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Abstract—Self-contained electro-hydraulic cylinders that can
be powered just by an electrical wire will be popular in the
coming years. Combining electrical-drives and hydraulic cylin-
ders exploits some excellent properties of these two technologies
and enables flexible implementation. To fully benefit from such
a drive solution, there is the need to develop electro-hydraulic
cylinders capable of operating independently as opposed to
standard hydraulic systems that are connected to a central power
supply. Therefore, this paper presents a numerical investigation
of a self-contained electro-hydraulic cylinder with passive load-
holding capability. The corresponding dynamic model is proposed
and used to predict the system behavior with a view to future
implementation. The simulations show the proposed drive guar-
antees proper functioning in four-quadrant operations.

Index Terms—compact electro-hydraulic cylinders, valve-less
systems, electric-drives, load-holding

I. INTRODUCTION

During the last years, electro-mechanical drives are increas-
ingly replacing standard valve-controlled hydraulic actuators
due to the easy installation on the machine and the higher
energy efficiency [1]. These electro-mechanical solutions are
unsuitable in several applications such as primary aircraft
flight control or offshore oil drilling mainly due to the limited
reliability [2]. For this reason, there is an ongoing interest in
developing self-contained electro-hydraulic cylinders (SCCs)
since they represent a valid alternative to electro-mechanical
systems. SCCs are compact and self-sufficient drives con-
nected to an electrical power supply that enable plug-and-
play installation (Fig. 1). A limited number of commercial
SCCs have been introduced to the market mainly using single-
rod cylinders [3]. Employing a valve-less architecture to
control the hydraulic actuator is popular in many applications
since higher energy efficiency is possible. For instance, a
displacement-controlled excavator showed a 40% efficiency
improvement in a truck loading cycle when compared to
a state-of-the-art load-sensing machine [4]. Research focus
related to SCCs is primarily on cost efficiency and low power
applications, i.e. below 5 kW [5]. For instance, Michel et
al. derived specific conclusions about the best approach for
SCCs without passive load-holding functions [6]. This means
there is need for more generic SCCs capable of delivering
higher power and providing features such as passive load-
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holding. Countless applications will benefit from such a drive
solution. A few examples are gripper arms for offshore pipe
handling machines [2], hydraulic presses, trailer lifts, marine
jack plates, scissors tables, positioning systems for solar
panels, Stewart platforms, single-boom cranes, etc. Thus, this
paper takes advantage of a comprehensive literature study
on electro-hydraulic architectures to discuss a concept for a
self-contained cylinder. The target is on the evaluation of an
electro-hydraulic self-contained single-rod cylinder in closed-
circuit configuration with sealed tank suitable for power levels
above 5 kW. The mathematical model of the proposed system
is presented together with a numerical investigation intended to
evaluate the performance in view of a future implementation.

Variable
Speed

Auxiliary
Components

Fig. 1: Standard system architecture for self-contained electro-
hydraulic cylinders (simplified schematic).

II. LITERATURE SURVEY

The majority of valve-less systems in closed-circuit con-
figuration makes use of the following approaches to control
the motion of linear actuators.

1) Systems with a variable-displacement pump driven at
fixed speed. The amount of flow directed to the actuator is
controlled by the pump displacement setting while the flow
direction is changed by adjusting the swash-plate overcenter.
Figure 2 shows the system in closed-circuit configuration pre-
sented in [7]. This control approach is mainly used for multi-
actuator construction machines, e.g. [4], since a dedicated
pressure source is needed to adjust the unit displacements.

2) Systems with a variable-speed electric motor driving the
fixed-displacement pump. The actuator motion is controlled
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Fig. 2: Displacement-controlled pump driving a single-rod
cylinder according to the architecture proposed in [7].

by adjusting both speed and direction of the motor rota-
tion [6], [8], [9], [10], (Fig. 3). The electric motor can either be
an asynchronous machine [11] or a synchronous machine [8].

§ ¥ @ :

Fig. 3: Speed-controlled pump driving the cylinder according
to the architecture proposed in [10].

3) Systems with a combined control method. The variable-
speed prime mover drives the variable-displacement servo-
pump meaning that both components are actively controlling
the actuator motion [12].

Only layouts with a variable-speed electric motor and a
fixed-displacement pump have been consistently used for
SCCs in the past. This minimizes the number of control
elements and the number of hydraulic components, i.e. the
additional pressure source of the variable-displacement pump
is not needed. Concerning the actuator type, double-rod
cylinders are almost exclusively used in aircraft flight con-
trols [13], [14], [15], [16] and [17]. The double-rod con-
figuration increases the installation space while the sym-
metrical piston areas reduce the maximum available force
with the same maximum pressure. Consequently, single-rod
cylinders are the most popular actuators for at least 80% of
electro-hydraulic drives [18]. Balancing the differential flow
due to the asymmetric areas is necessary when the closed-
circuit configuration is implemented. Multiple flow compen-
sation methods were proposed in the past mainly involving
pilot operated check valves (Fig. 2), flushing valves (Fig.
3), or electrically operated on/off valves [19]. Some issues
related to instability and uncontrolled pressure oscillations
were mentioned [10] and [20]. However, this is the case
under high dynamic excitations of the system [3], i.e. an
operating condition that might be representative for low-
power applications. Other approaches have also been explored
such as using hydraulic transformers, tandem pumps, 3-port
axial-piston pumps, asymmetric gear pumps, Oor two pumps
connected to each actuator port (Fig. 4). Table I provides a
synthesis of these options.

Fig. 4: Simplified architecture according to [8] of a SCC with
two gear units that balance the differential cylinder flow.

Moreover, very few researches addressed the passive load-
holding capability of SSCs. This feature is intended to main-
tain a fixed piston position without delivering power to the
system. A first solution is a commercialized system [21]
that has been patented in 2008 [22]. Pilot operated check
valves are installed between the pump and the actuator while
each opening pilot is sensing the pressure of the opposite
pump side, see Fig. 5. A similar approach is also addressed
in [23] and [24]. Alternative load-holding systems were pre-
sented in [9] and [25]. Both solutions make use of counter-
balance valves that are operated differently. Some of these
load-holding systems are also equipped with manual pressure
release valves that can be used in case of failure to manually
modify the actuator position.

= e

=T —® ity

Fig. 5: Closed-circuit configuration with passive load-holding
according to [21].

TABLE I: Differential flow compensation methods

Method: Reference:

[26], [27], [28]

Hydraulic transformers
Pilot operated check valves [71, [24], [29], [30], [31]
Shuttle valve [6], [32], [33]

Tandem pumps [34]

3-port asymmetric piston pump [35], [36], [37], [38]

Asymmetric gear pump [39]
Two pumps with equal displacement [40]
Two pumps with different displacement  [6], [41], [42]
Two single rod cylinders in parallel [43]

Table II summarizes the architectures of the SCCs addressed
in this survey. Details about the possibility of performing four
quadrant (4Q) operations are listed as well as the passive load-
holding (PLH) capability.

In conclusion, the idea behind -electro-hydraulic self-
contained cylinders is combining the advantages of standard
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hydraulic actuators such as reliability, and high power-to-
weight ratio, with the benefits of electro-mechanical drives
such as energy efficiency, minimal maintenance, and easy
plug-and-play commissioning. Additional requirements such
as compactness, robustness, and reduced costs are also of
interest due to their relevance in both industrial and mobile
applications [3] and [39].

TABLE II: List of considered SCC concepts

SCCs: 4Q: PLH: Reference:
Double gear pump YES NO [6]

Direct driven hydraulic drive YES NO [8]
Differential gear pump NO NO [39], [44]
Inverse shuttle valve YES NO [3], [6], [45]
Compact electro-hydraulic actuator NO YES [9], [25]
Pump controlled single rod actuator ~ YES NO [10], [46]
Compact electro-hydraulic actuator NO YES [21], [22]

III. SYSTEM ARCHITECTURE

The target of this research is to study a self-contained
cylinder that operates in four quadrants, includes passive load-
holding devices, and can deal with power levels above 5 kW
According to the literature survey presented in the previous
section, published solutions that meet all these requirements
are not available. Several systems represent a partial fit
(Tab. II). Therefore, some features coming from them were
combined accordingly to generate the architecture depicted in
Fig. 6.

oA

EV,

DPOCV,[RV.

Fig. 6: Schematic of the SCC under investigation.

The combination of a variable-speed servo-motor (PMSM)
and a fixed-displacement hydraulic pump was chosen to drive
a single-rod cylinder arranged in closed-circuit configuration.
Two pilot operated check valves (POCV ) balance the differ-
ential cylinder flow as in the system discussed before [7]. Their
low-pressure ports are connected to the accumulator (Acc)
that represents the sealed tank of the SCC. The remaining
pilot operated check valves (POCV3 4) take care of the passive
load-holding as in [21] and [23]. The opening pilot pressure
is selected as the highest system pressure by some check
valves (Xi 2.3 4) to deal properly with aided loads (i.e. when
the load is acting in the same direction as the motion). This
solution has been inspired by [47] where a 3/2 valve controls
the opening pilot of the load-holding POCVs by using an
external pressure signal always high enough. The passive load-
holding is enabled or disabled by two electrically operated

on/off valves (EV). When actuator motion is desired, the
EVs are energized resulting in the opening pilot pressure
equal to the highest system pressure. Conversely, when the
EVs are not energized the pilot pressure is equal to the
accumulator pressure that maintains POCV3 4 closed. Pressure
relief valves (RV 2 3 4) are installed on the pump ports and on
the actuator ports to avoid overpressurizations during normal
functioning and load-holding, respectively. An anti-cavitation
valve (AC) is connected to each actuator side. Finally, a
manually operated valve intended to release the actuator in
case of electric failure is not showed in the schematic but can
be easily included in the real system.

Figure 7 shows the functioning of the system under inves-
tigation depending on the operating condition. Low-pressure
sides (LP) and high-pressure sides (HP) are highlighted in all
four quadrants as well as the direction of the flows. The two
on/off valves are always energized to disable the load-holding
capability.

The size of the components has been chosen from cata-
logues available on the market according to a conventional
static sizing that guarantees maximum piston speed of 150 =™
and maximum output force of 40 KN. This target is met
assuming system pressure up to 200 bar in combination with
a cylinder characterized by dimensions 65x35x500 mm. The
resulting axial-piston pump has displacement of 10 - since
the selected servo-motor can run up to 4200 = This unit is a
permanent magnet synchronous machine. Lastly, accumulator
has a volume of 3.5 liters whereas the load-holding valves
have area ratio of 1:3 and cracking pressure of 5 bar.

IV. SYSTEM MODELING

The hydraulics has been modeled using a well-established
approach successfully tested in the past, e.g. by Rahmfeld [19].
The effective magnitudes of the pump are evaluated using
flow and torque losses (Qs > 0 and Ts > 0, respectively)
measured from steady-state experimental data [48] with a
reference unit. The same losses have been assumed for all
quadrants and scaled to the desired pump displacement ac-
cording to (1) and (2). The shaft speed as been scaled via (3).

Qs = A Qsyrer (D
QT = /\3'QT,ref (2)
no= A nges (3)

The scaling factor A is computed in (4) as function of the
pump displacement Dp used in the simulation.

Dp
A= 2 4
DP,ref ( )

The effective unit flow rate is evaluated in (5) according to
the machine operation, i.e. pumping or motoring mode. The
flow losses are completely attributed to internal losses.

(IDp - n| = Qs) - sign(n),

0 if pumping,
P = )
(|IDp - n|+ Qs) - sign(n),

5
otherwise. )
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Fig. 7: Four quadrant operations for the considered SCC
(simplified schematics).

Equation (6) provides the effective shaft torque 7%.

2T

The mechanical powers measured at the unit shaft Pp,,;; and
at the actuator rod Pg,y; are defined in (7) and (8).

Pynit = Te-n-sign(n) @)
PCyl = FLoad T (8)

Evaluating the pressures in the different sections of the
system is crucial, and they are labeled in Fig. 6. The pressure

T, = (Dp . & + T3> - sign(n) (6)

build-up equation (9) that involves the fluid bulk modulus g,
the volume of the hydraulic capacitance V' and the flow
balance has been used.

. B

b= Z Qi ©
The pressure gradients related to every hydraulic capacitance
are shown in details in (10), (11), (12), (13) and (14).

P = % (Qrocv, +Q@p — Qprocvs — Qryy)  (10)
P2 = % (Qrocvs + Qac, —&-Aa—Qrvy) (11
p3 = % (Qprocv, = Qprocv, — Qp — Qrv,)  (12)
ps = % (Qrocv, +Qac, +&-Ap —Qrv,)  (13)
Ps = % (QRV1 5. — Qrocvi, — Qac ) (14)

Constant volumes V|, have been assumed for the transmission
lines V7 and V3. The definitions of the volumes V5 and V3
are shown in (15) and (16) respectively. The influence of the
hydro-pneumatic accumulator is showed in (17), where v is
the polytrophic coefficient, Vj 4. the accumulator volume,
and po Acc the pre-charge pressure.

Vo = Woo+As-z (15)
V4 - VO,4 + AB . (xmaa: - l’) (16)
1
V cc CC;
Vi = Vot |- 2odee Podeel (17)

Ps v

The flow rates of the anti-cavitation valves (i = AC;_5) and

of the pressure relief valves (i = RV;_4) are defined in (18).

The characteristic valve flow gain K; is introduced as well

as the inlet pressure pj,, the outlet pressure po,:, and the
cracking pressure pc-.

_ Kl : (pIn — POut — pCT)y if (pIn _pOut) > pPcCr,
Qi = .
0, otherwise.

(18)

The flow rate through the pilot-operated check
valves (¢ = POCV;_,) is found with the orifice equation (19).
The different terms are the discharge coefficient Cy, the seat
diameter d, the lift of the poppet y, the pressure differential
across the valve Ap and the fluid density p.
) 2

Qi = Cq-(m-d;i-yi) - sign(Ap;) - o |Api|  (19)
The lift results from the force equilibrium of the poppet
where the poppet dynamics have been neglected. The pilot
pressure p,, the area of the poppet seat Ageqs, the area of
the pilot stage A,, the pre-load force of the spring Fs, and
the spring stiffness kg are involved. Two operating modes are
emphasized: normal flow (20) when the pilot stage is separated
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from the poppet (i.e. pr, > p,) and reverse flow direction (21)
if the pilot stage is in contact with the poppet (i.e. pr, < pz).

1
Yi = k— . (Ap1 . ASeat - FS,O) (20)
S
1
Yi = g((pw _pln)'Ax+Api'ASeat_FS,0) (21)

The governing equation for the actuator motion is pointed
out in (22) from the Newton’s second law. A simplified sce-
nario characterized by a horizontal sliding mass mpg, loaded
by an external force F,qq is accounted.

1

mpeq

& = “(p2-Aa—ps-AB — Frric — Froaa) (22)
The actuator pressures and areas (piston-side area A 4 and rod-
side area Ap) describe the force coming from the hydraulics
while the actuator friction F'r.;. is given in (23) according
to the Stribeck model. The different coefficients account the
viscous friction coefficient fy, the Coulomb friction F, and

the static friction coefficient fg.
. L — L2l
Fpric = @ fv +sign(s) - (Fo+ fs - 7 )

The pressure losses in the transmission lines have been
neglected due to the compact configuration of the drive. The
valves used to enable/disable the load-holding capability have
been simulated as an equivalent logic function. Finally, the
dynamics of the electric motor have been simulated using a
second-order transfer function from commanded to simulated
speed. Due to the fast response of the machine, this simplified
approach is sufficient at this stage of the investigation.

(23)

V. SIMULATION RESULTS

Understanding if the proposed SCC is a feasible approach
to meet the aforementioned requirements represents the target
of the following simulations. Operations in four quadrants are
tested by varying the direction of the external load accordingly.
The controller implemented in MATLAB-Simulink takes care
of generating the commanded motor speed in order to track
the desired actuator position. The logic emerges from Fig. 8.
The command directed to the on/off valves (not shown in the
block diagram) is activated when non-zero actuator velocity is
wanted.

D 5et FE [WFF
L]

Inputs

Tset r?r, E Upp

Fig. 8: The control logic for the proposed SCC.

Plant

If actuator motion is not desired, the switch logic sets the
commanded motor speed to zero. Contrariwise, the motor
speed is defined as follows. The feedforward term (FF) es-
timates the necessary motor speed depending if the HP is on
the piston-side or on the rod-side (24).

TSet * (é—f;) , if HP — piston-side,
Upp = (24)

TSet * (g—i) , otherwise.

The feedback element (FB), originated by a constant
gain Kp acting on the position error e,, corrects the pre-
diction of the feedforward element. The resulting speed com-
mand nge; is propagated to the plant according to (25).

Nset = €z Kp+upp (25)

Figure 9 depicts the actuator position in combination with
the position error and the external load acting on the actuator.
The results show good agreement between commanded and
simulated position. This is the case for system operations in
all four quadrants (OUT — cylinder out-stroke, IN — cylinder
in-stroke, R — resistant load, and A — aided load).

OUT,R PLH

INNA PLH OUT A IN,R

PLH
|

40 E L L I I I L
0 5 10 15 20 25 30
Time [s]

Fig. 9: Simulation cycle: piston position, position error, and
load force.

0 5 10 15 20 25 30
Time [s]

Fig. 10: Simulated actuator velocity.

The reference position has been generated to achieve the
maximum piston velocity, i.e. 150 "%, Figure 10 proves
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the system sizing is satisfactory. The control effort, i.e. the
commanded motor speed, is presented in Fig. 11. The speed
variation is generally very smooth and well within the upper
limit of the electric machine. A few reduced spikes are induced
by the zero-velocity switch logic that kicks in. The system
pressures are visible in Fig. 12. They behave as expected,
especially the accumulator pressure that is characterized by
limited variations. Figure 13 highlights the poppet position
of the load-holding pilot operated check valves POCVsj 4.
The electric signal directed to the EVs to supervise the
load-holding capability is included as well. The POCVs do
not introduce unpleasant oscillations during motion. Most
importantly, they maintain the piston position (Fig. 9) when
the electric motor is not operating.

1
- = = Thes
0 5 10 15 20 25 30
Time [s]
Fig. 11: Commanded and simulated motor speed.
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Fig. 12: System pressures: actuator, pump, and accumulator.

Figure 14 illustrates the mechanical power measured both
at the unit shaft and at the actuator rod. According to the
sign convention, positive values mean the power flow is from
the hydraulic unit to the actuator and vice versa for negative
values. The power levels presented are relatively low because
they refer to a compact system meant for laboratory testing.
Nevertheless, this system architecture can successfully deal
with much higher power levels if the size of the components

1 =~ T
1 1
1 1
— ! 1 YPOCV;
o 05F 1 1 b
1 . = = =Yprocv,
1 1 -
0 I ! I 1 l-,' \\\ P RS
lO 5 10 15 20 25 30
1 05¢f 1
0 | | | |
0 5 10 15 20 25 30

Time [s]

Fig. 13: Load-holding: poppet lift, and EV signal.

5t LN (p = 4
N
0
== =Poy
-5t ! Mt VT i ]
0 5 10 15 20 25 30

Time [s]

Fig. 14: Actuator and pump power.

is modified accordingly. Finally, these power trends provide
some preliminary indications about the efficiency of the hy-
draulic sub-system. When the actuator is driven, this efficiency
is about 80%.

VI. CONCLUSION

This paper discussed in first place a detailed literature
review about electro-hydraulic self-contained cylinders cha-
racterized by being a sealed system. The survey pointed out
a missing solution to drive SCCs that comprise passive load-
holding devices, operate in four quadrants, and are suitable
for power levels above 5 kW. Hence, a specific concept was
presented and modeled. The numerical simulations showed
that the system behaves properly in four quadrant operations
and can hold the external load passively. Plans for future
investigations include both the design of a more advanced
control algorithm and the implementation of this SCC on a
real test-bed.
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