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Abstract

Energy efficiency and sustainability are core issues in the modern design and management
of industrial machinery and plants. These concerns are reflected and reinforced by the
Sustainable Development Goal 9 of the United Nations (SDG9), “Industry, innovation
and infrastructure”, which enshrines efficiency and optimized energy use as key features
of sustainable production systems. As the engineering of industrial machinery reorients
itself towards energy sustainability, attention is naturally shifting to actuators, since these
components unavoidably waste part of the considerable amount of energy they absorb to
execute their functions. Hydraulic actuation systems, while uniquely suited to heavy-duty
applications, are particularly affected by poor energy conversion efficiency, in part due to
their intrinsic properties but also because of outdated yet still common industrial practices.
Consequently, for this actuation technology, there are wide margins for improvement in
terms of energy waste reduction and increased environmental sustainability. This paper,
therefore, investigates new applications for a management and control method conceived
by the authors to drastically and systematically reduce the energy consumption of hy-
draulic actuators. The method is easily retrofittable to existing plants, being based on the
unconventional and non-invasive deployment of a continuous-control electrohydraulic
valve (CCEV) to control the supply pressure, whose required value is estimated according
to the instantaneous load demands. Through the simulation of several industrial processes
characterized by process parameters of varying orders of magnitude, this paper demon-
strates that this innovative use of a CCEV for supply pressure regulation is an effective and
widely applicable solution for energy savings and CO, footprint reduction in production
systems that rely on hydraulic servo axes.

Keywords: SDG9; carbon footprint reduction; energy efficiency optimization; hydraulic
actuators; hydraulic servo and servo-proportional valves

1. Introduction

The pursuit of energy sustainability, in terms of the minimization of energy consump-
tion and CO, footprint reduction, plays a fundamental role in contemporary guidelines for
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the design and management of industrial machinery and plants. Its importance is high-
lighted by the Sustainable Development Goal 9 of the United Nations (SDG9) “Industry,
innovation and infrastructure” [1], according to which efficient and optimized energy use
is a cornerstone of sustainable production systems. This trend is further attested by the
growing scientific literature in which sustainability and energy efficiency are common
threads in the design of different kinds of systems.

At the systemic level, ref. [2] addresses design approaches oriented towards the
sustainability of production plants, while [3] reviews the sustainability concept in cellular
manufacturing systems; in [4], the application of Model-Based System Engineering to
smart sustainable factories is investigated. Other papers focus on energy efficiency and
sustainability of specific components of the overall production system; ref. [5], for example,
deals with the sustainability of reconfigurable machines, while [6] addresses the energy
efficiency of robotic systems. The design of mechatronic systems is considered in [7],
while [8] focuses specifically on linear electromechanical actuators. Among more recent
works, ref. [9] analyzes the interplay between industry 4.0 and the circular economy for
sustainability, while [10] reviews the links between industry 5.0 and sustainability.

In industrial systems, actuators are the main devices that absorb energy from the
primary source to realize the specific function which the machine or plant is designed for.
The absorbed energy is thus directed to the production of goods or, more generally, to the
execution of specific operations within an integrated production process; in this context,
energy is wasted primarily due to the less-than-ideal energy conversion efficiency of the
actuators. Energy losses are an especially pressing issue wherever hydraulic actuators
are used. Indeed, the motion control of hydraulic servo axes is intrinsically dissipative,
as it is fundamentally based on the intentional throttling of the pressurized fluid that
powers the actuator and on its partial redirection towards an unpressurized reservoir. The
magnitude of these losses typically dwarfs the unavoidable dissipation associated with
leakages [11] and distributed or localized pressure drops across the several components of
the hydraulic circuit. Hence, in order to enhance sustainability of hydraulically actuated
systems, improved management and control methods are of fundamental importance.

Many contributions concerning methods to reduce the energy waste of hydraulic
actuators can be found in the literature but mostly concern solutions for specific application
cases that do not have general validity and are not implementable in all kinds of systems;
some examples of ad hoc approaches include [12], in which the application of a direct-
driven hydraulics unit for an industrial high load lifting system is studied; Refs. [13,14]
propose solutions for energy efficiency specifically tailored to hydraulic presses. The field
of industrial presses is addressed also by many other authors: ref. [15] proposes the use of
a multi-stage pressure system for a fine blanking press, while [16] details a metering valve-
based configuration and a servo pump control to reduce energy waste in the leveling system
in a large-size forming press. In [17], a system composed of multiple motor pumps and a
supercharger-accumulator is proposed on a forging press, whereas in [18], the Industrial
Internet of Things is used to perform an energy audit on a hydraulic press and so to acquire
data for the control of a variable speed drive. Ref. [19] proposes an electromechanical—-
hydraulic model of a forging press for the evaluation of energy consumption in the different
components; ref. [20], finally, describes the specific reconfiguration of a press and of its
associated hydraulic circuit to reduce energy losses. Other works concern hydraulically
actuated ground vehicles: a seminal work on the displacement control of rotary and dif-
ferential linear hydraulic actuators in mobile machines is presented in [21], with the same
line of investigation being further pursued in [22,23]; Refs. [24,25] review the main tech-
niques used for energy savings in hydraulic excavators. Also, in [26,27], an excavator is
considered; ref. [26] analyzes the powertrain and energy management strategies for such
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vehicles, while [27] proposes the use of an electric-hydraulic system for energy recovery.
Other examples of all-terrain vehicles considered in the literature are [28-30]; Refs. [28,29]
propose energy-saving solutions based on specific energy-saving controllers or on new
regenerative configurations; ref. [30] refers to a hydraulic fracturing vehicle on which a
power consumption model is developed to predict efficiency of power elements. Other
works can be found in the literature regarding other kinds of applications; for instance,
ref. [31] concerns a lifting system on which a typical multi-valve configuration is compared
to an electro-hydraulic drive in terms of energy consumption; ref. [32] discusses a robotic
system where a two-level pressure system is considered to enhance the energy efficiency;
and in [33], the redundant degrees of freedom of a manipulator are used to optimize energy
consumption. Other more general works include [34], which reviews the innovations in
energy efficiency in different sectors, and [35], which proposes a new circuit configuration
for energy saving in an electro-hydraulic actuator without referencing particular applica-
tions. The largest portion of the reviewed scientific literature therefore concerns solutions
engineered for specific application cases, without addressing applicability to a wide range
of hydraulic systems. Furthermore, the implementation of such solutions is characterized
by a large impact on the configuration of existing systems, as extensive modifications
are required.

Within this context, the authors of this paper have conceived a new systematic method-
ology, whose feasibility has already been studied in a previous paper [36]; a setup for its
experimental validation is also being studied [37]. The proposed approach is based on an
estimate of the supply pressure required by the system to properly perform the desired
work cycle according to the acting loads, and on an innovative, unconventional use of
a continuous-control electrohydraulic valve (CCEV), an umbrella term covering servo,
servo—proportional and proportional valves. Unlike the CCEV generally associated with
hydraulic actuators for proportional directional control purposes, this additional valve
is used within a pressure control system that guarantees the proper time-varying supply
pressure by discharging as needed the excess flow rate. A similar technique for pressure
regulation can be found in [38,39], where a control valve is used to vary the force applied
by a hydraulic actuator on a semi-active friction damper. In the proposed methodology, on
the other hand, pressure regulation is not used for force control but rather to reduce energy
waste by decreasing the pressure drop towards the reservoir and by shifting the operating
point of the actuator control valve towards a less dissipative regime.

In [36], the valve-based control technique placed emphasis on the use of servo valves
to maximize the pressure control responsiveness; in this paper, on the other hand, the use of
functionally equivalent valves is also evaluated: despite their different characteristics, other
types of CCEV are also shown to be capable of playing similar roles in the achievement
of high energy savings. Indeed, while servo valves guarantee higher control bandwidths,
servo—proportional and proportional ones are typically available in a much wider size
range, facilitating their introduction in larger plants.

This article is a revised and expanded version of a paper entitled “New Manage-
ment Strategy for a Significant Reduction of the Impact on CO; Footprint of Hydraulic
Actuators” [40], which was presented at the 14SDG 2025 Conference, Villa San Giovanni,
Italy, 9-12 June 2025. This paper studies the application of the proposed supply pressure
control method to simulated industrial application cases characterized by process param-
eters distributed across different orders of magnitude. In all these cases, the novel use
of a continuous-control electrohydraulic valve as a device for pressure control is shown
to be a scalable and highly effective solution for the reduction of energy consumption
in hydraulic servo axis systems, which leads to a significant carbon footprint reduction.
Notably, the proposed solution can be easily retrofitted to existing hydraulic plants, with
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no change required other than the installation of an additional and suitably sized CCEV on
the supply line.

2. Methods

The core subsystems of hydraulically actuated machinery treated in this paper are the
hydraulic actuation units, composed of a linear actuator and the associated CCEV, which is
used for motion control purposes. The control valve is interposed between the actuator
and the hydraulic power supply system; the latter is traditionally set up in a Constant
Flow Constant Pressure (CFCP) configuration, relying on a fixed-displacement pump and
a constant-speed motor.

This architecture, where the supply pressure and flow rate are constant, provides non-
adjustable hydraulic power generation and therefore entails maximum energy requirement.
In this configuration, in fact, the flow and pressure at the pump outlet must be individually
higher than the peak ones needed by the load. The first request is essentially kinematic and
is strongly related to the peak velocity to be attained during the work cycle. The second
is dynamic and depends on the kind of loads that the actuator should overcome. As a
result, during the entire working cycle, the absorbed power is higher—in some portions
significantly so—than the instantaneously needed one. To substantially mitigate this issue,
the methodology introduced by the authors [36] employs a Controlled Hydraulic Power
Supply (CHPS) to adjust the power made available to the actuator.

As illustrated in Figure 1, one of the implementations of the CHPS there proposed
relies on a CCEV that regulates the supply pressure through the discharge of the excess
flow rate provided by a fixed displacement and fixed speed pump unit. The figure, in
particular, represents in black the following hydraulic elements:

e The actuator, with its chambers A and B, its position x and its velocity %;
¢ The mechanical load F,; applied to the piston;

e The actuator control valve;

*  The pressure control valve;

* A manually regulated relief valve that guarantees safety;

*  The constant-speed prime mover and the fixed displacement pump.

The relevant gauge pressures Pr at the reservoir, P4 in chamber A, P in chamber B
and Pg at the pump outlet are also represented at the relevant nodes of the hydraulic circuit.
The required sensors and algorithmic components are represented in cyan; the latter are:

*  The motion setpoint generator;

*  The motion controller, which determines the opening of the actuator CCEV;

*  The pressure controller, which determines the opening of the pressure CCEV;

*  The Hydraulic Efficiency Optimizer (HEO), which generates the pressure setpoint;

¢  The Hydraulic Actuator Load Estimator (HALE), which supplies the HEO with an
estimate of the mechanical load.

This specific CHPS implementation is the one that requires the fewest and least expen-
sive modifications to existing plants that currently adopt the traditional CFCP configuration,
as it does not need alterations to the motor-pump functional group. The use of a CCEV to
control the supply pressure has one further advantage with respect to the other possible
solutions, namely, the achievement of bandwidths (depending on the specific valve type)
that typically exceed those of, e.g., variable displacement pumps; this property makes it
suitable for use in applications characterized by markedly dynamic loading conditions.
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Figure 1. Schematic representation of the hydraulic system inclusive of the continuous-control
electrohydraulic valve used for pressure regulation.

The pressure regulation is achieved through a control loop that determines the opening
of the relief CCEV, comparing the measured supply pressure with a suitable setpoint. Such
a setpoint is generated according to the dynamic model of the actuator [41-44], to the
load requests, and to the need of minimizing energy consumption without compromising
motion control performances. Focusing without loss of generality on a double-rod linear
actuator, for the purpose of defining the supply pressure setpoint, the following physical
model of the actuation unit is adopted:

F
Pp=P4—Pg=—-" 1
L = Pa — Pp A 1)
Qr = CiPp + Ax )
QL = KHacv \/Ps —sign(Hacv)Pr - 3)

Equation (1) expresses the mechanical equilibrium of the piston; there, P; indicates the
line pressure, i.e., the difference between the gauge pressures P4 and Pg; A is the effective
piston area, while F,;; is the mechanical load applied to the cylinder, inclusive of all forces
(external, inertial and dissipative).

Equation (2) expresses the relationship between the piston velocity x and the line
volumetric flow Qr, which, although primarily governed by the area A, involves also the
leakage coefficient C; and the line pressure Pr. Finally, Equation (3) describes the hydraulic
behavior of the actuator CCEV: Hycy is its instantaneous normalized opening (varying in
the range [-1,1],and connecting chamber A to the reservoir if negative), K its characteristic
coefficient (obtainable from the manufacturer’s data sheet), and Ps the supply pressure.
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Rearranging Equation (3) and using (1), the supply pressure can be expressed as follows:

2
Ps = <KI_?ALCV> +sign(Hacv)Pr, 4
where the first term on the right-hand side, under the assumption of symmetrical valve
ways, represents the total pressure drop Py across the actuator control valve. From
Equation (4), it appears that a double benefit is achieved through the maximization of
|Hacv |: first of all, the pressure drop across the actuator control valve is reduced; second,
Ps also decreases. Less wasted energy is thus associated with any excess flow rate sent to
the reservoir through the relief CCEV.

Outside of dwell phases, the equality sign(Hacy) = sign(x) holds; substituting
it into (4), it may be seen that when the mechanical load has a driving action (i.e., for
Wi = F,;;x > 0), there is a risk of negative Ps for excessive values of |F,;|. An even more
pressing risk is that of suction in the filling chamber, whose pressure is lower than Ps due
to the drop across the position control valve way.

In greater detail, assuming sign(Hcy) = 1 and symmetrical valve ways, the follow-
ing equations may be derived:

Py =2(Ps — P,) = 2(Ps — Pr) = 2Py )
Pp =Py —Pr (6)
_ Py _ Py .

in Equation (5), the gauge pressure Pr is equal to zero, consistent with an unpressurized
reservoir. Requiring then that 0 < P4 < Ps, the following inequalities are obtained:

Py

P, v
S > 2 (8)
Py > —-2P; . 9)

A result identical to (8) can be obtained with symmetric reasoning applied to the
case characterized by sign(Hacy) = —1; on the contrary, the inequality analogous to (9)
obtained in this alternative condition is Py > 2P;. To account for both cases, therefore, the
following can be written:

Py > —2sign(Hucy)PL = —2sign(X)Pr . (10)

t may be easily seen that for W < 0 both (8) and (10) are trivially satisfied and that
consequently, sub-atmospheric pressure is not a risk regardless of the value of Ps and Hcv.
On the contrary, for W > 0, algebraic manipulation of (10) yields:

. (11)

To avoid suction in the filling chamber, then, (11) should be enforced together with (8).
In light of the relationships above, there is no unique solution for Hcy and Ps; rather, the
two quantities should be properly related to each other and to the mechanical load F,;
using (4), (8) and (11). As conceptualized in [36], the strategy for the proper definition of the
pressure setpoint involves two algorithmic modules, which in general admit a variety of
possible implementations: the Hydraulic Actuator Load Estimator (HALE), which provides
an estimate F,,; of F,,; (or equivalently an estimate by = —A71E,; of P1), and the Hydpraulic
Efficiency Optimizer (HEO), which determines a suitable supply pressure setpoint Ps s,
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through the selection of a reference valve opening Hcy ser. To ensure robustness to model
and load uncertainties, the opening of the actuator valve is not controlled in an open loop;
yet, as Ps tracks Ps ), the actual value of Hscy can be expected to be broadly similar to
Hacv ref- The straightforward HEO implementation proposed in this work defines the
absolute value of Hcvy .r as:

H* for ﬁmlxs,, <0
‘HACVref‘ = A|xs | 1 o (12)
’ min | H¥, 4 ~ for F,;x%s, > 0.
K 2|PL| mlAsp

In (12), the product between A and the absolute value of the setpoint velocity |%p|
provides a useful estimate of the modulus |Qy | of the line volumetric flow. Crucially, the
positive constant H* should be high enough to ensure sizable energy savings but still
reasonably far from unity to provide a saturation-free margin of action for the position
control loop. Considering also the static case in which the piston is kinematically at rest,
the pressure setpoint defined by the proposed HEO implementation is:

‘pL| +PS,sp,O fOI'fCSP =0
2
Pssp = Axs (13)
7 p . . A .
—————— | +sign(&sp)PrL + Pssp0 otherwise,
K|HACV,ref| & ( sp) °F

where Ps g 0 is a small positive constant introduced to improve robustness with respect to
uncertainties concerning the load and the pressure setpoint tracking performance. For com-
pleteness, including the static case, the sign of Hacy s is defined by the HEO algorithm as:

1 for xs, >0
Sign(HAcv,ref) =4 -1 ) forxsp <0 (14)
sign(Pp) foris, =0,

where the convention sign(0) = 0 is adopted.

As already remarked upon, several implementations for the HALE module are also
possible. In a repetitive industrial cycle, P, or equivalently £,; may be estimated from
existing data; other possibilities are measurement-based online estimations or suitable
parametric mathematical models. In the following discussion, the mechanical load is
assumed to behave as:

PLA = —Iy = mx + cx — ngt, (15)

where F,y is a known external load, inclusive of gravitational actions if appropriate, m and
¥ are, respectively, the overall mass and the acceleration of the piston, and c is the viscous
friction coefficient. Accordingly, under the assumption of already determined mass and
friction parameters, the HALE estimator is simply:

A

le = Fext — mjc'sp — CJ'CSP ’ (16)

where ;) is the piston acceleration setpoint.

Without loss of generality, this simple implementation has been used for the sim-
ulations presented in the following section. More complete ones would include online
or offline mass, friction and external load identification strategies, or approaches based
directly on pressure measurements in the actuator chambers. Online algorithms have the
benefit of adaptability to non-cyclical conditions; while their implementation requires a
careful evaluation of their computational cost, the option of relying on direct pressure
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measurements suggests that the achievement of relatively low complexity and good com-
patibility with real-time requirements is possible. Robustness against inaccuracies in the
HALE module outputs, and against pressure tracking errors, is guaranteed by the position
control loop, which remains an important part of the proposed architecture specifically for
this reason. In particular, if Ps does not accurately match the load requests, the position
control loop will adjust the opening of the actuator valve, whose value will deviate from
Hacv ref; to reduce the likelihood of saturation of such adjustments, the value of Ps 0 can
be increased and H* can be reduced; this further increases robustness at the cost of reduced
energy efficiency.

3. Results

In order to assess the feasibility of pressure regulation based on the use of a continuous-
control electrohydraulic valve, simulations are performed on real industrial cases; the
considered applications concern in particular hydraulic presses executing the follow-
ing operations:

. Forging;
*  Self-piercing riveting;
*  Hot stamping.

Numerical simulations are performed using MathWorks Simscape, thus testing the
proposed strategy on numerical models more sophisticated than those used for the compu-
tation of Ps 5.

In particular, the following effects, neglected during the definition of the pressure
setpoint, are considered: compressibility of the fluid in the actuator chambers; limited
bandwidth of the control valves; and fluid expansion effects due to the pressure drops
across the valves. Pipeline effects are neglected but could be considered within simulations
of cases where more detailed information concerning the plant configuration is available.

The position of the actuator and the supply pressure are controlled, respectively, with
Proportional-Derivative (PD) and Proportional (P) regulators. The controller parameters
are empirically tuned for each case to satisfy the dynamic characteristics of the position and
pressure setpoints, avoiding excessively aggressive gains that tend to induce oscillations in
the motion of the system. The reported results are:

e The already described j Ps sp, Ps, %sp and X;

*  The actual position x and the setpoint xs,;

e The flow rate towards the filling chamber of the actuator Qg (coinciding with Q; in
the absence of compressibility effects) and the setpoint Qs s, = Axsp;

*  The opening of the actuator CCEV H ¢y and of the relief CCEV Hpcy;

¢ The input hydraulic energy E;;,, the energy wasted across the actuator control valve
E scv, and the energy lost across the relief CCEV Epcy.

3.1. Forging Press Application Case

The forging application case considered refers to a 120-ton forging press; the relevant
work cycle, drawn from [45,46], is represented in Figure 2 both in terms of forging force
(i.e., the external force acting on the actuator) and of the upper die displacement, which is
directly actuated by the piston.
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Figure 2. Forging work cycle: forging force exerted on the workpiece and upper die displacement.

As also reported in the figure, the work cycle is composed of seven phases:

Rapid down: the upper die rapidly moves towards the billet to be worked;

Slow down: the upper die approaches the billet;

Pressing: the forging operation occurs;

Unloading: the forging load decreases;

Rapid return: the upper die rapidly moves towards its initial position;

Slow return: the upper die decreases its velocity while approaching its initial position;
Waiting: the upper die remains stationary while waiting for the next cycle.

The main components of the hydraulic circuit are:

A four-way proportional valve for motion control (Bosch-Rexroth 4WRLD35E11500,
nominal flow rate 1500 L min—1);

A four-way proportional valve for pressure control (Bosch-Rexroth 4WRLD35E11500,
nominal flow rate 1500 L min—1);

A double-acting, double-rod hydraulic actuator (Bosch-Rexroth CGH3MT4/320/220/1250,
320 mm piston diameter, 220 mm rod diameter, 1250 mm stroke).

The bandwidth for the two control valves is estimated from the manufacturer’s data

sheet and set to 5 Hz. The simulation results are reported in Figures 3-5; Figure 3 depicts
the outputs of the HALE and HEO modules, namely, the mechanical load estimate and the
reference supply pressure.

Fot, [MN]

300 T T T T T

200

Pg s, [bar]

100

Figure 3. Forging application case: (a) estimated mechanical load force; (b) reference supply pressure.

The estimate of the mechanical load F,,; also includes the weight force, the inertial

actions, and the viscous actions; for this application case, it is calculated according to

Equation (16), where all the system parameters are supposed to be known. It should be

noted that the sign of £, is considered positive if its direction corresponds to the actuator

extending direction, i.e., towards the piece to be worked. Figure 3b shows the reference
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supply pressure calculated according to Equation (13) with H* = 0.75, which exhibits
a strongly variable behavior with a high peak value. Figures 4 and 5 report the actual
behavior of the system when the motion setpoint and the pressure setpoint are assigned.
Figure 4a shows that the supply pressure and supply flow rate setpoints are followed very
precisely except when the relief CCEV saturates its opening, as shown by the comparison
with Figure 5a.

Pg, [bar]

\'F —1000

| i . —0
9 12 15 18 0 3 6 9 12 15 18
t,[s] t, [s]
(a) (b)

Figure 4. Forging application case: pressure and motion control; (a) supply pressure and supply flow

rate setpoints (Qs sp, Pssp) and actual values (Qs, Ps); (b) position and velocity setpoints (xsp, ¥sp)
and actual values (x, x).

100

50

H, %)
E,[MJ]

—50

—100 1 — I

(@)
Figure 5. Forging application case: control valve openings and hydraulic energies; (a) openings of the

actuator (H4cy) and pressure (Hpcy ) control valves; (b) input (E;;;) and wasted hydraulic energies
across pressure (Epcy) and actuator (E ocy) control valves.

The position and velocity setpoints are followed with very high accuracy, as shown in
Figure 4b, except for small oscillations in the velocity response. Such an oscillation occurs,
for example, around the 7.5 s mark, when the load reaches its maximum value, probably
due to the fact that the fluid’s compressibility has been considered in this simulation.
Figure 5a depicts the actuator control valve opening, where labels (1)-(7) indicate the
different work cycle phases; saturation does not occur, and when the piston moves, it works
around |Hycy| = 0.75, which corresponds to the value chosen for H* in Equation (12).
Moreover, considering also the graph of the relief CCEV opening, Figure 5a shows that
during phase 1 of the work cycle (“rapid down”), the pressure control valve is nearly closed
since only a very small amount of flow rate needs to be discharged, while the actuator valve
works near H,cy = 0.75 to guarantee the proper flow rate to the actuator. During phase 2
(“slow down”), the relief CCEV saturates because the velocity is very low, and therefore
a large amount of flow rate generated by the pump unit has to be discharged. During
this phase, the actuator control valve has a very small opening in order to guarantee the
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proper tracking of the low speed reference. Also during phase 3 (“pressing”), the actuator
control valve has a modest opening because of the low actuator speed, but also the relief
CCEV is almost closed because high pressure is required to generate high working forces.
In phase 4 (“unloading”), the actuator is at rest; hence, its control valve opening equals
zero; on the contrary, the relief CCEV saturates because the whole pump flow rate has to be
discharged through it and no working force is required. In phase 5 (“rapid return”), the
actuator control valve has a negative opening to reverse the motion at the proper speed,
while the relief CCEV has a small opening because almost all the flow rate is required by
the actuator. During phase 6 (“slow return”), the actuator control valve obviously decreases
its opening while the relief CCEV increases its own to allow the discharge of the excess
flow rate. Finally, in phase 7 (“waiting”), the required velocity and force are zero, so the
actuator control valve is closed and the relief CCEV fully opens in order to discharge all
the pump flow rate. Figure 5b shows the graph of the total hydraulic input energy (E;;;)
and of the energy wasted across either the actuator control valve (E4cy) or the relief CCEV
(Epcy)- The figure shows that Epcy is a large fraction of Ej;,; this occurs because for a
significant portion of the work cycle, the flow rate required by the actuator is very low or
zero; this causes the pump flow rate to entirely, or almost entirely, discharge through the
relief CCEV. Moreover, the actual value of the supply pressure is always higher than the
atmospheric one, i.e., the pressure drop across the relief CCEV is never zero. In addition,
during the “pressing” phase, when the actuator flow rate is very low, the supply pressure
must concurrently reach high values; this results in high power waste due to the discharge
of large flow rate at a high pressure drop.

3.2. Self-Piercing Riveting Application Case

Self-piercing riveting is a process for joining metal-sheet stacks; the rivet, driven by
a punch, pierces the top sheet, flares into the bottom sheet and clamps the two together,
producing the joint [47,48]. The process is widely used in the automotive industry and is
composed of different phases; the overall work cycle, drawn from [47,48], is depicted in
Figure 6, which represents both the punch displacement and the load force. It should be
noted that the riveting process is characterized by a load force and a cycle time that are two
orders of magnitude lower than the previously analyzed application case. The different
phases characterizing the riveting process are:

*  Approaching: the punch approaches the rivet at high speed and, before touching it,
decelerates;

*  Piercing: the punch makes contact with the rivet and so the load force starts increasing;
during this phase, the punch speed also increases;

*  Flaring: the punch speed decreases and remains constant during the phase, while the
load force has an approximately linear increase up to a maximum value corresponding
to the rivet clamping;

*  Return: during this phase, the punch returns back to its initial position at high speed;
the load force is null;

*  Waiting: the system is waiting for the next work cycle.

Since in this application case the force is significantly lower than that of the forg-
ing work cycle, the main components of the hydraulic circuit considered to perform the
simulations have been downsized accordingly; these are:

* A four-way servo valve for motion control (Bosch-Rexroth 4WS2EM62X15 series,
15 L min~! nominal flow);

* A four-way servo valve for pressure control (Bosch-Rexroth 4WS2EM62X20 series
20 Lmin~! nominal flow);
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* A hydraulic actuator (Bosch-Rexroth CGH2MT4/80/50/100, double-acting, double-
rod cylinder with 80 mm piston diameter, 50 mm rod diameter and 100 mm stroke).

50 I I I - 50
? 40 | piercing B 40 .
é approach Ao Z
= 30| 130 =
5 return 8\
*2 20 | E"* 20 E
o0t 110

0 0

0 0.3 0.6 0.9 1.2 1.5 1.8 2.1

Figure 6. Riveting work cycle: punch displacement and force exerted on the rivet.

The bandwidth for the two servo valves is set to 100 Hz, consistent with the manu-
facturer’s data. Figures 7-9 depict the simulation results; Figure 7 in particular shows the
graphs of the mechanical load estimate and the reference supply pressure, i.e., the outputs
of the HALE and HEO modules. Also for the riveting application case, the mechanical load
estimate includes the weight and the inertial and the viscous forces, and it is evaluated
according to Equation (16), assuming that all the system parameters are known. The force is
considered positive if directed towards the parts to be riveted. The behavior of the reference
supply pressure, calculated considering H* = 0.75, is shown in Figure 7b. Its variations
reflect those of the required velocity and the estimated load force (or equivalently of the
required flow rate Q) and load pressure P;). Such quantities contribute to the definition
of the reference supply pressure according to Equation (13); as an example, around 0.3 s
and in the range 0.4 s to 0.6 s, the reference supply pressure reproduces the behavior of the
estimated load force, while at the beginning of the work cycle, between 0.3 s and 0.4 s and
from 0.6 s to the end time, the shape is very similar to that of the velocity graph. Figure 8
shows the simulation results in terms of supply pressure, flow rate Qg towards the actuator,
piston position and velocity. In particular, Figure 8a depicts the setpoint and the actual
values of the supply pressure Ps and the supply flow rate Qg; the comparison of the graphs
shows a very good match between setpoints and actual values. Small differences between
desired and actual supply pressure occur within the time ranges in which very small values
are required, as, for example, around 0.15s. There, the actual pressure remains higher due
to the relief servo valve reaching saturation, i.e., its maximum opening, in flow conditions
that imply a pressure drop greater than the setpoint value. As regards the supply flow
rate, a small error is evident between 0.6s and 0.8 s; this behavior could be due to the
opening of the actuator servo valve, which gradually increases, and of the relief servo valve,
which correspondingly decreases, as shown in Figure 9a, where the labels (1)—(5) indicate
the different work cycle phases; this behavior can be attributed to the performance of the
control system. Figure 8b depicts piston position and velocity; the comparison between
the setpoints and the actual values shows also in this case a very good correspondence.
Small differences can be noted for the velocity, mainly between 0.6 s and 0.8 s; a matching
behavior, attributable to the control system, can be seen in the discharged flow rate. Such
a velocity error does not in any way affect the riveting process, since it occurs during
the return phase. Figure 9a depicts the non-dimensional opening of the servo valves; in
particular, except during the time ranges characterized by very small velocities, the actu-
ator servo valve works around an opening equal to 0.75, corresponding to the H* value
considered in Equation (12) for the calculation of the supply pressure setpoint. As regards
the relief servo valve opening, it saturates whenever the velocity of the actuator is very
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low; as the load flow rate is low as well, the amount of pump flow rate to be discharged
through the relief servo valve is high. This occurs both at the beginning and at the end
of phase 1 (“approach”); in the middle range of the phase, the velocity and the supply
pressure setpoint increase, leading to an increase in the actuator servo valve opening and
a decrease in the servo-relief one. During phase 2 (“piercing”), the valve openings have
a sudden change concurrent with the increase in the supply pressure setpoint and of the
piston velocity; this occurs around 0.35 s. In phase 3 (“flaring”), the piston velocity remains
constant and the setpoint supply pressure has an approximately linear increase, leading to
a consequent servo valve opening behavior. In phase 4 (“return”), the relief servo valve
opening decreases and that of the actuator servo valve increases; this is due, on one hand,
to the increase in the velocity and so of the load flow rate, and, on the other hand, to the
supply pressure setpoint. As a matter of fact, a large opening of the actuator servo valve
guarantees the piston velocity, while a small opening of the relief servo valve allows the
required supply pressure and limits the discharged flow rate. Phase 5 is the waiting phase,
where the relief servo valve saturates and the actuator servo valve is closed because the
piston remains stationary and the whole pump flow rate is discharged through the relief
servo valve. Finally, Figure 9b depicts the graph of the total hydraulic input energy E;,, of
the wasted energy across the actuator servo valve E gcy and across the relief servo valve
Epcy. Also, in this case, Epcy is a significant fraction of E;,;; unlike the previous case, the
energy wasted across the actuator servo valve E ¢y is also quite significant. This occurs
because in this case, for most of the work cycle, the piston is in motion.
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Figure 7. Riveting application case: (a) estimated mechanical load force; (b) reference supply pressure.
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Figure 8. Riveting application case: pressure and motion control; (a) supply pressure and supply
flow rate setpoints (Qs sy, Pssp) and actual values (Qs, Ps); (b) position and velocity setpoints (xsp,
Xsp) and actual values (x, X).
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Figure 9. Riveting application case: servo valve openings and hydraulic energies; (a) actuator servo
valve (Hscy) and relief servo valve (Hpcy) openings; (b) input (E;;,) and wasted hydraulic energies
across pressure (Epcy) and actuator (E4cy) control valve.

3.3. Hot Stamping Application Case

Hot stamping is a forming technology widely used in the automotive, aerospace,
and industrial equipment manufacturing sectors. The forming process as a whole is
characterized by different main sequential steps [49] that make it possible to form a metal
sheet according to the shape of a specific die set. The press work cycle, drawn from [49],
is depicted in Figure 10; it should be noted that this application case is characterized by a
peak force that is substantially higher compared to the previously analyzed cases and that
moreover must be sustained for a longer time of about 30s.

700 o 3500
600 ol \ return | 3000
? waiting B
2 00 g auenching 2500 o
400 42000 =
2 forming unloading 0
= 300 1500 &
8 i =
£ 200 1000
100 < 500
0 : - 0
0 10 20 30 40 50
t,[s]

Figure 10. Hot stamping work cycle: upper die displacement and hot stamping force on the workpiece.

The work cycle is composed of six phases:

*  Loading: the die is fully open while the unformed metal sheet is being loaded;

*  Forming: during this phase the ram rapidly approaches the metal sheet; once in contact
with it, the forming operation occurs;

*  Quenching: the force is kept constant at its maximum value and the die remains closed;
during this phase, the formed part is hardened;

*  Waiting: the die is kept closed with almost zero force applied; the press is waiting for
unloading operation to start;

*  Rapid return: the ram rapidly moves back to its initial position, opening the die;

¢ Unloading: during this phase, the press is fully open and is waiting for the formed part
to be removed.

Due to the characteristics of the work cycle, the hydraulic components considered for
the simulations are of larger size with respect to the ones considered for the riveting and
also for the forging application case. These are:
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* A four-way proportional valve for motion control (Bosch-Rexroth 4WRLE35, 1500 L min~1
nominal flow rate);

e Afour-way proportional valve for pressure control (Bosch-Rexroth 4WRLE35, 1500 L min
nominal flow rate);

*  Three double-acting, double-rod hydraulic actuators working in parallel (Bosch
Rexroth CGH3MT4/320/220/750, 320 mm piston diameter, 220 mm rod diameter,
750 mm stroke).

Due to their larger size, the bandwidth for the two control valves is estimated to be
7 Hz. The simulation results are depicted in Figures 11-13. The estimated mechanical load
force provided by the HALE module is represented in Figure 11a. Also for this application
case, this force is calculated according to Equation (16), assuming that the load conditions
are completely known. Therefore, the shape of the graph results from the contributions of
the external, inertial and viscous forces; again, the sign of the force is positive if directed
towards the part to be formed. The supply pressure setpoint provided by the HEO module
is depicted in Figure 11b.
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Figure 11. Hot stamping application case: (a) estimated mechanical load force; (b) reference sup-
ply pressure.

Having been calculated with Equation (13), Ps 5, clearly shows the contributions of the
load pressure and flow rate. This can be seen also through a comparison with Figures 11a
and 12b. Starting from the outputs of the HALE and HEO modules, and from the required
piston motion, the simulation yields the results depicted in Figure 12a,b. Both figures show
that the setpoints of the supply pressure Ps and of the supply flow rate Qg are followed
with high accuracy; an exception concerns the supply pressure in the time ranges at the
beginning and at the end of the work cycle. These are periods in which the piston velocity
is zero, leading to the discharge of the whole pump output through the relief proportional
valve. Moreover, since the estimated load force is also zero, the pressure setpoint equals
the atmospheric pressure; the pressure control system consequently completely opens the
relief proportional valve (see Figure 13a, where the labels (1)—(6) indicate the different work
cycle phases) to satisfy these conditions. However, as saturation is reached, the supply
pressure does not follow the setpoint because of the unavoidable pressure drop across the
fully opened valve. On the contrary, when the piston starts moving, Figure 12a shows a
decrease in the supply pressure because the flow rate to the actuator Qg increases and so
the amount of pump flow rate to be discharged is lower; this occurs briefly around the 11s
and 42 s marks. Focusing on the opening of the proportional valves depicted in Figure 13a,
other considerations can be made. Whenever the piston velocity is null, the actuator control
valve is kept closed to prevent supplying flow rate to the actuator itself. On the contrary,
when the piston moves, the valve opens at 75%, corresponding to H* = 0.75, that is, the
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value considered in Equation (12). As regards the relief proportional valve, it saturates
when the entire pump flow rate has to be discharged due to the fact that the piston is at rest
and that the supply pressure setpoint equals the atmospheric one. Around 11s and 425,
the relief proportional valve opening decreases because the piston starts moving, requiring
a flow rate, and at the same time the supply pressure setpoint increases. At 11, the supply
pressure increases because of the working and inertial forces, while at 42 s the increase is
due just to the inertial actions. The analysis of the results concludes with Figure 13b, where
the different contributions to the wasted energy are reported. Unlike the previous cases,
the wasted energy associated with the actuator control valve E4cy is very low and can
be considered negligible with respect to that of the relief proportional valve Epcy. This is
due to the fact that in the hot stamping work cycle, the piston remains stationary for long
intervals in which the actuator control valve stays closed and consequently experiences no
pressure drop. On the contrary, the energy wasted across the relief proportional valve is
approximately equal to the overall hydraulic energy input; in fact, on one hand, when the
actuator control valve is closed, the whole pump flow rate discharges through the relief
proportional valve, on the other hand, a high working force, and so a high supply pressure,
is required for a significant portion of the working cycle.
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Figure 12. Hot stamping application case: pressure and motion control; (a) supply pressure and
supply flow rate setpoints (Qs,sps Pssp) and actual values (Qs, Ps); (b) position and velocity setpoints
(xsp, %sp) and actual values (x, X).
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Figure 13. Hot stamping application case: control valve openings and hydraulic energies; (a) actuator
control valve (H4cy) and relief proportional valve (Hpcy) openings; (b) input (E;;,) and wasted
hydraulic energies across pressure (Epcy) and actuator (E4cy) control valves.

4. Discussion

In this section, the results are discussed, pointing out the energy wasted during the
different operations with particular reference to the energy savings achieved in comparison
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with the traditional CFCP method. According to this traditional method, the hydraulic
power supply is not adjustable: the supply pressure and the pump flow rate are fixed.
The considered fixed pump flow rate and constant supply pressure are different for each
application case, having been chosen to be slightly in excess of the maximum work cycle
requests. Their values are:

e Forging: pump flow rate Qpcrcp = 1150 Lmin~!, supply pressure Ps = 300bar,
corresponding hydraulic input energy E;, crcp = 10,350 k] /cycle;

e Self-piercing riveting: pump flow rate Qpcrcp = 15.95Lmin~!, supply pressure
Ps = 300bar, corresponding hydraulic input energy E;,, crcp = 18.37 k] /cycle;

e Hot stamping: pump flow rate Qp crcp = 4545.2 L min~!, supply pressure Ps = 300 bar,
corresponding hydraulic input energy E;, crcp = 124.99 MJ/cycle.

The constant flow rate supply pressure leads the CFCP architecture to require energy
inputs E;;, crcp much higher than those achieved with the proposed method; due to the
excess of input energy, the position control, all else being equal, is expected to be more
effective. To compare the traditional to the new proposed approach, the adopted metrics
therefore concern energy consumption and motion control performances. The energy
saving is evaluated by calculating the percentage: 100(E;, crcp — Ein)/Ein,crcp- The cycle
times, the input energies, and the relevant energy savings for the different application
cases are summarized in the first four rows of Table 1. The table shows a significant energy
saving in each of the application cases. with a maximum value of 87.7%. The fifth row
of Table 1 highlights for each work cycle the CO, emissions that can be avoided over a
year thanks to the adoption of the proposed energy-saving method in plants that were
previously configured according to the CFCP architecture. For this estimate, 250 yearly
working days with two eight-hour shifts per day have been assumed. To convert energy
into equivalent CO, mass, an emission factor of 0.1775kg/kWh has been assumed; this
value has been obtained from the 2025 Italian Institute for Environmental Protection and
Research (ISPRA) report [50], and refers to the 2024 average value associated with the
emissions involved in the total electricity production in the European Union countries.

Table 1. Result summary.

Forging Self-Piercing Riveting Hot Stamping

cycle time [s] 18 23 55
Eincrcp [K] 10,350 18.37 124,990
E;, [K] 1268.34 431 67,070
Energy savings [%] 87.7 76.54 46.34
CO; savings [t/ year] 358.2 43 747.7
eyms,CECP %) 0.004 0.044 0.090
erms %] 0.283 0.203 0.169
€ peak,CFCP (%) 0.057 0.204 0.516
€ peat |%) 0.583 0.803 0.769

Rows 6-9 of Table 1 report the RMS and peak errors—expressed as a percentage of
the total piston displacement—achieved either with the proposed methodology or with
the traditional CFCP architecture. In this respect, the CFCP configuration leads to better
results, even though in all cases the RMS errors do not exceed 0.3% and the peak ones
remain below 0.8%. As already remarked upon, this performance gap may be reduced
in relative terms by decreasing the parameter H*; in absolute terms, a better tuning or a
refinement of the motion control system architecture could lead to improved results.

Figure 14 summarizes the energy comparison between the CFCP architecture and the
proposed one. The CFCP energy consumption serves as the denominator; the first bar in
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each histogram represents the reference value, E, ;, crcp = 100E;;, crcp/ Ein crcp; the sec-
ond bar reports E, ;, = 100E;,,/ Ei crcp, i-e., the overall energy consumed adopting the pro-
posed architecture; the third and fourth bars express the energy lost across the relief CCEV
(E;pcv = 100Epcy / Eiy crcp) and the actuator control valve (E, sy = 100E4cv / Ejy crcp)-
The fifth bar reports in relative terms the energy used directly by the mechanical load,
defined as E, ,,cy = 100(E;, — Epcv — Eacv)/Ein,crcp- As already noted, relevant energy
savings are achieved compared to the CFCP configuration; for the forging and hot stamping
cases, the remaining energy losses occur for the greatest part across the pressure control
valve; on the other hand, in the self-piercing riveting process, the losses are almost equally
distributed between the two valves. This qualitative difference is due to the fact that in the
riveting work cycle, the piston is almost always in motion, whereas the other two cycles
display long dwell phases and slow movements.
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(a) Forging. (b) Self-piercing riveting. (c) Hot stamping.

Figure 14. Energy consumption comparison.

5. Conclusions

This paper presented a management strategy for hydraulic actuators based on the con-
trol of the supply pressure through an innovative and unconventional use of a continuous-
control electrohydraulic valve. Controlling the power supply by such means introduces
substantial energy savings; moreover, the proposed technique is easily implementable on
existing plants that currently rely on conventional and more energy-intensive architec-
tures; in fact, the few required modifications have a minimal impact, mostly involving the
addition of a CCEV placed downstream of the pump and towards the reservoir.

Despite this conceptual simplicity, any actual circuit modification must address addi-
tional practical issues, particularly in relation to the preexisting plant configuration. These
include the comprehensive selection of valves that meet the required bandwidths and are
generally suitable for the specific operating conditions, the identification of the optimal
physical location for the newly installed equipment, and the effective integration of the
pressure regulation loop with the already present control hardware and software.

The advantages of this solution are showcased through simulations of real case studies:
forging, self-piercing riveting, and hot stamping. These three applications cover a wide
range of forces; this demonstrates the validity of the proposed method for different kinds
of work cycles. The simulation results, in terms of energy consumption, were compared
with those obtained using the traditional Constant Flow Constant Pressure architecture;
the comparison shows the significant energy saving achievable using a CCEV for supply
pressure control. Significant reductions in the emission of CO, are consequently achieved.

The use of a continuous-control electrohydraulic valve to manage the supply pressure
is, therefore, a highly effective solution for the achievement of significant energy savings in
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hydraulically actuated systems. As future work, the authors are setting up a dedicated test
rig to experimentally investigate the dynamic performance of the proposed architecture
as a way to control the hydraulic power supply and to experimentally validate the new
management and control strategy.
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