e., their
pressure level). To not fully neglect LP flow pulsations for elevated HP levels, a minimum weight for LP flow
pulsations can be implemented. However, using peak-to-peak flow pulsations as proxy for noise is a
simplification, and more criterions can be used to evaluate noise [2] [4] and the human perception of different
frequencies could be taken into account.

The constraints are that a minimum pressure level is to be guaranteed to avoid cavitation and a maximum
pressure level is not to be exceeded to avoid excessive mechanical loads. The constraints are implemented as
soft constraints.

Figure 3 — Sketch of design variables. Each groove is described by its angle (¥, &;, ¥; and
Y,)) and its k. (W, ¥,, Ws and Ps).

Simulation model

A Hopsan model is used to simulate the steady-state behavior of the pump for pressure relief grooves. Hopsan
is a one-dimensional multi-domain simulation tool using the transmission line theory. The structure of the
simulation model is illustrated in Figure 4. For each displacement chamber, the model consists of a volume,
which is connected to the HP source resp. the LP source through orifices. Each displacement volume is
connected to the valve plate, which has two kidneys. At each kidney end, a triangular pressure relief groove is
implemented. The valve land between two grooves is the same as for a zero-lapped valve plate. The size of each
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displacement volume depends on the shaft angle, and the area and circumference of each orifice depend on
the shaft rotation angle.

V(t)

|
|
|
dv(ty/dt |
|
|
|
|

Figure 4 — Illustration of pump model structure. Of course, any number of cylinders can be
implemented. [8]

Choice of operating points and trade-off between operating points

Pressure relief grooves are meant to improve the behavior of the hydraulic machine for a wide range
of operating points. But the simulation time increases for an increasing number of simulated operating points.
Thus, specific operating points need to be selected.

Figure 5 visualizes two different methods of choosing operating points to be considered for
optimization. When no drive cycle is available, different pressure and speed levels can be covered with a
minimal number of simulations using the Latin Hypercube method [10]. To obtain a 2-quadrant machine,
these operating points are additionally “mirrored” with reversed rotational direction of the hydraulic machine
as illustrated on the left-hand side of Figure 5. This means that a 2-quadrant machine in this work covers pump
and motoring mode by reversing rotational direction, and the pressure sides are not switched. To obtain a 4-
quadrant machine, the operating points are additionally appointed with reversed pressure sides of the
hydraulic machine.

For a given drive cycle of the hydraulic machine, operating points are clustered into pressure ranges
and speed ranges, as exemplary visualized on the right-hand side of Figure 5. The points in the cluster where
the machine spends a large amount of time are used as inputs to the optimization. The trade-off between
operating points is based on the time spent in each operating point. Thus, the objectives are condensed into
average flow pulsations and total losses over the cycle. It is important to consider that losses over a cycle are a
more useful objective than efficiencies for specific operating points (e.g., a low efficiency at an operating point
with low power might be accepted due to the low absolute losses).

Relative time spent at operating region for a 2-quadrant machine
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Figure 5 — Choice of operating points on the example of a 2-quadrant machine. Left: Latin
Hypercube Method. Right: Clustering of drive cycle data. The data shown here is randomly
generated and does not represent a real drive cycle.
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Furthermore, operating points which are considered most critical for cavitation are included (i.e.,
maximum speed, full displacement, and minimum pressure [4]). These operating points are given a low weight,
as their performance is not important; however, the constraints are not to be violated for these operating points
to guarantee safe operation of the hydraulic machine across its whole operating range.

Choice of optimization algorithm

The Non-dominated Sorting Genetic Algorithm II (NSGA-II) algorithm is used [11]. This algorithm
combines the characteristics of individuals and uses mutations to explore the design space. In each generation,
new individuals with better objective values can replace individuals with the lower objective values. The Pareto
front results from the Pareto-optimal individuals in the last generation.

Exemplary results for 1-, 2- and 4-quadrant machines

The presented methodology has been applied for 1-, 2- and 4-quadrant machines. 3 operating points
were chosen for the 1-quadrant machine in pump mode using the Latin Hypercube method. The Pareto fronts
are shown in Figure 6 and the corresponding typical valve plate designs are shown in Figure 7. The benefit of
an a-posteriori evaluation of the results becomes clear. As the Pareto fronts show, small improvements on one
objective can come at a high expense for another objective. The Pareto fronts reveal that the losses and the flow
pulsations for the 1- and 2-quadrant machines are on a similar level, i.e., there is no significant penalty for 2-
quadrant operation. The 2-quadrant machine even achieves slightly better results, as it uses an additional
groove (at W) to minimize pulsations due to insufficient pre-compression in motor mode. Due to the decreased
pulsations in motor mode, the average pulsations of the 2-quadrant machine can be lower than those of the 1-
quadrant machine. Despite this, the typical ideal designs of the 1- and 2-quadrant machine are very similar.
However, the Pareto fronts show significantly increased losses and flow pulsations for the 4-quadrant machine.
The reason for that can be found in its principal design: to allow for quadrant operation, pressure relief grooves
in all 4 possible locations are required (compare Figure 1). However, they need to be significantly shorter than
for the 2-quadrant machine, to avoid cavitation. Thus, the 4-quadrant machine has “incomplete” pre-
compression and therefore higher losses and pulsations.

It is to be noted that there are some differences between the valve plate designs shown in Figure 7 and
typical designs in the state of the art. For the 1- and 2-quadrant machines, there typically also is a groove at ¥,
instead of a pure pre-/de-compression. However, as LP flow pulsations receive a very low priority in the
objective function, the optimization removes the groove and reduces losses at the expense of increased LP flow
pulsations. Furthermore, the groove at W5 for the 2-quadrant machine is not typical.
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Figure 6 — Pareto fronts for optimized 1-, 2- and 4-quadrant machines
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Figure 7 — Qualitative valve plate designs for optimized 1-, 2- and 4-quadrant machines (from
left to right)

TRANSLATING REQUIREMENTS FROM 1-QUADRANT MACHINE FOR VALVE-CONTROLLED
SYSTEM TO 2- AND 4-QUADRANT MACHINES FOR PUMP-CONTROLLED SYSTEM

Pump-controlled actuators have the potential to contribute to reducing greenhouse gas emissions by
reducing throttling losses. Used in electro-hydraulic actuators, they enable energy recuperation [12]. A simple
valve-controlled hydraulic actuator system and a pump-controlled system which could replace it are shown in
Figure 8. The shown multi-pump system provides more freedom for system control compared to single-pump
systems.
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Figure 8 — A valve-controlled system (left) and a possible pump-controlled system (right)

Assuming that the pump-controlled system carries out the same task as the valve-controlled system
(i.e., actuator force and speed are identical), the requirements for the hydraulic machines in the pump-
controlled system can be deducted from the conventional valve-controlled system. The knowledge on chamber
pressures and velocity of the actuator can be a baseline for this.

The actuator shall provide the same force for both systems, see Equation (4). The pump-controlled
system’s low-pressure is significantly above atmospheric pressure, providing increased stiffness. When both
actuator chambers are at this pressure level, the actuator provides a force as calculated in Equation (5). At this
force the high-pressure side and the low-pressure side of the actuators switch, providing a smooth transition.
Neglecting losses, the pressures for the pump-controlled system are calculated in Equations (6) to (9), and the
flows are calculated in Equations (10) to (12). The operating speeds of the hydraulic machines are calculated
in Equation (13). With these equations the inputs for the optimization in 2 quadrant and 4 quadrant machines
in the pump-controlled system shown in Figure 8 can be calculated and add more detail to a comparison of the
pump-controlled system to the valve-controlled system.

ch =F, = Pavc Ay — PByc* Ap (4)
Fswitcn = Prow * (Aa — Ap) (5)
Pa = Prow » for ch < Fowitcn
(6)
Pa = (ch + DB 'AB)/AA s for ch > Fowiten
P = (pA “Ay— ch)/AB , for ch < Fpiten )]
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P = Drow > for ch > Fowiten

Ap1 = Pa = Prank €))

Ap, =ps—ps ()]
Qu=v"44,Qp =V A (10)

Q1 =0Qs—Q=v (44— 4p) (11)
Q2 = =05 (12)

Nyp = Q12/Vi2 (13)

EXEMPLARY RESULT FOR EXCAVATOR BOOM APPLICATION

Equations (4) to (13) were applied on a drive cycle for an excavator boom application. For the sizing of
the hydraulic machines, it was assumed that they all possess the same maximum speed, and then their
displacements were chosen according to the maximum flow that passes the machine. For the given drive cycle,
the 1-quadrant machine runs at maximum speed when filling the A-side of the cylinder, whilst the 2-quadrant
and 4-quadrant machine run at maximum speed when the A-side is vented.

Table 1 shows the displacements and powers of the hydraulic machines. The pump-controlled system
requires an increase of the total installed displacement and power. The advantage of the pump-controlled
system becomes obvious: whilst the average input power (in pump mode) is only slightly elevated, a large
amount of power is available for recuperation, thus offering great potential for increased system efficiency.

Table 1 — Displacement and average power of the hydraulic machines

1-quadrant 2-quadrant 4-quadrant
machine machine machine
Displacement [cm3/rev] 42.0 20.9 35.3
Total average power [kW] 18.6 15.3 16.1
thereof pump mode [kW] 18.6 9.9 10.5
thereof motor mode [kW] 0] 5.4 5.5

Figure 9 shows exemplary Pareto fronts when optimizing the hydraulic machines for equivalent cycles
for the system shown in Figure 8. Despite the increased average power running through the hydraulic machines
for the pump-controlled system, the combined total losses are on a similar level. Concerning flow pulsations,
note that each machine was optimized individually, i.e., the flow pulsations of one machine were not used as
input to another machine. When assuming that the peak-to-peak flow pulsations of the machines for the pump-
controlled systems are summated, they are still at a similar level to the valve-controlled system’s machine.
However, in practice both machines will run at different speeds. Thus, the flow pulsation will occur at different
frequencies and the worst case of peaks of both machines being aligned with one another will rarely happen.

Furthermore, it is to be noted that the drive cycle was taken from an excavator boom application, which
rarely switches the direction of force on the cylinder. Thus, the optimization of the 4-quadrant machine yielded
in a design which is a mixture of the typical design for 2- and 4-quadrant machines: while there are no grooves
(or extremely short grooves) at W5 and W (typical for 2-quadrant machines), the grooves at ¥, and W, have a
smaller angle to avoid cavitation (typical for 2-quadrant machines). For a different application which switches
pressure sides more often, e.g., an excavator arm, a design more typical to the classical 4-quadrant design as
shown in Figure 7 is to be expected, and thus the 4-quadrant machine will have higher levels of flow pulsations
and losses.
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Figure 9 — Pareto fronts for optimized machines for excavator boom drive cycle
CONCLUSION

A methodology for pressure relief groove optimization has been presented and applied on machines
for 1-, 2- and 4-quadrant operation and their general designs have been shown. The penalty for enabling 4-
quadrant operation has been shown. Furthermore, the methodology has been applied on hydraulic machines
for a valve-controlled system and a pump-controlled system on the example of an excavator boom drive cycle.
The optimization results show that despite the large potential for energy savings on a system level and the
higher average power passing through the hydraulic machines, there is no significant penalty in terms of losses

or flow pulsations when using a pump-controlled system.

ABBREVIATIONS
HP High-pressure
LP Low-pressure
NOMENCLATURE
ky Groove area constant [m2/radn]
n Exponent in groove area function [-]
n; Speed of hydraulic machine i [rev/s]
Prir Pressure in displacement chamber before / after bridge [Pa]
Ap, Pressure difference over pump 1 [Pa]
Ap, Pressure difference over pump 2 [Pa]
Pa Pressure in cap side of cylinder [Pa]
Dg Pressure in rod side of cylinder [Pa]
Prow  Pressure in cylinder’s low-pressure side [Pa]
DPrank  Pressure in tank line [Pa]
t Time [s]
v Cylinder velocity [m/s]
x Groove angle [rad]
Ay Cylinder cap end area [m2]
Ag Cylinder rod end area [m2]
E,c Force in pump-controlled system [N]
Fowiten ~ Force at which high-pressure side of cylinder is switched [N]
Fye Force in valve-controlled system [N]
Q. Flow through hydraulic machine 1 [m3/s]
Q. Flow through hydraulic machine 2 [m3/s]
Q4 Flow into cap side of cylinder [m3/s]
Qg Flow into rod side of cylinder [m3/s]
R, Cylinder barrel radius [m]
Vaispn  Displacement volume before / after bridge [m3]
V; Displacement of hydraulic machine i [m3/rev]
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Be Fluid’s bulk modulus [1/Pa]

1) Shaft speed [rad/s]

%357, Design variables for groove angles [rad]
¥,468 Design variables for groove area constants [m2/rad»]
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ABSTRACT

Small hydropower plants have been seen as a more sustainable source of energy in comparison with large
hydropower plants due to the smaller required flooding area. Howeuver, every source of energy production
has, inevitably, an impact on the environment. Aiming to reduce the usage of fossil-based products, such as
hydraulic oil, a joint effort has been made between the Laboratory of Hydraulic and Pneumatic systems and
the companies Reivax Automation and Control and China Three Gorges, in order to introduce the pneumatic
technology to the hydrogeneration sector. Characteristics such as easy installation and maintenance, low
acquisition costs, and mainly, low environmental impact, make the pneumatic technology an excellent
candidate to replace the hydraulic servo actuators that have been traditionally used for automation and
control in hydropower plants, which use large quantities of hydraulic oil and provide a high risk of a river
bed contamination due to possible leakages or incorrect disposal of hydraulic oil. This paper presents two
cycles of development of a pneumatic solution to automate and control the generating unit of small
hydropower plants. It includes the first proposed solutions, proof of concepts and drawbacks that were faced,
as well as the new challenges and achievements that rose during the design process. The paper also presents
the most up-to-date results from a pilot project where a fully pneumatic solution was applied for a generating
unit with 438 kVA of generating capacity and a model of development that was identified based on common
activities performed during the first two cycles of development.

[DOI: https://doi.org/10.3384/ecp196009]

Keywords: Small hydropower plants, sustainability, pneumatic technology, pneumatic servo-actuators
INTRODUCTION

Electricity generation by hydropower plants has been known as one of the major contributors to
renewable energy sources around the globe. In Brazil, for instance, hydro generation corresponds to about 59%
of the total energy production [1] and considering the total installed capacity, Brazil is in the third position in
the ranking for renewable energy generation [2]. However, every source of energy inevitably results in an
environmental impact, either if it is renewable or not renewable. In the case of hydroelectricity generation, the
main impacts are related to the flooding caused by the water reservoir, which produces carbon dioxide and
methane that results from biomass decomposition in the flooded area and also the destruction of animal life

[3].

Therefore, the development of power plants with small capacities has been discussed as an alternative
to reduce the environmental impacts of hydro generation [3, 4], since they require a small or even no reservoir,
such as the run-of-river power plants [3, 5]. Based on this, many environmental activists and ecologists do not
consider large-scale hydro generation as renewable and clean energy [6], such as the International Rivers
Network, which released a declaration to exclude hydropower bigger than 10 MVA from the list of renewable
energy options [7]. Therefore, small hydropower plants (SHPs) have become a possible substitute for large
hydropower, and it has been encouraging the development of SHP in many countries around the world [8].
The classification of generating capacity of hydropower plants varies according to each country, in Brazil, there
are three major groups of hydropower plants, the Hydropower Generating Plants (HGPs), with capacities up
to 5 MW, Small Hydropower Plants (SHPs), with capacities between 5 MW and 30 MW and Hydroelectric
Power Plant with capacities greater than 30 MW [9].

In this context, the Laboratory of Hydraulic and Pneumatic Systems (LASHIP) from the Federal
University of Santa Catarina and the company Reivax Automation and Control have been working together to
develop a solution to automate and control the generating unit of SHPs by using pneumatic technology, which
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is known for its low environmental impact, excellent cost-benefit ratio and easy maintenance. The application
of pneumatic technology in hydropower plants reduces the usage of fossil-based fluids in addition to the
reduction of the acquisition and installation costs, being a viable alternative for the standard hydraulic
servosystems traditionally applied for these applications.

Therefore, this paper presents an overview of the development process of pneumatic technology for
SHPs, including the milestones and drawbacks faced during two cycles of development, making it possible to
identify a development model that was successfully applied in order to introduce a new technology on the
market.

FIRST CYCLE - IS IT A MARKET OPPORTUNITY?

The first step in the development process was the identification of the requirements of the application.
In this sense, several tasks need to be performed to control and automate the hydraulic generating unit. The
main task consists of speed regulation of the generator unit to set the desired frequency of the produced energy,
which is performed by the speed governor of the hydraulic turbine (Figure 1-a), controlling the inflow of water
according to the demanded power. The speed governor must follow a reference velocity and the main
operations performed are as follows:

e Turbine start-up: Opening of the distributor vanes, starting the rotation of the generating unit
until it reaches nominal rotational speed;

e Synchronism: Adjust the frequency of the generated energy to match the grid’s frequency;

e Load taking: Connection of the generator with the grid;

e Load rejection: Disconnections of the generator with the grid;

e Emergency shutdown: The system must be able to close in case of emergency at a pre-
determined rate and independent of external power or control sources.

Beyond the speed regulation, the automation of the generating unit consists of a braking system
(Figure 1-a), the opening and closing of the admission valve (Figure 1-b), and, in some cases, the actuation of
a bypass valve (Figure 1-b) to equalize the upstream and downstream pressure of the admission valve prior its
opening. Black-start capability is also desired, that means, being able to start-up the generating unit without
electrical energy from the grid.

Regulating ring

Bypass
Actuator

Distributor vanes

Admission valve
disc

Speed governor,
actuators

Brake actuator .
Admission valve
% actuator
a) b)
Figure 1 - Actuation systems of a hydraulic generating unit; a) Speed governor, b) Admission
valve.

The automation and control of hydropower plants have been done traditionally by servo-hydraulic
actuators. Robust and reliable, the hydraulic technology is a consolidated solution for applications that
demand closed loop control with strict positioning requirements, such as control surfaces of aircraft, pitch
angle control of wind turbines, and speed governor of hydro turbines. However, with the advances in
pneumatic positioning systems, [10] identified the possibility to apply the pneumatic technology to control the
speed governor of hydropower plants, offering an opportunity to reduce the usage of mineral oil, an easier
installation and maintenance, and a lower acquisition cost.

Tasks such as load rejection, synchronism, turbine startup, load taking and emergency shutdown,
defined the main requirements in terms of dynamic response and steady-state error [11, 12]. Requirements for

Proceedings of the 6th Workshop on Innovative Engineering for Fluid Power — WIEFP 2022
22-23 November 2022. ABIMAQ, Sdo Paulo, SP, Brazil.

68



the load force were defined by the required maximum mechanical work, which revealed an operating range for
the pneumatic technology for machines up to 1 MVA of generating capacity [4].

A classical concept of a servopneumatic system (Figure 2-a), composed of a proportional servovalve
(1V3), linear actuators (1A1 and 1A2), and flow control valves (1V1 and 1V2) was considered by [10]. A dynamic
simulation model was developed in order to assess the capability of the servopneumatic system to withstand
the operating conditions and meet the design requirements. The model included non-linearities inherent in
servopneumatic systems, such as the dead zone of proportional valves and friction of the cylinder. The closed
loop control was made by a PID controller and a dead-zone compensator was used to minimize the effects of
the proportional valve’s dead zone.

The preliminary results obtained by simulation evidenced that the pneumatic solution was able to meet
the design requirements. On the sequence, a test rig was developed (Figure 2-b) in order to validate de
developed model and perform further investigation of the proposed solution. The expected most critical
conditions were applied on the test rig through a hydraulic actuator, which generated the load for the
servopneumatic system. The results showed the validity of the dynamic model, moreover, it indicated settling
times of about 0.56 seconds and 0.24 mm of steady-state errors (Figure 2-c). Tasks equivalent to turbine start-
up, emergency shut down, synchronization, and steady-state control could be successfully achieved by the
proposed solution.
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LL Controller
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Figure 2 — First proposed solution (adapted from [10]); a) Pneumatic diagram, b) Test rig, c)
Experimental step response

The next step consisted of a small-scale prototype running in a speed governor of a Francis-type
turbine with 35 kVA of installed capacity. A servopneumatic system was installed to control the distributor of
the turbine (Figure 3-a) and the controller consisted of a PID with a dead zone compensator. Tests were carried
out to evaluate the settling time, automatic start-up, and load rejection.

= = =Speed/Frequency

- S L 1
E 0.1 s 0.6 Speed governor position
0.5 F 1
0.08
0.4 F
0.06 03+
Servo-motor 0.04 02
connecting rod  Pfe: 4
i 0.02 — 0.1F
I I . I I I I Ot v e —
{ i oS 10 15 20 25 30 35 40 45 50 55 0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time [s] Time [s]
a) b) c)

Figure 3 - Small-scale prototype (adapted from [4]); a) On site installation, b) In load step
response, ¢) Load rejection test

The on-site results showed a settling time of less than 0.25 seconds (Figure 3-b). At steady-state, an
oscillation of less than 1 mm was observed, which was caused by the vibration of the machine (The unit PU
stands for a relative value compared to the maximum nominal value of the variable). An overshoot of 8%
occurred for load rejection tasks (Figure 3-c), which is acceptable since a reference value for overspeed in load
rejection is up to 30%. Even with adverse operating conditions of the generating unit, due to clearances in the
turbine mechanisms, the servopneumatic system was able to work within the recommended values of settling
time and speed overshoot, which were 1.25 seconds and +30%, respectively, for this application [12, 13].
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One limitation of the standard servopneumatic system was the high cost associated with the
servovalve, which reduced the economic appeal of the proposed solution. Therefore, in [14] it was designed a
servopneumatic system actuated by fast switching on/off valves (1V1 and 1V2 of Figure 4). The control strategy
was composed of a PID, a compensator for the saturation zone of the valve, and a Pulse Width Modulation

(PWM) technique, with frequencies between 10 and 75 Hz.

0.089

1AL 0.088
0.087

Controller

Experimental
= = =Reference

Position [m

0.11

0.108 |

0.106 |

0.104 |

=4
2
2
E3

0.096

0.094 |

0.092 |

0.102 |-

~- = =Reference 1

Experimental

Time [s]

a) b) c)
Figure 4 - Solution based on fast-switching on-off valves (adapted from [14]); a) Pneumatic
diagram, b) Experimental step response, ¢) Experimental trajectory following.
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Results for unloaded tests showed an accuracy of +/- 0.5 mm, either for step response (Figure 4-b)
and trajectory following (Figure 4-c). The promising results would make it possible to significantly reduce the
acquisition costs of the actuation system for speed governors. However, the switching frequency applied on
the directional valves reduced its life span, making it difficult to be used for applications that run continuously,
such as speed governors.

Aiming the increase the energy efficiency of servopneumatic systems, [15] proposed a solution to reuse
the expansion energy of the compressed air when the cylinder is moving in the same direction of the load. The
solution is presented in Figure 5-a), which is composed of a standard servopneumatic system with a
proportional servovalve (1V1) and a fast-switching 3/2 crossflow valve (1V2) connecting chambers A and B of
the actuators (1A1 and 1A2). The control strategy consisted of a PI controller and dead zone compensator for
the servovalve and a PI controller with a set of rules and PWM technique for the crossflow valve.
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Figure 5 - Solution focused on energy efficiency (adapted from [15]); a) Pneumatic diagram,
b) Experimental step response, ¢) Experimental trajectory following

Tests performed with 5 kN of load, with and without the crossflow valve, showed no significant
difference between both solutions in terms of dynamic response and positioning accuracy, with errors no
bigger than +/- 1 mm (Figure 5-b, ¢). However, the crossflow valve resulted in an average saving of 54% of
compressed air, resulting in a payback of about 2 years for a hypothetical application in a speed governor,
compensating for the extra costs related to the acquisition of the fast-switching valve and a differential pressure
sensor. Moreover, the limitations of the life span of the cross-flow valve are mitigated, since this valve will be
used just for displacements that occur in the same direction of the load, such as the closing movements of the
distributor, which occurs less frequently.

The first cycle of development of the pneumatic technology was capable to demonstrate the technical
viability of the proposed solution, with robust data gathered through dynamic simulation models, experimental
test rigs, and a small-scale application with a Francis turbine. At the end of the first cycle, the main challenges
that needed to be overcome were the acquisition cost of the servopneumatic valves and the actuation of the
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admission valve of the generating unit, where high actuation forces are commonly needed and a standard linear
actuator would not be capable to attend the design conditions.

SECOND CYCLE — ADDING NEW REQUIREMENTS

After the first cycle of development to test the technical viability of using pneumatic technology for
automation and control of SHPs, a new cycle of development started with The Brazilian National Electric
Energy Agency (Aneel) R&D project number PD-00387-0117/2017. The new goals included the reduction of
acquisition costs, the development of a solution to actuate the admission valve based on pneumatic power, and
the implementation of a pilot project in a 438 kVA Francis turbine, being the first system to permanently
operate the turbine with pneumatic technology.

Again, the design process started by understanding the requirements of the application. Beyond the
dynamic response and steady-state error of the speed governor, emergency closing and black-start were added
to the list of requirements. For the turbine admission valve, a high actuation force is necessary due to the
counterweight and water column over the valve’s disc. It also required an automatic closing, without the need
for electric energy. Several conceptions and technologies were evaluated as possible solutions to actuate the
speed governor and the admission valve, the main basis for the decision-making was the meeting of the design
requirements as well as the economic viability of the solution. Discussions about possible solutions are given
in [16, 17].

Figure 6-a) presents the proposed architecture for position control, where two proportional pressure
regulator valves with discrete actuation (1V1 and 1V2) have proved to be more suitable since this model of
valves is capable to align characteristics of proportional operation with high flow capacity, moderate
acquisition costs, and a large number of manufacturers. Emergency valves (1V3 and 1V4) were installed
between the proportional valves and the pneumatic actuators, in such a way that in an eventual emergency
condition or loss of power, the distributor will be automatically set to its closed position. Moreover, flow-
control valves (1V5 and 1V6) are used to adjust the maximum opening and closing velocities. Black-start
operations can be performed with the pneumatic energy stored in the compressed air reservoir. The control
strategy consisted in a PID controller that converts the position error into a pressure reference for the pressure
regulator valves. An anti-windup technique is applied to the integrator controller to avoid the unbounded
growing of the integral error. Also, a pressure offset is used to set the average working pressure of both
chambers, and in this case, this value is equal to half of the supply pressure.
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Figure 6 - Proposed solution to automate and control the generating unit; a) Actuation system
for the speed governor; b) Actuation system for the admission valve
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For the actuation of the admission valve, a hydropneumatic jack was designed in partnership with the
company Bovenau, where new functionalities were implemented in order to attend to the design requirements.
Figure 6-b) presents the hydro-pneumatic diagram of the developed solution. A set of two pneumatic pumps
(1Z1 and 1Z2) is being used to increase the opening velocity of the valve. The jack’s actuator is 1A1. A 2/2-way
normally open hydraulic valve (1V6) grants an automatically closing of the admission valve in the case of loss
of power. The closing velocity is regulated by a flow-control valve (1V7) and, the manual valve (1V8) can be
used as a redundancy for the retracting movement of the hydropneumatic jack. The equipment is remotely
operated by switching the feeding valve (1V1) and the hydraulic return valve (1V6).

The proposed solutions were evaluated through dynamic simulations, which results corroborate with
the capacity to attend the design requirements of the application [16, 18]. A test rig named Platform of Dynamic
Loading (Figure 7) was developed aiming to perform experimental tests and further investigate the proposed
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solutions. The main characteristic of the test rig is its capacity to generate forces up to 260 kN, providing means
for the actuation systems of the distributor and the admission valve to be tested in full-scale conditions.

Moving structure

Rotating
shaft
Testing
actuators
Fixed

structure
Valves panel —

Testing actuator}

(Hydropneumatic jack) % Hydraulic

proportional valve

Hydraulic
Mounting base ’ actuator (Load
generator)
c)
Figure 7 - Platform of Dynamic Loading (adapted from [19]); a) Front View, b) Rear view, c)

Side view

In order to simulate the real and most adverse conditions of the distributor, the applied force over the
pneumatic actuators was set to 26 kN, corresponding to the maximum force expected on the pilot project
application [16]. Equivalent tests for the opening of the distributor, synchronism of the generator with the
electrical grid, and load rejections were carried out and presented in Figure 8.

As can be seen in Figure 8, the position control system was able to follow the reference values with
excellent dynamic response and low positioning error. At steady state, the biggest error observed during the
testing was 0.64 mm. Moreover, the response time for the load rejection (closing of the distributor) was 7.2
seconds, which is within the specification for this application according to the turbine manufacturer.
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Figure 8 - Test rig results for position control using pressure regulator valves (adapted from

[19])

The hydropneumatic jack was also tested at the test rig with a load force of 153 kN, which is the
maximum force expected for the pilot project application according to the admission valve manufacturer. It
presented a constant and regular behavior during the opening, in such a way that the opening time was
completed in 150 seconds. The capacity of the hydropneumatic jack to maintain the extended position for a
long period of time was also tested and the nominal load (153 kIN) was kept for a period of 8 hours with the
pneumatic supply pressure completely ceased during this period. At the end of the experiment, the retracting
was just 0.35 mm, showing excellent stability.

Based on the results obtained through simulation and test rig experiments, the development of the
pilot project began. The goal was to install a pneumatic system for the complete automation and control of the
auxiliary generating unit from the hydropower plant located in Salto Grande-SP, Brazil, which is under the
concession of the company China Three Gorges Brasil. The generating unit is composed of a horizontal Francis
turbine and a synchronous generator. With an average water head of 18.5 m, the generating unit has a total of
438 kVA of installed capacity.

The selection of the actuators and valves for the distributor was made based on the operating point
method [20, 21]. A hydropneumatic jack with a maximum capacity of 294 kN was designed in partnership with
the company BOVENAU. The spatial distribution of the pneumatic components at the operation site is
presented in Figure 9—a), as well as a few images of the generating unit after the installation of the components
(Figure 9-b, c, d).
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5] B ©  wh e :
Figure 9 - Pilot project installation site (adapted from [22]); a) General view of the pneumatic
solution, b) Pneumatic actuators of the distributor, c¢) Front view of the Francis turbine, d)
Hydropneumatic jack.

Figure 10-a it is presented the data for the generating unit operating in load and isolated from the grid.
The electrical load was created by a resistor bench, where different nominal loads were adjusted, starting with
22 kW (0.05 PU) and following with 70 kW (0.16 PU). The servopneumatic system was capable to follow the
reference trajectory with an excellent dynamic response. This behavior is reflected in the generator frequency,
which presented an oscillation between 0.9953 to 1.005 PU (59.72 to 60.3 Hz) at steady-state, which is within
the limit of +/- 0.5 Hz established by the Electric System National Operator. During the transition from 22 kW
to 70 kW, a frequency oscillation of 0.0347 PU (2.082 Hz) occurred and the time to reach nominal frequency
was approximately 18 seconds. For these cases, the Electric System National Operator recommends a
maximum time of 45 seconds for operation at frequencies between 57.5 and 58.5 Hz, demonstrating that the
dynamic response of the servopneumatic system meets the requirements.

It is also important to note that the fluctuations in the rotational speed are also caused by the
operational mode of the generator unit, which is isolated operation (The most difficult operational mode to
control). Due to the low inertia of the turbine-generator set, the speed tends to fluctuate more when compared
with bigger turbines or even when compared with the same machine operating synchronized with the national
grid.

The dynamics of the system were also evaluated by a load rejection task (Figure 10-b), which was
performed from a power of 72 kW (0.1662 PU). As it can be seen, the servopneumatic system was capable of
properly respond to this perturbation, reducing the opening of the distributor from 0.33 PU to 0.12 PU, which
is the opening to keep the nominal frequency without load. Moreover, the overspeed was 5.8%, which is within
the recommendation of the turbine manufacturer, where an overspeed limit of 30% is used to trip the
generating unit.

Figure 10-c) presents the data for the opening and closing of the turbine admission valve, which is
made by the hydropneumatic jack. The task was performed with the generating unit in operation. The closing
and opening times were 23.35 and 101.67 seconds, respectively. According to the manufacturer of the
admission valve, the opening time must be between 80 and 160 seconds. The desired closing time was not
specified, but the main rule is that the water hammer effect must be avoided. Since this phenomenon was not
observed during the testing, it was assumed that the obtained closing time was acceptable.
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Figure 10 - Pilot project results (adapted from [22]); a) In load speed regulation, b) load
rejection test, ¢) Closing and opening of the admission valve

The tests performed with the pilot project proved the capacity of the pneumatic technology to automate
and control the generating unit of small hydropower plants, being capable of successfully performing tasks of
opening, closing, load taking, and load rejection of the speed governor, as well as opening and closing of the
admission valve. Moreover, the pneumatic solution has been found to be economically viable, with acquisition
costs 45% lower than an equivalent hydraulic solution [22].

IDENTIFICATION OF A DEVELOPING MODEL

After two complete cycles of development of the pneumatic technology for SHPs, it is possible to identify a set
of 5 common activities performed in both cycles, which can be organized into a development model, providing
a path to be followed during the development of new technologies related to hydropower generation. This
model is depicted in Figure 11, in which the blue spiral line indicates the first cycle and the green spiral line
indicates the second cycle.

The set of activities that compose the development cycle results in a progressive understanding of the
application's needs and the feasibility of a proposed solution to meet the requirements. It also reduces the risks
inherent in every development process, because the solutions are progressively tested in different
environments and conditions, and just when one activity is successfully completed, the next one will start. As
the spiral grows, the maturity of the technology increases. Nonetheless, the costs and risks involved also
increase, justifying the necessity to start the development process with a good understanding of the problem,
testing possible solutions through simulations and test rigs, and applying it to small-scale prototypes.

Development of simulation
models for preliminary
viability analysis

Figure 12 — Spiral development model

The red spiral line in Figure 12 indicates the beginning of the third cycle of development, which has
already started for the development of the pneumatic technology for SHPs. Right now, new perspectives and
challenges are being discussed. Among them, is the application of pneumatic systems to control the pitch angle
of Kaplan turbines, where challenges are raised due to the transmission of pneumatic power into the turbine’s
rotor as well as the delay caused by the long transmission line.
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CONCLUSION

This paper presented the development process of a fully pneumatic solution for the automation and
control of small hydropower plants. The development occurred through two cycles of development, where the
proposed solutions were progressively tested and evaluated and the rise of new requirements were addressed.

The actual solution consists of linear actuators and two proportional pressure regulators to control the
speed governor. The admission valve is actuated by a hydropneumatic jack, developed specifically for this
application. Both solutions have built-in capacities for emergency closing (fail safe) to operate in case of
electrical power loss. They also make it possible to perform black-start tasks, allowing a full startup of the
hydropower plant without energy from the grid.

After two complete cycles of development, it was demonstrated the capacity of the pneumatic
technology to automate and control the generating unit of small hydropower plants. The pneumatic solution
offers the advantage of having an easier installation and maintenance process, with an acquisition cost roughly
45% lower than an equivalent hydraulic solution, which has been traditionally applied for these applications.
Recent analysis made by Reivax pneumatics team has shown that with commercial components it is possible
to reach turbines with power up to 30 MW.

Beyond the economic viability, the presented technology promotes the reduction of fossil-based fluids
and reduces the risks of river bed contamination, contributing to the constant demand from society for cleaner
energy production in accordance with the current development trend of small hydropower plants as an
alternative to reduce environmental impacts.
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