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ABSTRACT

A systematic methodology for the real-time improvement of the overall efficiency of applications using
hydraulic servo-axes is presented. The proposed methodology introduces three modules: a hydraulic actuator
load estimator, a hydraulic energy optimizer and a controlled hydraulic power supply; these are discussed at the
theoretical and application level. The proposed approach reduces the power losses across the main elements
of the hydraulic circuit, leading to high energy savings and introducing a new guideline on managing and
controlling the servo hydraulic actuator. The methodology is applicable to any application using hydraulic
servo-axis systems, and therefore it is not tailored to a particular field. Its performances have been evaluated
in different industrial case studies (a blanking press, a drawing press and a die-casting plant) through numerical
simulations. Conspicuous energy savings, ranging between 59% and 88%, have been obtained in simulation,
suggesting that a significant carbon footprint reduction for energy-intensive hydraulic machinery is achievable
in a wide range of applications.

1. Introduction

The development of hydraulic systems has recently focused on
efficiency improvement and energy saving, which are today important
research topics (Duflou et al., 2012; Mahato & Ghoshal, 2020). In all
fields involving high energy consumption, numerous studies have been
made to reduce emissions and save energy, as a result of ever-increasing
energy needs, industry’s need to reduce CO, emissions, rising electrical
energy costs, rigorous administrative restrictions (Koivuméki et al.,
2019; Schmidt et al., 2015), and environmental concerns (Gottlicher
& Pruschek, 1997; Xie & Li, 2021).

The energy consumption is a key determinant of the emission
of polluting gases. Wackernagel and Rees (1998) of the University
of British Columbia introduced for the first time the concept of an
Ecological Footprint. Subsequently, the Carbon Footprint parameter,
used to estimate greenhouse gas emissions, has been introduced. The
Kyoto Protocol of 1997 established which greenhouse gases must be
taken into account when calculating the Carbon Footprint. A technical
standard was developed to evaluate the carbon footprint of a product
or service: UNI CEN ISO/TS 14067:2014 “Greenhouse gases — Product
carbon footprint — Requirements and guidelines for quantifying and
communication”, which came into force on September 11, 2014. The
carbon footprint is the parameter that makes it possible to determine
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the impact of anthropic activities on climate change, better than any
other. Indeed, the parameter makes it possible to estimate the green-
house gas emissions into the atmosphere caused by a product, a service,
an organization, an event or a person, generally expressed in tons of
equivalent CO,, calculated over the entire life cycle of the analysed
system.

Applications in the fields of heavy manufacturing, transportation,
building, agriculture, earth moving, and aerospace widely employ hy-
draulic fluid power systems, owing to their ability to apply high forces,
to directly drive the load, and to their ruggedness and shock tolerance
resulting from the absence of reduction gears. Further advantages of
hydraulic systems are their high energy density and their ability to
generate very high power, as noted in Dindorf and Wos (2020).

In 2012, Oak Ridge National Laboratory (ORNL) published a report
on a study that aimed to provide a rough estimate of the U.S. con-
sumption, emissions, and efficiency of fluid-powered systems. ORNL
cooperated with the National Fluid Power Association (NFPA) and 31
industrial partners to collect data for this evaluation. The results of
the study, summarized in Table 1, show that the energy efficiency of
hydraulic fluid power systems is very poor, as demonstrated also by
several authors like Wang and Wang (2014). Consequently, there are
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Table 1
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Estimated impact (energy, emissions and economics) of the U.S. fluid power industry (Alles et al., 2012).

Sector Energy consumption Emissions Average efficiency
[10" kJ/Year] [10° kg CO,] [%]

Agriculture and construction industries 0.36 26.32 21.1

Fluid powered off-road vehicles 1.26 91.73 21.1

Industrial Hydraulics 1.09 196.12 50

Aerospace Hydraulics 0.024 1.71 n.a.

wide margins for energy efficiency improvement and carbon footprint
reduction in applications relying on hydraulic systems.

For many years, academics and businesses have been focusing on
increasing the energy efficiency of hydraulic drives and systems, and
this trend has accelerated in the last four to five years. In the context of
energy depletion (Wang et al., 2022), low system efficiency is a critical
issue that must not be ignored.

A review of the most important approaches to energy saving in hy-
draulic drive systems can be found in Mahato and Ghoshal (2020). They
identified four main categories: hybridization, waste energy recovery,
energy loss reduction, and control algorithms. Hydraulics consists of
two main areas: mobile and stationary, depending on the intended
use. The circuital architectures adopted for both areas usually differ
significantly, therefore the proposed solutions for energy saving are also
different. Given the variety and complexity of hydraulic systems, the
approaches summarized by Mahato and Ghoshal (2020) are joined by a
multitude of different solutions, characterized by particular plant archi-
tectures and specific control techniques and algorithms. Hybridization
is used in mobile applications and involves the creation of systems
in which different technologies are used simultaneously for the same
movement, in parallel or series configuration, as well as the use of en-
ergy storage solutions for the best possible management of the system’s
energy needs. Another strategy for waste energy recovery in the mobile
field is regenerative braking systems. For the reduction of energy
losses of stationary hydraulic systems, studies focus more on throttling
energy loss reduction than on mitigation of other energy losses, such
as frictional and leakage losses, compressibility losses, and losses due
to pressure drop in pipes and fittings (Mahato & Ghoshal, 2020). Some
researchers propose innovative solutions for system architecture, some
for control, and some for both.

Some interesting studies that present energy saving solutions for
hydraulic systems are described below. Dindorf and Wos (2020) pre-
sented three novel energy-efficient power supply solutions for hydraulic
forging machines: the first is based on multiplier pump system with
a piston oil pump and two oil/water piston multipliers; the second
solution is based on the series and in parallel connection of a set of
pumps, and the third uses two parallel supply circuits. Furthermore,
the authors investigated and implemented real-time model predictive
control, based on multiple inputs multiple outputs and global predictive
control, on an 80 MN industrial hydraulic press. In order to produce
large steel forgings of good quality, the control parameters of the
hydraulic press are selected based on predictions of the parameters of
the hot open die forging process. This results in lower consumption of
electricity, gas, and working fluid as well as lower noise emissions from
pumping systems.

Koitto et al. (2018) studied the application of a Direct Driven
Hydraulics (DDH) unit for an industrial high load lifting system. This is
a method based on a pump-controlled closed system. This technology
if often used for traction control of mobile machinery, whereas it is less
common in stationary industrial applications, where the prime mover
is almost always an electric motor, and valve-controlled open systems
are usually favoured. This is because pump-controlled systems usually
have only one actuator, but large open system centralized hydraulic
installations for stationary applications typically have several actuators.
However, purely pump-controlled systems have become increasingly
popular also for stationary applications over the last 20 years. This
trend is a result of the need for greater energy efficiency and the

favourable technical and cost development of electric drives. Three
different variants of DDH were considered: plain DDH, DDH with
load compensation, and DDH with load compensation and vibration
damping. In terms of energy consumption, each of these systems out-
performed the simulated valve-controlled system, with energy savings
varying between 53%-87%. However, the dynamics and stability of
the system are not satisfactory, as vibrations are generated both during
movement and when reaching the target position.

Designing optimal control algorithms to minimize energy consump-
tion is one of the greatest challenges in modern control theory, and
this also applies to Hydraulic Servo Actuator (HSA) control. With this
aim, Djordjevic et al. (2023) developed an event-triggered data-driven
optimal controller for HSAs with completely unknown dynamics, based
on an adaptive dynamic programming framework, and operating via
output feedback. The proposed approach does not require modelling
the entire system dynamics. Under real conditions, an accurate de-
termination of the parameters is impossible due to nonlinear sources
present in HSAs. A linear discrete model of HSAs is considered, and
an online learning data-driven controller is used, which is based on
measured input and output data instead of non-measurable states and
unknown system parameters. Further approaches to define optimized
control algorithms to minimize energy or manage unknown system
parameters can be found in Song et al. (2023) and Zhou et al. (2022).

One control technique for an asymmetric cylinder that has shown
a significant improvement in energy efficiency without compromis-
ing dynamic performance is the separate meter-in separate meter-
out (SMISMO) control set-up. Koivuméki et al. (2019) adopted this
approach for a hydraulic robotic manipulator. A modular Virtual De-
composition Control (VDC) is combined with the SMISMO controller.
By virtually decomposing the original system into modular subsystems
(objects and open chains) in VDC, the control design and stability
analysis can be performed at the subsystem level without the need
for further approximations. The energy saving achieved for a redun-
dant manipulator, with three-DOF, a maximum reach of 4.2 m, and a
payload of 475 kg, is 45% compared with a conventional servovalve
control.

In a hydraulic lifting system, the introduction of a bypass valve
that can only open during the downward stroke leads to an improve-
ment in energy efficiency, as demonstrated by Rana et al. (2022).
According to the study, energy efficiency is higher at lower operating
pressures and decreases steadily with increasing working pressure. With
higher loads, the energy efficiency is inversely related to the operating
pressure. Electro-Hydraulic Actuators (EHAs) are normally developed
with a closed circuit. Ho and Le (2021) proposed an EHA solution
based on an open circuit, in which the outlet port of the cylinder
and suction port of the pump are directly connected to the tank. The
results of simulations and experiments show that the system can reduce
energy consumption by about 20% when compared to a conventional
valve-controlled hydraulic system without energy recovery EHA.

A hybrid architecture, an electro-hydraulic servo system with an
EHA and a valve-controlled hydraulic system is presented by Niu et al.
(2021). This solution consists of a fixed displacement pump driven by
a servo motor and by a multi-functional valve control system with
two proportional directional control valves and four switching valves.
By using supply pressure controllers based on disturbance observers
and flow controllers based on grey predictors, the authors achieved
significant energy savings (flow loss was reduced by more than half)
under complex load conditions.



P. Righettini et al.

A similar approach is presented in Lyu et al. (2019), with a con-
figuration that combines independent meter-in and meter-out valves
control approach and direct pump control, by taking advantage of their
respective strengths, to simultaneously achieve high energy efficiency
and excellent motion performance. The reference trajectory velocity
feed-forward approach is used to control the pump, which supplies the
bulk of the flow rate driving the cylinder. To ensure the required track-
ing performance, closed-loop controlled independent metering valves
are used to precisely control the remainder amount of the flow rate.
Since only a tiny portion of the flow rate is throttled, throttling losses
are expected to be significantly lower than in other systems proposed in
the literature. In addition, the pump’s feed-forward controller is quite
simple and the efficiency of the tracking is guaranteed.

A hybrid solution has been proposed by others, such as in Helian
et al. (2021). When a hydraulic actuator operates under negative loads
and if the return side of the actuator does not have enough meter-out
damping, it cannot accurately follow the intended trajectory. While this
is happening, the pressure in the pump-connected chamber might drop
dramatically and reach a very low level, which can lead to nonlinear
phenomena such as cavitation and actuator vibration. This could make
the motion control of the actuator unstable. In addition, the hydraulic
components can be damaged by cavitation in the cylinder chamber. In
conventional EHAs, an accumulator is used to prevent cavitation and
suction under negative loads. This accumulator maintains the pressure
and compensates for the fluid loss. As a result of the lack of meter-
out damping, this design requires additional hardware auxiliaries and
also makes the equipment more susceptible to load fluctuations. Helian
et al. (2021) proposed a solution to the problem with an actuator
driven by a servomotor pump and a proportional valve to control the
meter-out pressure.

Special solutions have been proposed for hydraulic presses, which
are characterized by very low energy efficiencies. As estimated by Zhao
et al. (2015), about only 10% of the power fed into the system is useful
for the forming process. For presses with multiple motor-pumps, Huang
et al. (2019) focus on the problem of high energy consumption caused
by the pump unloading. They propose an energy-saving design method
for the drive system based on minimizing an idling index. The results
show that the installed power has decreased by 41.72%, and the energy
consumption of the drive system during a working cycle has been
reduced by 26.97%.

Li et al. (2017) presented an energy-saving solution for a multi-press
system based on the combination of multiple presses, that share the
drive system and thus the motor pumps. The combination of presses
makes it possible to use the excess energy of one press as input energy
for the other during some operations, improving the energy efficiency
of the drive system and utilizing potential energy directly. The tech-
nology was applied to two hydraulic presses in a tandem line, and the
results show that a single press can save 36% of electrical energy in the
forming processes studied.

Therefore, the state-of-the-art of research concerning the efficiency
improvement of hydraulically powered systems regards mainly the
optimization of a particular application case, where the optimization
process involves some of the components of the hydraulic circuit.
In some cases, the authors propose the introduction of a dedicated
power supply to follow the non-constant power required by the load,
in other cases an optimization of the circuit or the introduction of
waste energy recovery to increase the overall efficiency. Other authors
propose an optimized control approach using a conventional hydraulic
scheme. The state-of-the-art in this field does not offer a general ap-
proach to increasing the efficiency of a system driven by a hydraulic
actuator.

The literature also shows a comprehensive scientific production
discussing approaches for managing and controlling complex systems,
mainly having electric actuators, whose application field differs from
the one discussed in this paper. As an example, these recent works
concerning actuators employed in different fields (Meng, Yu, Zhang
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& Yang, 2023; Su & Xiao, 2021), robotic applications (Al-Shuka &
Mikolajezyk, 2023; Guo et al., 2023; Tran et al., 2023) and complex sys-
tems (Ahmadi et al., 2023; Meng, Yu, & Zhang, 2023; Zare et al., 2023)
address control of actuators, the related uncertainties, disturbances and
faults estimation and management. The scientific investigation in these
fields may represent a scientific knowledge base for the development
of a methodology for management and control applications equipped
with hydraulic servo-axes.

This paper proposes a new systematic methodology for real-time
efficiency improvement of a system driven by a hydraulic actuator with
the aim of reducing losses in the circuit. The proposed approach is
introduced considering an actuator for motion control commonly used
in industrial applications, but the concept is more general and may be
applied in other configurations. The methodology also introduces a new
control scheme for motion control with a hydraulic actuator, based on
the regulation of both the hydraulic power supply and the proportional
valve of the actuator.

The article is structured as follows: the discussion of the theory
underlying the proposed methodology is detailed in paragraph 2; para-
graph 3 is dedicated to the presentation of the system considered in the
simulations and the report on the computational results; paragraph 4
discusses the simulation results and compares the energy consumption
obtained with different variations of the methodology. Finally, the
conclusions are reported: the impact of the proposed method on the
reduction of absorbed energy and CO, emissions is highlighted, and
possible further developments of the work are explained.

2. Methodology

The main components of a hydraulic system are a pump driven
by a prime mover (electric motor in industrial hydraulics and inter-
nal combustion engine in mobile hydraulics and aerospace), control
valves, hydraulic lines, and actuators. These elements are a source of
power losses and inefficiencies whose contribution also depends on the
architecture of the system. Hoses, pipelines, and control valves deliver
the pressurized fluid to the actuators. They exhibit inefficiencies due to
internal leakage (tare flow) and pressure drops depending on the flow
rate, the load condition, and supply pressure of the valve.

This work proposes a methodology for real time efficiency improve-
ment of a system driven by a hydraulic actuator. This target is reached
through the management of the hydraulic circuit components respon-
sible for the control of the hydraulic actuator: the Hydraulic Power
Supply (HPS) and the Actuator Proportional Valve (APV) regulating
the fluid flow into the actuator. The methodology increases the overall
efficiency reducing the power losses on the principal hydraulic circuit
elements.

The methodology’s presentation considers a motion control applica-
tion whose actuator is linear (Fig. 1), representing a typical configura-
tion of an industrial application requiring high forces for the execution
of the working action. In these applications, the bandwidth required for
the motion control system is often high. Therefore, the proposed real-
time methodology developed to increase the system efficiency requires
a suitable system model. Fig. 1 shows the relevant elements of a
controlled hydraulic linear actuator.

The block HPS generates the supply pressure Pg; the Motion Profile
Generator (MPG) generates the motion position profile and its relevant
time derivatives as a function of time; the APV regulates the flow into
the actuator and the Hydraulic Actuator Regulator (HAR) is the motion
controller.

The dynamic model of the system shown in Fig. 2 is represented by
the system of equations (1); it includes the mechanical dynamic equi-
librium at the actuator, the continuity equations of the flow entering
and leaving the cylinder chambers, and the characteristic equations of
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Fig. 1. Motion controller scheme for a linear hydraulic actuator: Motion Profile
Generator (MPG), Hydraulic Actuator Regulator (HAR), Actuator Proportional Valve
(APV), Hydraulic Power Supply (HPS).
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Fig. 2. Diagram of the cylinder-valve system with indication of the main variables.

the flow paths of APV (Aboelela et al., 2018; Akers et al., 2006; Jelali
& Kroll, 2002; Righettini et al., 2018).

mX +cx=PyA, — PgAg+ F,,
p
04=C;(Py—Pp) +C,Py+ Apx + 7AVA(x)
P
Qp=—C; (Py—Pg) +C,Py— Agx + FBVB(X) @

Q4 =sign (APcy) K HA[|APc,|

Qp = —sign (APcp) KpH\/|APc|

In the system of equations (1), m and ¢ are the mass and damping
coefficient of the cylinder, while A, and Ay are the piston’s cross-
section areas corresponding respectively to chamber A and chamber
B. P, and Py are the pressures acting in cylinder’s chamber A and
B respectively; likewise, O, and Qp are the inlet flow rates in the
chambers A and B. V, (x) and Vj (x) are the volumes of chamber A and
B respectively; their dependence on x is V (x) = Vo4 + A x and Vp (x) =
Vog — Apx, where V;,, and V5 are the volumes of the two chambers
when x = 0. C; and C, are respectively the internal and external
leakage coefficients of the cylinder; g is the fluid’s bulk modulus. H is a
non-dimensional parameter included in the interval [-1, 1] representing
the spool position regulation, while K, and K are coefficients whose
value varies with the valve type and size and can be derived from the
characteristic curves specified by the manufacturer AP, 4, AP,y are the
pressure drops across the valve’s ways; they depend on H, Pg, P,, Pg:
APcy = APqy (H,Pg,Py), APcy = APy (H, Ps, Pg).

The system of equations (1) may also expressed in more compact
form:

X=A®)X+B(XE) , X=[x & Py Py|" @
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where
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The choice of the input vector, which is composed of the valve
command input H, the only one commonly used in hydraulic servo-
axes, and the pressure supply Pg, outlines that the behaviour of the
dynamic system can be controlled by acting on both the proportional
valve opening and the pressure supply.

Without loss of generality, for the discussion of the methodology,
a system is considered in which the chambers of the cylinder are
symmetrical, i.e. A, = Ap = A, and an origin of the position coordinate
x such that Vy, = Vyp = V,. With these assumptions, introducing the
control flow Q;, i.e. the flow provided by the APV through the load
evaluated as (Q, — Qp) /2, and the pressure drop across the chambers
of the cylinder P, = P, — Py (Akers et al., 2006; Righettini et al., 2016,
2017), the system of equations (2) can be written in the form:

7=Az+B(zu) , z=|x x P’ 6
where
0o 1 0
c A
Y m %)
245 2G8
Vo Vo
B (=) Fext 2QLﬂ g
Bzu=l0 -2 7 ®8)
u=[H P ©

As shown by Rydberg (2016), the instantaneous value of the flow
Q; can be modelled, for a critical centre spool valve, as Q; =
KH+/Pg —sign(H)P; .

Under the further assumption that the fluid is incompressible (§ —
), the system of equations (6) results:

P, = mx +cx — F,,

A

0, =C,P, + Ax 10

Q; = KH/Pg —sign(H)P;

The system of equations (10) shows that: first, the evaluation of the
load pressure P; depends on the knowledge of the mechanical load of
the actuator; second, the evaluation of the flow rate Q; depends on the
knowledge of the kinematic state of the actuator; and third, the flow
rate Q; required to fulfil the current movement of the actuator and
actuator’s mechanical load state depends on both the valve opening H
and the supply pressure Pg.

The last consideration outlines that there are o' solutions for
the pair of valve opening H and supply pressure Pg that fulfil the
application requirements regarding motion %, ¥ and mechanical load.

As is known, in hydraulic servo-axis applications, the energy dissi-
pation caused by the proportional valve depends on its pressure drop
Py, = Py —sign(H)P;, and on the flow rate Q;.

In most hydraulic applications, the supply pressure Pg is constant.
In contrast, the line pressure P; depends on the load condition of
the actuator; therefore, the pressure drop P, is a function of the load
condition. The power loss is caused by the servo valve changes over
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Fig. 3. Management and control methodology’s functional blocks. Meaning of the
colour based code: Red — hydraulic elements; Blue — control elements; Green:
algorithmic elements. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

time, and it increases as the supply pressure increases in relation to
P;.

This paper proposes a real-time methodology to reduce the power
loss in the elements of the hydraulic circuit by acting on the valve
opening H and pressure supply Pg. The choice of values for H and
Pg, as presented in the discussion for the system of equations (10), is
a trade-off between the power dissipation on the valve, the behaviour
of the control valve, and the dynamic performances of the axis.

The proposed methodology requires the insertion of the Controlled
Hydraulic Power Supply (CHPS) in the scheme shown in Fig. 1, which
introduces a further variable for controlling the system, the supply
pressure Pg, in addition to the commonly used valve command. In this
scenario, the motion controller HAR defines the valve command as a
function of the required motion profile MPG and the actual actuator
motion. At the same time, the best possible energy saving depends on
the selection of the setpoint for the pressure supply.

Three modules compose the proposed methodology, as shown in
Fig. 3:

+ Hydraulic Actuator Load Estimator (HALE): it is an algorithm that
evaluates the load condition of the actuator;

» Hydraulic Efficiency Optimizer (HEO): it is an algorithm that
determines the more suitable solution in Pg of the system of
equations Eq. (2) or Eq. (6) as a function of the load and the
kinematic state of the actuator, whose target is to minimize the
power dissipation of the control valve while safeguarding the
dynamic behaviour of the hydraulic actuator;

+ CHPS: it is a controlled hydraulic power supply capable of gener-
ating the required supply pressures Pg. It consists of:

— AHPS: it is a hydraulic power supply able to adjust the
generated supply pressure by means of an appropriate com-
mand;

— Hydraulic Power Supply Regulator (HPSR): it is the con-
troller of the AHPS for obtaining the required supply pres-
sure Pg.

The online determination of setpoint for the pressure supply to mini-
mize power losses requires the two modules HALE and HEO, as their
relationship represented in Fig. 3 shows.

The effectiveness of these modules in reducing power losses in-
creases with increasing variability in the actuator’s speed and force
required for the application.

2.1. Hydraulic actuator load estimator

The HALE module determines the mechanical load F,, of the hy-
draulic actuator for the desired movement and application. The first
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equation of the systems of equations (1) gives
P,A, — PgAp =—F,; =mi+cx—F,, an

For the simpler case described by the system of equations (10), the
line pressure P; directly depends on the actuator’s mechanical load F,,

P,A=-F, =mi+cx—F,, 12)

As shown in Fig. 3, the inputs of the HALE module are external
forces, and the movement data of the load (speed and acceleration),
while the output is the mechanical load of the actuator F,,.

The algorithm for evaluating the mechanical load on the actuator
F,, can be based on different approaches depending on the type of load,
the application, or the complexity of the estimation system used. Some
of them may be:

1. an open-loop model which, as expressed by the first equation
of the system (1), requires knowledge of all system parameters
and external load, and which can be used, for example, in
applications with periodic duty-cycles;

2. a real-time algorithm for the identification of F,,, based on the
measure of the kinematic state of the actuator motion;

3. a real-time algorithm based on the force measure, the measure
of the kinematic state of the actuator movement and system
parameters;

4. other algorithm based on the measure of the pressure state of
the two chambers of the cylinder;

5. or any other load estimator technique (e.g. based on parametric
models as in Tutsoy et al., 2020).

Without loss of generality, this paper considers an open loop model
of the load to determine F,,.

2.2. Hydraulic efficiency optimizer

The HEO module determines the pressure supply that reduces the
power losses across the servo valve. This pressure is the setpoint used
by CHPS to supply the servo-axis.

The module is an algorithm that, knowing the mechanical load of
the actuator F,,, the actuator’s kinematic state and using the system
of equations (2) or (6), determines the optimal solution for minimizing
the power losses.

Considering the simpler case described by the system of equations
(10), the knowledge of the mechanical load of the actuator enables,
with the help of Eq. (12), the direct evaluation of
-F ml

ol
From the discussion of the system presented above (10) it is clear that
its third equation allows the evaluation of the optimal supply pressure
among the infinite number of possible ones.

In this paper, neither the type of optimization nor the best opti-
mization criteria are examined or discussed. Instead, a direct, simple
algorithm is proposed to determine the pressure setpoint for the CHPS
based on characteristic equations of the servo valve as expressed by the
third equation of the system of equations (10); solving it with respect
to supply pressure Py yields

P, = (13)

po_ (2 +sign(H)P a4
S K H L
where the term
0.\ _
(&Y -n )

represents the valve pressure drop. The power losses due to the servo
valve are determined according to Eq. (16):

I/Vlosx = PVQL . (16)
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(a) Variable Displacement Fixed Speed (VDFS)

(b) Servo-Pump Pressure Regulation (SPPR)
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(c) Variable Displacement Servo-Pump (VDSP)

Fig. 4. Adjustable Hydraulic Power Supply architectures.

o T Ch

(b) Proportional Relief Valve (PRV)
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Fig. 5. Adjustable Hydraulic Power Supply architectures.

Under the given hypotheses, the flow rate Q; is proportional to the
speed of the actuator x while P,, depends on the non-dimensional valve
opening H.

According to Eq. (15) the pressure drop P, decreases with increas-
ing valve opening and, in the same way, Eq. (14) gives the minimum
supply pressure that fulfils the kinematic and force requirement for the
actuator, respectively represented by flow line Q; and pressure line P; .

The determination of the supply pressure P, using Eq. (14) requires
knowledge of both H and P;. The line pressure P; depends on the
mechanical load of the actuator F,,, which is evaluated by the HALE
module. This calculation may be subject to uncertainties due to the
model or methodology used. The term sign(H) defines the position of
the valve spool, positive when the valve connects the pressure supply to
chamber A, and negative when the valve connects the pressure supply
to chamber B. The position of the valve spool (the sign of H) depends
on the motion requirements, being generally determined by the power
flow across the actuator, given by

W, =—F,x. an

This paper assumes that the valve feeds chamber A when the power
flow is positive and chamber B when the power flow is negative.
Under this assumption, Eq. (14) can be rewritten using Eq. (17) in the
following form

2
Pg = (KQ_ILf{> + sign(W, )P (18)

The evaluation of the supply pressure Pg using Eq. (18) requires
the definition of the value of H through an optimization method. This
paper does not propose a specific energy waste minimization algorithm.
Instead, for the presentation of the methodology, it introduces a suit-
able constant value H* based on the analysis of Eq. (15). This shows
that the power losses at the servo valve can be reduced with high values
of H, suggesting the use of the servo valve spool in a high opening
position.

Table 2

Qualitative comparison of the considered architectures for the fluid power generation
system. Electric Drive Cost (EDC); Pump Control Dynamics (PCD); System Control
Dynamics (SCD).

Arch. Pump cost EDC PCD SCD Overall cost
VDFS FS - VD High Low Slow Slow Medium
SPPR VS - FD Low High - Slow/Medium Medium/High
VDSP VS - VD High High Slow Medium Very High
SVPR FS - FD + SRV Low Low - Fast Low

PRV FS - FD + PPRV Low Low - Slow Low

The value of H* must be high enough to achieve an appropriate
energy saving, and low enough to ensure the regulation capability of
the motion controller HAR. Once a suitable value for H* has been
determined, Eq. (19) calculates the reference supply pressure required
by the system to fulfil the motion and load requirements

oL\,
Ps,., = <K_I-LI*> +sign(Ppx)Py . (19)
2.3. Controlled hydraulic power supply

The proposed methodology introduces the concept of a controlled
power supply, i.e. a hydraulic flow generator that can generate flow
at a given pressure. The methodology requires a response time of the
controlled supply pressure that is less than the variation time of the
line pressure P; and the speed required for the application. Therefore,
the choice of the controlled power supply depends on the force and
speed time profile of the actuator required by the specific application.
For instance, the Ideal Pressure Source (IPS) is a device with infinite
bandwidth and unitary efficiency, and is therefore able to guarantee
the desired time profile of the supply pressure without wasting energy.

In the following, the paragraph presents some AHPS architectures
that can be used for building the Controlled Hydraulic Power Supply.

Several well-known power supply architectures allow adjusting the
supply pressure using open or closed loop configuration. Two of these
are Variable Displacement Fixed Speed (VDFS) shown in Fig. 4(a) and
Proportional Relief Valve (PRV) shown in Fig. 5(b).

The VDFS architecture has a Variable Displacement (VD) pump
and an electric drive Fixed Speed (FS) (asynchronous motor connected
directly to the power supply). The swivel angle of the pump regulates
the pressure level via an internal or external control loop based on
a pressure sensor. Due to the mechanical pump’s configuration, the
bandwidth of the pressure level is between 1 and 3 Hz for commercially
available devices. In addition, the cost of the VD pump is higher than
that of the fixed displacement pump.

The PRV architecture has a fixed displacement pump, a fixed speed
electric drive and Proportional Relief Valve to control the supply pres-
sure. The bandwidth of this controlled power supply is higher than the
previous one, and is between 3 to 6 Hz for commercial devices.
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The SPPR architecture shown in Fig. 4(b) consists of a fixed dis-
placement pump driven by a servo-motor (asynchronous motor pow-
ered by an inverter with flux vector control or a brushless servo-motor).
It controls the supply pressure by adjusting the torque exerted by the
electric drive. The Variable Displacement Servo-Pump (VDSP) archi-
tecture shown in Fig. 4(c) has a VD pump driven by a servo-motor.
It controls the pressure supply by adjusting the torque exerted by the
electric drive and the displacement of the pump. However, the cost of
these solutions is high, especially for powers of several tens of kW. The
bandwidth of the pressure level of these solutions is relatively low for
commercial devices and is in the order of a few Hertz. On the other
hand, the bandwidth of the architecture SPPR can be increased with a
brushless servo motor as an electric drive that guarantees the required
speed and torque profiles. The appropriate servo-motor and drive can
be designed according to the methodology described in Righettini et al.
(2022).

The SVPR architecture shown in Fig. 5(a) has a fixed displace-
ment pump and a fixed speed electric drive (asynchronous motor
connected directly to the power supply), as well as a servo-valve
to control the power supply pressure. This architecture extends the
dynamic performance of the PRV one, using a suitable servo-valve
to discharge the flow, and regulating it using a control loop on the
supply pressure. The bandwidth of this architecture is the highest of the
pressure supplies presented here, thanks to the introduction of the high
dynamic servovalve like those used to control the actuator’s motion.
This architecture does not alter the configuration of a hydraulic power
supply with a Fixed Displacement (FD) pump. It only introduces a new
high dynamic discharging valve into the hydraulic circuit, so that the
proposed solution can be installed in both new and existing plants.
Table 2 summarizes a qualitative comparison among the previously
discussed solutions for the fluid power generation system, taking into
account efficiency, costs and dynamic performance.

Among the power generation architectures presented, the SPPR and
SVPR solutions enable higher dynamic performances without signifi-
cant additional costs. Therefore, they may be particularly suitable and
economically favourable in hydraulic applications with dynamic loads
that change rapidly over time, which is a typical situation of many
industrial applications. In addition, SVPR architecture has a lower
impact on the cost and complexity of the system compared to SPPR,
as it only requires the introduction of a servo-relief proportional valve
in a conventional system.

3. Simulations and results

This section describes the simulations in which the methodology
presented in Section 2 was applied to three industrial cases, with
the intention of highlighting the achievable energy savings. The case
studies involve machinery widely used in the industrial field: a blank-
ing press, a die-casting machine, and a drawing press. The actuator’s
motion and working force-time profiles used in the simulations have
been defined by the information collected from the literature and from
companies operating in the industrial hydraulic field (Adamane et al.,
2015; Dalquist & Gutowski, 2004; Li et al., 2017; Xu et al., 2020). In
addition, only the cycle phases relating to the actuator were considered
for the three processes, and phases such as work-piece loading or
unloading, which are necessary for the cycle but do not involve the
actuator, were neglected. Although these phases affect the overall cycle
time, they do not affect the potential efficiency and energy savings that
can be achieved with the proposed techniques.

As discussed in the previous section, the main innovations of the
proposed methodology are based on three components: the CHPS, the
HALE, and the HEO.

The HALE module used in the simulations to estimate the mechan-
ical load F,, is an algorithm consisting of a parametric model of the
system expressed in Eq. (12), based on the evaluation of the viscous,
inertial forces and the knowledge of the external force. The knowledge
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Fig. 6. Control scheme with CHPS based on Servo-relief Valve Pressure Regulation.

of the external force derives from the measurable and cyclic nature
of the application. It can be known as a function of the time or the
actuator’s displacement.

The HEO module implemented in simulations is not based on a
specific cost function or optimization procedure; instead, a constant
value H* = 0.75 in Eq. (15) was chosen to achieve a balance between
energy saving and dynamic performance of the position controller.
Given F,,;, and H*, it is possible to evaluate Pg according to Eq. (19).
This value of H* is not optimal, but this simple choice makes it possible
to implement the proposed method and achieve high energy savings.

Finally, for each case study different hydraulic pressure supplies
were adopted. Considering the highly dynamic requirements of the
applications, the presented simulations mainly concern the SPPR and
the SVPR, for which the following quantities are reported:

input and output quantities for the HALE and HEO modules;
set-point and actual supply pressure;

set-point and actual piston position and speed;

nominal and actual flow rate towards the actuator;
actuator’s servo-valve percentage opening;

opening of servo-valve for pressure control (only for SVPR);
discharged flow-rate (only for SVPR);

input and wasted energy.

Figs. 6 and 7 present the general scheme of the investigated cases,
where the resulting CHPS and the controlled linear actuator are shown
for the two hydraulic power supply architectures considered in the
simulations. The system therefore has two independent control loops,
one for controlling the actuator motion and one for controlling the
power supply.

The following sections provide a detailed analysis of each case
study, accompanied by graphical representations and commentary on
the simulation results. All simulated cases consist of the same hy-
draulic components, among which the double rod cylinder, actuator
servo-valve, and fixed displacement internal gear pump are the most
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Table 3

Control Engineering Practice 145 (2024) 105847

Technical data and parameters of the main elements of the hydraulic circuit considered in simulation model.

friction forces that will occur during the motion; and the acceleration

Circuit element Parameter Value
Code Bosch-Rexroth PGH4-3X/020
Type Fixed Displacement Internal Gear Pump
Pump Displ.acement 20.1 [cm3./rev]
Nominal Flow rate 28.9 [I/min] (at 1450 RPM, 10 bar)
Speed Range 200-3000 [RPM]
Nominal Continuous Pressure 315 [bar]
Code Bosch-Rexroth 4WS2EM6-2X/20B11ET315K17EV
Maximum flow rate 40 [l/min] (4p = 300 bar)
Code Bosch-Rexroth CGH2MT4/50/36/480A30/H11CFUT
Type Double Acting, through rod cylinder
Cylinder Cylinder bore 50 [mm]
Rod diameter 36 [mm]
Stroke 480 [mm]
Position yield strength of the material of the workpiece and the blanking
Transducer \ phase begins. A simplified and precautionary model of the process
is considered: it is assumed that after the rapid descent phase,
I Y4 Xsp blanking begins at a constant speed, while the external load is
assumed to be constant;
+ ejection: once the blanking is finished, the downward stroke con-
tinues promoting the ejection phase of the semi-finished product.
Viotion The resistance that occurs during thi.s process is very low, gnd
| controller can be neglected. The piston moves in the same way as during
CHPS rapid descent. As this is a short phase, a speed equal to that of
e mmmmm e mmm—m— e m e mm e mmm—————— - — - - 1 the blanking phase is considered;
: Pressure : » fast returning: fast return to the bottom dead centre.
| Transducer \
' A | s Fig. 9 shows the quantities that characterize the inputs and outputs
! ‘ /) ¢ :;Jli of the HALE and HEO modules. Fig. 9(a) shows the inputs of the
I » 1 HALE module; in the proposed implementation, the required elements
| l : are: the external forces, which are assumed to be known due to the
: Pressure || cyclic and measurable nature of the application; the velocity setpoint
! Controller ! multiplied by a coefficient ¢, which provides an estimate of the viscous
I [}
1 1
[} 1

Fig. 7. Control scheme with CHPS based on Servo-Pump Pressure Regulation.

relevant. Table 3 summarizes the most important technical data of these
components of the hydraulic circuit.

The tool used for developing the numerical simulations is Math-
Works Simscape. As an example, Figs. 8(a) and 8(b) represent the
sub-models of the actuator and of the SVPR power supply architecture.

3.1. Blanking press case study

The complexity of workpiece structures and the difficulties of stamp-
ing have increased in recent years, so that fine blanking presses with
hydraulic power transmission are attracting more and more attention.
According to reports, more than 300 car parts have been produced
using fine blanking technology.

As described by Xu et al. (2020), a typical blanking process com-
prises five main phases:

- fast approaching: phase of rapid approach to the workpiece
in which the rod performs part of the downward stroke and
encounters no resistance during translation;

+ deceleration and blanking: when the rod tooling comes into
contact with the workpiece, there is a sudden deceleration that
brings the translation speed to a value close to zero in a very short
time; the pressure of the fluid increases until it overcomes the

setpoint multiplied by a mass coefficient m, which is an estimate of the
inertial forces that will occur during the blanking cycle. The mass and
friction coefficients derive from a suitably developed lumped-parameter
model of the actuator. The output of the HALE module, represented
in Fig. 9(b), consists of an estimate of the mechanical load F,,. This
estimate is required by the HEO module, whose additional inputs,
represented in Fig. 9(c), are estimates of the line volumetric flow O,
and the power W; as required in Eq. (18). In the presented imple-
mentation, the flow rate estimate is obtained from the piston velocity
setpoint multiplied by the piston area, whereas W, is approximated
by the product of F, .yimae @and —x,,. The output of the HEO module,
shown in Fig. 9(d) is the supply pressure setpoint Pg ,. Given this
description, it can be remarked that, all in all, the HALE and HEO
modules developed here only require reference quantities, a parametric
model of the actuator, and an estimate of the external forces. Their
operation is therefore not influenced by the technical solution chosen
for the implementation of the CHPS.

Concerning the relationship between the inputs and outputs of the
HALE module, it can be seen that the external load in the initial and
final phases of the cycle is gravitational and comparable in magnitude
to the inertial and viscous loads. On the contrary, the blanking force
is clearly dominant in the middle phase. As regards the HEO module
inputs, it can be seen in Fig. 9(c) that the power W} is negative in the
initial phase; this is because the external gravitational action aids the
downward movement of the piston. The sign of W; becomes positive
during the blanking operation, then negative during the ejection of
the blank, and finally positive during the return phase, in which grav-
ity counteracts the movement. Fig. 9(d) shows the generated supply
pressure setpoint; it can be seen that the maximum value is clearly
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Fig. 8. Simscape diagrams.
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Fig. 9. Inputs and outputs of the HALE and HEO modules for the blanking press cycle.

due to the high blanking forces. The pressure required during the
fast approach is lower than that required during the return. This is
due to the different role of the gravitational action, and also to the
different velocities that occur in the two phases. In particular, from the
comparison of Figs. 9(c) and 9(d) it can be seen that comparatively
small differences in the absolute value of the nominal flow result in
rather large differences in the generated supply pressure setpoint.

3.1.1. Servo-pump pressure regulation (SPPR)

In this section, the results concerning the behaviour of the system
when the supply pressure is controlled by means of the Servo-Pump
Pressure Regulation architecture are shown. The first two graphs re-
ported in Fig. 10 concern on the one hand the supply pressure Pg
and flow rate towards the actuator Qg (Fig. 10(a)), on the other the
motion control performance (Fig. 10(b)). As regards the supply pressure
(Fig. 10(a)), two lines are drawn: the set-point value (dashed black)
and the actual value (blue). The two lines (pressure set point and actual
value) are practically coincident showing that the SPPR implementation
of the CHPS and the relevant control system guarantee very high
performances. Concerning on the other hand the flow rate Qg, the
nominal one (obtained as Qg ,, = A|x,,|) is drawn as a dotted black
line, whereas the actual one is represented in dark red. It can be seen
that the actual flow Qg generally follows the nominal one, except for

the instants at which a sharp variation of the pressure Pg is observed.
This effect can be attributed to the compressibility of the fluid taken
into account in the simulation.

The graphs represented in Fig. 10(b) show that the position set-point
is accurately followed. For the speed a higher following error occurs, as
highlighted in the same plot. Some oscillations are present, mainly in
the time span between 1.1s and 1.6s. This behaviour can be mainly
ascribed to the HAR (hydraulic actuator regulator) chosen for this
simulation. However, the goal of this simulation and of the following
ones is not to optimize the performances of HAR, but to demonstrate
the effectiveness of the new proposed methodology. Such oscillations
do not significantly affect the required and wasted power and energy,
and therefore neither the effectiveness of the methodology. Fig. 11(a)
shows the graph of the actuator’s servo-valve opening; being the servo-
valve directly driven by the HAR, its opening has some oscillations
too.

Finally, Fig. 11(b) shows on the one hand the energy entering the
system and on the other the energy wasted across the actuator’s servo-
valve. It can be seen that the input energy is mainly wasted in the
actuator’s servo-valve. It may be noticed that until 0.7 s the input energy
is lower than the energy wasted in the servo-valve; this is because
in that time range the external force has a driving action, and so it
introduces power in the system.
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3.1.2. Servo-relief valve pressure regulation (SVPR)

This section reports the results when the Servo-relief Valve Pressure
Regulation (SVPR) architecture is applied. This case features a fixed
displacement pump driven at constant speed, with a servo-valve used
to regulate the supply pressure through the controlled discharge of the
excess fluid. Fig. 12(a) shows that the flow rate Qg behaves similarly to
the previous case; however the supply pressure set-point is followed less
accurately, mainly when the it sharply changes. In particular, at 0.7s
there is an additional negative peak of the servo-valve’s flow-rate, and
the servo-valve saturates keeping its opening at the maximum value for
approximately 1.5s (Fig. 14(a)). The servo-valve’s saturation causes a
position and speed following error higher than in the previous cases, as
shown in Fig. 12(b). However, even if this is a non optimal behaviour,
it does not significantly affect the comparison between the different
architectures for supply pressure regulation, and the evaluation of
power and energy required in the different cases.

Fig. 12(b) additionally shows that also for SVPR some speed oscilla-
tions occur, particularly between 1.1s and 1.6s. As already mentioned
in the previous sections, they do not significantly affect the required
and wasted energy.

Fig. 13 depicts the servo-relief valve opening (Fig. 13(a)) and the
discharged flow-rate (Fig. 13(b)). The fact that a portion of the fluid
is discharged towards the unpressurized tank introduces a relevant
energy dissipation, that on the contrary does not occur in the previously
analysed SPPR circuital solution. Consequently Fig. 14(b) displays not
only the input hydraulic energy and the energy wasted across the
actuator’s servo-valve, but also the losses attributable to the servo-relief
valve.

10

3.2. Die-casting case study

Die casting is a manufacturing process that can be used to produce
pieces with high dimensional accuracy, a strong surface quality, and
an almost perfect shape in a short time. High pressure is used to press
molten metal, most frequently aluminium, into the cavity of a reusable
steel mold (the die). The air is released through vents while the metal
is forced through the feed system. The casting is released when the
die halves have been separated (Dalquist & Gutowski, 2004). The total
cycle time is very short, typically between 2 s and 1 min.

A die-casting process comprises four main phases, as described
by Adamane et al. (2015):

« hot sleeve filling: the hot sleeve is filled with the molten metal,
and the plunger moves at a slow speed to avoid turbulence;
filling of the die cavity: filling of the die cavity at high velocity
to avoid premature solidification at the gate and incomplete
castings;

intensification phase: application of high pressure to the molten
metal as soon as the die cavity is full;

quick return: at the end of the die-casting process a rapid repo-
sitioning is required.

Fig. 15 shows the inputs and outputs of the HALE and HEO modules;
their final output is the supply pressure set point Pg ,, represented
in Fig. 15(d), which is directly passed to the controller connected to
the CHPS module. As in the blanking case study, the HALE and HEO
modules require a lumped-parameter model of the hydraulic actuator,
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Fig. 15. Die-Casting case study: inputs and outputs of the HALE and HEO modules.

the velocity and acceleration setpoints, and an estimate of the external
forces.

The output of the HALE module, shown in Fig. 15(b), identifies a
low mechanical load on the actuator for the first 3 s; thereafter, the
load increases according to the increase in the external force required
for the application. Fig. 15(d) shows the supply pressure as output of
the HEO module; the required supply pressure is low in the first 3.5 s;
at this time, the supply pressure suddenly increases towards 200 bar,
while it remains close to 100 bar in the following time. It is interesting
to note that the peak pressure is not required during the intensification
phase, but during the filling of the die cavity. This is because the latter
occurs at high velocities and flow rates, which require high pressure
due to the dissipation occurring in the servo-valve. The intensification
phase, on the other hand, is purely static. Even during the quick return
phase, there is a relevant pressure requirement due to the velocity that
the piston must reach. The main effect of the velocity is not directly
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related to the frictional forces, but to the flow through the servo-valve,
with the associated pressure drop.

In the following, the results regarding the die-casting study case are
reported.

3.2.1. Servo-pump pressure regulation

Figs. 16 and 17 show the results of the simulation for the Die-casting
case study with SPPR. The supply pressure set-point (Fig. 16(a)) is
constant and very low between 0.5 and 3.5 s, consistently with the
hot sleeve filling at constant speed and only with viscous resistance.
During the rapid filling of the cavity significant inertia actions arise and
subsequently in the intensification phase a high pressure is required.
This justifies the trend of the pressure reference between about 3.5
and 7 s. In the final phase of the cycle, the actions of inertia and
the viscous resistance, which changes sign coherently with the speed,
have a significant effect. Due to the compressibility of the hydraulic
fluid, the sharp variations of pressure have an effect on the actual
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(a) Die-Casting Press case study - SPPR: servovalve percentage opening.

Fig. 17. Die-Casting case study — SPPR:

flow rate Q, which correspondingly shows sharp peaks. These peaks
do not affect the piston’s speed; less pronounced and lower frequency
deviations from the nominally required Qg , can on the other hand
be attributed to the control system, and are clearly reflected also in
the piston actual velocity (Fig. 16(b)). The closed-loop position and
speed motion laws, represented in Fig. 16(b), are well followed. Small
amplitude oscillations are detectable in the speed behaviour, especially
during the intensification phase, and very small overshoots at the end of
the acceleration and deceleration phases occur. These phenomena are
of very limited amplitude and a finer tuning of the control parameters
could lead to their further reduction.

The trend of the opening percentage of the servo-valve (Fig. 17(a))
which controls the fluid directed to the actuator does not present par-
ticular critical issues and is compatible with the dynamic performance
of this type of valve. Between about 4.5 s and 6.8 s oscillations around
the valve’s null point can be seen; the amplitude of this oscillation is
limited and the frequency is not critical. As shown in Fig. 17(b), the
most energy consuming phase of the process is the die cavity filling
phase, followed by the quick return. The servo valve losses are the main
cause of energy consumption of the system. Unlike the blanking press
case, the external actions are always passive and the input energy is
always higher than the energy losses in the servo-valve.

3.2.2. Servo-relief valve pressure regulation

By applying the SVPR power supply in simulation, the results shown
in Figs. 18 to 20 are obtained.

Fig. 18(a) shows that in the initial cycle phase (the hot sleeve
filling) the supply pressure does not follow the reference, but settles
at a higher value. This is due to the opening of the servo-relief valve
reaching saturation, as can be observed in Fig. 19(a). Being at the
maximum opening, and not being able to open further, it is not possible
to obtain an inlet pressure which allows to correctly follow the pressure
reference. This translates into higher energy consumption in this phase
compared to the previous case, as shown in Fig. 20(b).

Compared to the case using the SPPR architectures, also the degree
of opening of the actuator servo-valve in this initial phase of the cycle
is different, as evident in Fig. 20(a), while a similar trend is observed
for the other phases.

Also the dynamics of the system in the initial phase of the cycle
is more unstable, with oscillations of the piston velocity (apparent in
Fig. 18(b)) that did not occur in the previous case.

E,[KJ]

1
t,[s]

(b) Input hydraulic energy (E;,) and wasted energy across the actuator’s servo-valve (Egy)
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servovalve opening (a) and energy consumption (b).

Fig. 20(b) shows the energy consumption with the SVPR power
supply. It is evident that in the first and third phases the dissipation
in the servo-relief valve represents the prevailing term, while in the
second and fourth phases, where speeds and so flow-rates increase,
losses in the servo-valve increase as well, becoming significant with
respect to phases one and three.

3.3. Deep drawing press case study

Deep drawing is a technological process for forming a flat metal
sheet, by pressing it in a die, without causing breakage or excessive
localized thinning. The deep drawing process begins by pressing a metal
blank into a cavity, that draws the blank into the desired shape. The
final deep-drawn component must maintain its integrity and strength,
so the process is carried out in small, progressive steps to ensure an
even distribution of metal across the final mould. Deep drawing is
widely used in the industry, to produce e.g. beverage and food cans,
kitchen sinks, cookware, engine oil pans, solenoid assemblies, and
automotive fuel tanks.

The deep drawing process includes three main phases:

» fast approaching: phase of rapid approach to the workpiece, in
which the rod performs part of the downward stroke without
resistance;

» drawing phase: when the blank is encountered, the drawing
process begins and a constant resistance is experienced;

» fast returning: fast return to the bottom dead centre.

The results of the case study on the drawing press are reported
below. Similarly to the previously considered case studies, the inputs
and outputs of the HALE and HEO modules are shown in Fig. 21. The
inputs required for the two modules are: the motion profile setpoints
up to the accelerations, a lumped-parameter model of the hydraulic
actuator, and an estimation of the external forces. Their final output is
the supply pressure setpoint Pg ,,. As can be seen in Fig. 21(a) the main
force is the external force, which is composed of a gravitational term,
which is clearly visible during the initial rapid approaching and the
final quick return phases, and a drawing force term, which is evident
during the intermediate interval of the work cycle. The friction and
inertial forces, on the other hand, are of a lower order of magnitude.
The output of the HALE module, which is in Fig. 21(b), clearly reflects
these contributions. Concerning the HEO module inputs, shown in
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Fig. 18. Die-Casting case study — SVPR: pressure regulation and close-loop motion profiles.
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(b) Flow across the servo-relief valve

Fig. 19. Die-Casting Press case study — SVPR: servo-relief valve opening and discharged flow.
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Fig. 20. Die-Casting case study — SVPR: Valve opening and energy consumption.
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Fig. 21. Drawing press case study: inputs and outputs of the HALE and HEO modules.

Fig. 21(c), it can be seen that the power W, changes sign repeatedly
during the work cycle, due to the effects of gravity (which adds energy
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to the system during the fast approach phase) and of the other forces.
The generated Pg ps reported in Fig. 21(d) clearly shows the influence
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Fig. 24. Drawing press case study — SVPR: pressure regulation and close-loop motion profiles.

of the drawing force, which determines the maximum value of the
required pressure. Notably, the role of gravity cannot explain the rather
pronounced asymmetry that occurs in Pg, during the approach and
return phases. Rather, the difference is mainly due to the differences in
the absolute value of Q; .

3.3.1. Servo-pump pressure regulation

The graphs represented in Fig. 22(a) show that the actual supply
pressure curve is practically coincident with the set-point. As for the
working cycles of the other case studies, it shows that SPPR and the
relevant control system guarantee very high performances in terms
of pressure regulation. Concerning the flow towards the actuator Qg,
it can be seen that sharp deviations from the nominal Qg , occur
together with sudden pressure variations; they do not appear however
to significantly affect the actual speed of the piston, represented in
Fig. 22(b). The same figure shows a position following error between
approximately 1.1s and 1.6 s mainly caused by the servo-valve satura-
tion that occurs at 1.1s (see Fig. 23(a)). As a consequence, a following
error is present also for the speed. As previously said, this does not
significantly affect the energy requirements and consumption.

The energy quantities related to this case study are depicted in
Fig. 23(b). Similarly to the blanking case study, there is an initial time
range where the input energy provided by the pressure supply is lower
than the energy wasted in the servo-valve. This time range corresponds
to the fast approach phase in which the piston performs a descent stroke
and has no resistant force applied. In this phase, energy is introduced
in the system by the gravitational force.
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3.3.2. Servo-relief valve pressure regulation

The results obtained by the application of the SVPR power supply
are overall similar to the ones obtained with the other architecture.
Concerning the control of the supply pressure Py, in Fig. 24(a) it can
be seen that the setpoint is well followed except for the time intervals in
which the servo-relief valve opening (represented in Fig. 25(a)) reaches
full saturation. The flow towards the actuator Qg, also depicted in
Fig. 24(a), shows as in the other case studies sharp peaks corresponding
to sudden variations of the supply pressure. Also the flow across the
servo-relief valve, displayed in Fig. 25(b), shows these characteristic
peaks. The actual position of the piston follows accurately the setpoint,
as shown in Fig. 24(b), whereas the velocity shows some oscillations to-
wards the end of the cycle, despite the fact that the actuator servo-valve
does not reach saturation (Fig. 26(a)). Concerning energy consumption
(Fig. 26(b)) it can be highlighted that the main energy losses occur
across the servo-relief valve, with smaller energy dissipation also on
the actuator’s servo-valve.

4. Discussion

This section discusses the results obtained by applying the pro-
posed methodology to the three industrial cases. The discussion of
the methodology does not focus on the typology of the controllers
needed to control the actuator’s position and the hydraulic power
supply. Instead, it considers the energy savings that can be achieved
depending on the type of adjustable power supply used in the simulated
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Fig. 28. Closed-loop transfer functions.

application cases using a suitable controller for both the actuator and
the hydraulic power supply.

The implementation of the methodology requires two controllers,
one dedicated to the motion of the actuator and one for the control of
the hydraulic supply source. The simulations presented in the previous
sections use two simple regulators, a PD regulator as the actuator
position controller and a P regulator for controlling the hydraulic
supply source. The parameters of both controllers were set to fulfil the
time characteristics of the position and pressure setpoints. For instance,
Fig. 27 shows the frequency spectrum of the position and pressure
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setpoints used in the simulation for the Blanking machinery using the
SVPR power supply architecture. Fig. 28(a) depicts the magnitude Bode
plot of the transfer function between the actuator’s law of motion
setpoint and the actual speed for the SVPR architecture evaluated at
constant supply pressure and constant external force.

For the same three application cases, the effectiveness of the pro-
posed methodology is tested using two different Controlled Hydraulic
Power Supply: the first is based on a Servo-Pump Pressure Regula-
tion and the second on a Servo-relief Valve Pressure Regulation. The
evaluation of the methodology does not consider other commercially
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Table 4
CFCP architecture operating parameters (pump pressure P and pump flow rate Qp)
for each case study.

Blanking Die Casting Drawing
Pg crep, [bar] 171 227 212
Op creps [L/min] 10.7 19.3 15.1
Table 5
Motor/driver efficiencies for the different AHPS.
AHPS Motor/driver Efficiency
CFCP asynchronous motor + inverter 88%
SPPR brushless servomotor + driver 96%
SVPR asynchronous motor + inverter 88%

available controlled hydraulic power supplies discussed in paragraph
2.3 because of their small bandwidth with respect to the dynamic be-
haviour required for the application cases. Moreover, the methodology
uses the same Hydraulic Efficiency Optimizer for all the simulated cases
according to the model proposed in paragraph 3.

4.1. Energy consumption comparison

In this section the simulation results are compared in terms of
energy consumption. The comparison focuses in particular on the in-
put energy required by the system for the three case studies, as the
controlled hydraulic power supply varies.

The considered industrial applications often use a constant pressure
and constant flow power supply in conjunction with a relief valve that
discharges the excess flow rate, implementing the classic architecture
with FD pump, FS electric drive. This architecture is a non-adjustable
power generation system and denoted as CFCP. It generates a constant
pressure, does not satisfy the requirements of the proposed methodol-
ogy and, under these conditions, the system has the maximum energy
waste. The difference between the installed power and the demanded
power during the cycle is dissipated in the circuit, where pressure drops
occur (in the pressure relief valve and in the proportional directional
valve). The costs, both for the pump and for the electric drive, are
lower than the ones for solutions with the possibility of regulating
the fluid power. This section uses the energy demand of this common
architecture as a first benchmark for the energy saving achievable
with the proposed methodology. The operating parameters (namely the
hydraulic power supply operating pressure Py and generated flow rate
Qp) of the CFCP architecture that are considered for the benchmark
are reported for the three case studies in Table 4. These values were
selected taking into account a slight increase in the peak requirements
of each application. These requests relate to the peak flow rate towards
the actuator and the peak pressure. As a result for all three cases
the CFCP solution is characterized by Qpcrcp > max(|Qg,|) and
Pgcpcp > max(Psg,). On the other hand, the energy demand of
the identical systems equipped with the IPS is considered as a sec-
ond benchmark to highlight the maximum theoretical energy savings
obtainable with the proposed methodology.

In addition to the energy wasted via the components downstream
of the pump, the simulation results also takes into account the en-
ergy wasted in the pump, the electric motor, and the relevant driver,
according to the different hydraulic power supplies used.

Table 5 summarizes the values of the efficiencies considered for
motors and drivers. Of course, for IPS the overall efficiency of the
pump, motor and driver is considered unitary, being an ideal case.

The graphs of input power and input energy obtained by the
methodology with the IPS, SPPR and SVPR controlled hydraulic power
supplies are depicted in Figs. 29, 30 and 31 respectively for the
Blanking, Die-casting and Deep Drawing processes. The graphs for the
CFCP architecture (dotted grey line) are also reported. The high energy
consumption of the CFCP architecture results from the constant supply
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pressure and flow rate of the pump, which must be slightly higher than
the relevant peak values reached during the work cycle. This method
wastes a lot of energy across the relief valve, and has an input power
that is much higher than the one needed by the load and the one
wasted across the actuator’s servo-valve. As already mentioned, the
estimated input power also includes the efficiency of the pump and the
asynchronous motor that drives the pump and the associated inverter
(see Table 5).

Figs. 29-31 show that for each considered case study, the method-
ology using the IPS requires the lowest values of input energy. In this
case, the power source has unity efficiency, and the energy wasted via
the actuator’s servo-valve is the only additional input energy required.

Input energy and power increase if the methodology uses SPPR
since additional power and energy are wasted on the servo-motor,
the associated drive system and the pump. The overall efficiency of
brushless servo-drives is very high and, despite its dependence on
the motor speed, an average value of 96%, as shown in Table 5, is
appropriate for the size of the electric drive system considered in the
simulations.

The methodology using a SVPR controlled hydraulic power supply
exhibits a further increase in wasted energy. In this case, the losses
in the asynchronous motor, pump and servo-relief valve are added to
the energy dissipated in the servo-valve. An IE3 asynchronous motor of
the size considered in the simulations (between 5 and 10 kW) has an
efficiency of around 90% at the nominal speed. Overall, the efficiency
at the level of electrical actuation is worse than in the case of the SPPR
power supply.
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Table 6
Energy costs per cycle, [kJ].
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Supply architecture/using methodology

Case study IPS/yes SPPR/yes SVPR/yes CFCP/no
Drawing 2.8 5.4 11.7 28.7
Blanking 1.2 2.4 5.4 16.7

Die Casting 7.6 12.9 43.5 111.7

Table 7
Process data for the three case studies. 7, = cycle time; ¢, = cycle/hour; h, = hours/day;
d, = days/year.

Case study t, [s] [ hy d,

Drawing 2.82 1276.60 16 250
Blanking 2.73 1318.68 16 250
Die Casting 8.55 421.05 16 250
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Fig. 32. Energy savings obtained for each work cycle using different power regulation
strategies.

Finally, the hydraulic circuits that rely on the CFCP hydraulic power
supply show the worst behaviour in terms of energy consumption; the
energy requirements of this solution is more than twice as high as that
of the SVPR architecture in all three case studies.

Fig. 32 summarizes the energy savings for the three application
cases obtained by applying the proposed methodology with the con-
trolled power supply IPS, SPPR and SVPR compared to the energy
consumed by the same systems without the proposed methodology and
using the CFCP architecture (Eqpcp). In particular, e.g. for SVPR ar-
chitecture, the energy saving is evaluated as (Ecrcp — Esypr)/Ecreps
expressed as a percentage (where Egy pg is the energy consumed by
SVPR), using the values from Table 6. It shows that the energy saving
decreases from IPS to SVPR, with the worst case energy saving being
more than 59%.

In the Drawing and Blanking cases, the savings are almost compa-
rable to SPPR, while a slightly higher saving is achieved with SVPR
for Blanking. For the Die Casting process, the percentage saving is
quite higher, for SPPR and IPS architectures, than that obtained for the
other two cases. For the Blanking and Drawing cases the cycle time
(Table 7) is quite similar, about 2.6 s, for Die Casting it is more than
8 s. Therefore, in the Die Casting case higher savings may be due to the
longer cycle time with a significant load fluctuation in the cycle.

The results shown and tabulated here demonstrate the high effi-
ciency gains that can be achieved thanks to the proposed methodology.
However, further improvements may be obtained through more ad-
vanced techniques for the implementation of the HEO module, which
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could be based on optimization methods that are beyond the scope
of this work. As mentioned earlier, the proposed HEO module relies
instead on a fixed value of H*; however, even with this simple solution
the choice of H* should be performed with some care. Fig. 33 reports
the results of a sensitivity analysis performed for the drawing press case
study. For each simulation run, the value of the HEO parameter H* was
set to a value in the range [0.5, 1]. The parameters of the control systems
were left unchanged. Fig. 33(a) shows the dependency between energy
consumption over an entire work cycle and H*. It is clear that higher
values of H* lead to considerable energy savings, and thus confirms
the intuition suggested by Eq. (15). On the other hand, it can be seen
in Fig. 33(b) that at higher values of H* the actuator’s servo-valve shifts
its typical opening towards higher values, and may reach its saturation
region, which should be avoided in order to maintain high motion
control performance. In particular, for the case under study, saturation
is reached when a value of H* = 0.85 or greater is considered.

5. Conclusions

The paper presents a new methodology for increasing the efficiency
of applications that use a hydraulic servo axis. The methodology con-
sists of three modules, the Hydraulic Actuator Load Estimator, the
Hydraulic Efficiency Optimizer and a Controlled Hydraulic Power Sup-
ply, leading to a system controlled by two parallel closed loops, one for
the motion control of the hydraulic servo axis and one for controlling
the hydraulic power supply. The control of the servo axis position is
demanded to a servo-valve, whose circuital position remains unaltered
with respect to the usual hydraulic servo-axis configuration; however,
as a direct consequence of the proposed methodology, its operating
point is shifted towards a condition of high opening, which in turn
reduces throttling losses. This development is made possible by the
introduction of the CHPS subsystem, which provides a controlled pres-
sure supply based on the pressure set-point generated by the cascade
processing of the two algorithm-based blocks HALE and HEO.

The paper discusses the methodology’s modules both at the theoreti-
cal and at the application level. At the theoretical level, all modules are
discussed in detail, and some possible approaches to optimizing their
performance are presented. For the HEO module the paper proposes a
direct, simple algorithm for determining the pressure setpoint for the
CHPS based on characteristic equations of the servo valve. In addition,
the paper discusses the controllable hydraulic power supplies that the
proposed methodology can use, focusing on dynamic performances.

Without loss of generality of the methodology, the paper presents,
at the application level, three validation cases based on industrial
applications whose simulation results show that the methodology can
lead to energy savings between 59% to 85% compared to the traditional
CFCP architecture solution for hydraulic servo axes. These energy
savings also significantly reduce the CO, emissions, estimated at 29.8
and 10.15 tons per year, respectively, in the best and worst case. The
effective energy saving discussed in this paper depends on the charac-
teristics of the controlled power supply used. This fact is emphasized by
the introduction of two different high dynamics Controlled Hydraulic
Power Supply suitable for the application of the methodology, the SPPR
and the SVPR. While the highest energy savings were achieved with the
CHPS based on the servo pump, the architecture based on the Servo-
relief Valve Pressure Regulation for the presented industrial application
still offers energy savings ranging from 59% to 61%. Importantly, the
latter architecture has low implementation costs, as it can be obtained
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Fig. 33. Drawing press case study, SVPR Effects of H* on energy consumption and servo-valve opening.

by simply installing a high dynamic servo-valve on existing CFCP
systems.

Some synthetic references to the results available in the literature,
and discussed in the introduction, in relation to similar application
cases are reported below, in order to compare them with the results
shown in this paper. An optimized design procedure for power supplies
constituted by multiple motor-pumps presented by Huang et al. (2019)
was applied to a 2000-ton rapid sheet tension hydraulic press, resulting
in a 41.72% reduction in installed power and a 26.97% reduction in
energy consumption. In the solution proposed by Li et al. (2017) the
drive system is shared at different times by two hydraulic presses,
which are combined so that the excessive energy of one can be utilized
by the other, by adjusting its work cycle to coordinate the forming
process. The method, when applied to two identical hydraulic presses
with the nominal force of 20 MN in a tandem line, yielded electrical
energy savings of 36%. An overall energy saving of the same order
of magnitude as the previous ones, i.e. 20%, was achieved by Dindorf
and Wos (2020) in his study on a hydraulic 80 MN forging press with
parallel connection of three pumps and a real-time model predictive
control based on multiple inputs multiple outputs, as well as a global
predictive control.

In these works, the energy savings are obtained at the expense of
increasing the number of motors and pumps (Huang et al.,, 2019),
by carefully modifying and combining the working cycles of two dif-
ferent presses (Li et al., 2017), or by introducing several circuital
modifications (Dindorf & Wos, 2020).

The methodology here described, on the other hand, does not
require any significant alterations to either the hydraulic circuit or the
executed work cycle; at the same time, the obtained energy savings
correspond to or even exceed those described in the literature. Indeed,
a remarkable feature of the proposed methodology is its generality and
its low complexity in terms of system architecture. The methodology is
not customized to solve a specific problem or to be applied in a specific
domain and, moreover, it can be easily implemented in any existing
system without the need to fundamentally change its configuration.

Moreover, the controlled hydraulic power supply presented in this
paper makes the methodology applicable to cases where the bandwidth
of the control signal (position and pressure) is high. This choice also
introduces a new control scheme for motion control with a hydraulic
actuator, based on the regulation of both the hydraulic power supply
and the servo-valve of the actuator.

The presented methodology can be applied to a wide range of
application fields. The three discussed in the paper are only examples
where the dynamic of the system is high. Similarly, the methodology
can be applied to systems with lower dynamics, allowing the use of
adjustable hydraulic power supplies with narrower bandwidths.

The methodology can lead to high energy savings, in any of its
implementations, even with simple approaches for the HALE and HEO
modules, as presented in this article. Moreover, the application cases’
simulations show that the proposed methodology can be successfully
applied to industrial cases, using a simple and cheap controlled hy-
draulic power supply such as that of SVPR.

The authors are planning the next step to validate the methodology
from an experimental perspective. The experimental validation requires
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the implementation of the three modules that make up the method-
ology. The simulation results show that the realization of the CHPS
module using the SVPR architecture is quite simple and physically
feasible. Moreover, the hydraulic circuit is very similar to those used
in the usual hydraulic servo-axis solutions. Similarly, the simulations
show that the experimental realization of the HALE module is possible
with the same approach presented in the simulation sections, based
on the knowledge of the kinematic state of the actuator, some me-
chanical parameters of the actuator and the working force required
for application. The software implementation of this module is simple
since the application force is known as a function of the position
of the actuator, as is common in industrial applications with fixed
cycles. The experimental implementation of the HEO module presents
no difficulties when its configuration corresponds to that presented in
the simulations. In other cases, the definition of the complexity of the
module requires additional investigation.

Acronyms
AHPS Adjustable Hydraulic Power Supply.
APV Actuator Proportional Valve.
CFCP Constant Flow Constant Pressure.
CHPS Controlled Hydraulic Power Supply.
DDH Direct Driven Hydraulics.
EDC Electric Drive Cost.
EHA Electro-Hydraulic Actuator.
FD Fixed Displacement.
FS Fixed Speed.
HALE Hydraulic Actuator Load Estimator.
HAR Hydraulic Actuator Regulator.
HEO Hydraulic Efficiency Optimizer.
HPS Hydraulic Power Supply.
HPSR Hydraulic Power Supply Regulator.
HSA Hydraulic Servo Actuator.
IPS Ideal Pressure Source.
MPG Motion Profile Generator.
PCD Pump Control Dynamics.
PPRV Proportional Pressure-Relief Valve.
PRV Proportional Relief Valve.
SCD System Control Dynamics.
SMISMO Separate Meter-In Separate Meter-Out.
SPPR Servo-Pump Pressure Regulation.
SRV Servo-Relief Valve.
SVPR Servo-relief Valve Pressure Regulation.
VD Variable Displacement.
VvDC Virtual Decomposition Control.
VDFS Variable Displacement Fixed Speed.
VDSP Variable Displacement Servo-Pump.
VS Variable Speed.
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