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Abstract

Hydraulic powered systems in mobile machines suffer from low operating
efficiency during multiple actuator operation owed to large throttling losses
when metering the flow to low pressure actuators. State of the art throttling
based systems suffer from these losses, demand higher engine power to
supply for peaks, couple the prime mover to the dynamic nature of the load
and offer no energy recuperation or regeneration. Significant improvement in
energy efficiency of mobile machines can be achieved by addressing these
drawbacks. This paper presents a novel multi-pressure system aiming to
reduce throttling losses, handles power peaks locally, regenerates and stores
energy and decouples the supply system from load dynamics. In the multi-
pressure system, Proportional bidirectional poppet type 2/2 valves are used to
select the best possible pressure line from four levels maintained by integrated
hydraulic accumulators while simultaneously adjusting the flow for the actu-
ators’ piston and rod sides. A controller is studied and presented for the novel
system and the challenges are also discussed. Additionally, possibilities to
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improve the energy efficiency is also illustrated. Simulation results from a 20-
ton wheeled excavator work functions show good controllability and tracking
performance as well as regeneration of energy during lowering of the boom.
Reduction in energy consumption compared to a traditional load sensing
system is also realizable although difficulties defining the novel system’s
saving abilities is present.

Keywords: Multi-pressure system, energy efficiency, simulation, mobile
machines, control.

1 Introduction

Hydraulic-powered systems are among the most commonly used in the
actuation of heavy-duty mobile machinery. They offer unmatched power-to-
weight ratio, high reliability, and ease in generating linear motion. However,
the systems required to operate these hydraulic applications often suffer
from low overall efficiency, depending on the operating conditions. This
is particularly evident during simultaneous actuator operation, such as in
an excavator, where multiple actuators with significantly different operating
requirements are used simultaneously. For example, during a typical dig-and-
dump cycle, the swing, boom, arm, and bucket are mostly engaged, each
requiring different pressure levels to perform their tasks effectively.

State-of-the-art load-sensing (LS) systems widely used in mobile
machine applications address this limitation by setting the pump pressure
slightly above the highest actuator pressure. As a results, actuators operating
at lower loads must be throttled which causes significant energy losses. In
traditional LS systems, the peak power is drawn from the diesel engine, even
though the peak engine power is typically much higher than the average
power required during operation [1]. Another drawback is the fluctuation
in supply pump power, which results in dynamic fuel consumption and
increased particle emissions [2, 3]. The-crankshaft-to-work efficiency during
the operation of such system can be as low as 14% [4] and even lower
when considering diesel efficiency. This level of inefficiency is increasingly
unsustainable due to tightening emission regulations and rising demands for
energy-efficient machine operation.

Several promising solutions were studied to improve the energy efficiency
of hydraulic actuation systems. For example, displacement control, where a
separate supply system is used at each actuator in replacement of throttling
valves [5, 6, 7, 8] has been explored. However, these systems are expensive
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and require valuable space, which is often unavailable in excavators [9]. They
also suffer from high idle losses due to multiple pumps running under no
load, and they increase the installed capacity. Hydraulic transformers have
been suggested as a method to transform the pressure to arbitrary levels
without throttling but no commercial solution is exists so far [10, 11, 12].
This is because hydraulic transformers are relatively expensive to implement,
especially when compared to conventional valve solutions [13]. Another
approach is the use of independent metering valves where the inflow and
outflow sides of the actuator are controlled separately. Each edge has its
own dedicated valve, allowing different control modes such as differential
mode and inflow—outflow mode. However, despite the availability of multiple
control modes, significant throttling losses still occur especially in multi-
actuator systems [14, 15, 16, 17, 18, 19, 20]. A further approach involves
the use of multi-chamber cylinders to create a discrete variable displacement
linear actuator which is estimated to considerably reduce losses by up to
60% [21]. This technology has been investigated further in several industrial
applications, such as construction [22, 23], aerospace [24] and wave energy
converters [25]. Although multi-chamber cylinders offer superior energy
efficiency to other designs, so far they are not widely adapted in the industry.
The only example of that type of system implementation is NorrHydro’s
NorrDigi currently under investigation [26].

One promising idea is the use of multiple pressure levels based on load
requirements. An intermediate pressure line was added to improve the system
efficiency of a wheel loader [27] showing 13-20% improvement. A system
called “TIER” used two pressure rails allowing multiple operating modes by
using electronic configuration was tested on a small backhoe arm [28]. A
three pressure line system was developed in an excavator work hydraulics in
the “STEAM project. A set of on/off valves were used to select the appropri-
ate pressure rail and a throttling valve controls the actuator speed. In an air
grading cycle, the “STEAM” system was faster, did more work, consumed
less fuel and was generally more efficient compared to LS system [29, 30, 31].
In agricultural applications, the addition of a third pressure rail resulted in the
largest throttle loss reduction (49%) lower compared to LS systems [32, 33].
Although this study show that the efficiency gains decrease significantly after
three rails, it is limited to agricultural applications. These are characterized
by the absence of over-running loads, hydraulic motors operating in one
direction and relatively non-dynamic behavior unlike excavators and other
similar mobile machines. A system with three pressure lines and three cham-
ber cylinder also shows up to 36% reduction in fuel consumption of a 22-ton
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excavator, achieved by reducing the power requirements from the hydraulic
system [34].

Previous research demonstrates that having more than one pressure level
can improve the energy efficiency of the system by minimizing throttling
losses, optimizing the engine and pump operation, and enabling recuper-
ation and regeneration of energy. Huova [35, 36] showed that increasing
the number of pressure levels from three to four or more can improve the
energy consumption by up to 72% while keeping the controllability and
accuracy of the actuators at an acceptable level. Bertolin[37] presented a
qualitative study to optimize the areas and medium pressure level in a multi-
chamber system with three pressure lines applied to excavator implements.
Within the considered scope of up to four chambers and three pressure
rails, the study suggests that adding a fourth pressure rail could yield higher
efficiency gains than adding an extra cylinder chamber, but it does not provide
concrete evidence. This aspect remains open for further investigation and
partially motivates the present study. Multi-pressure systems (MPS) have
consistently demonstrated strong potential in enhancing the energy efficiency
of hydraulically powered machines, with improvements often correlating
with the number of available pressure levels. Linjama [38] also argued that
40% reduction in fuel consumption can be achieved when using MPS.

In this work, a novel MPS with four pressure levels is studied in simu-
lation as a proof of concept on a multi-actuator 20-ton excavator. The novel
system aims at minimizing the pressure difference across the control valve
by selecting the optimal supply lines for the inflow and outflow sides. This
is done while keeping the pressure difference high enough over the active
control valve for load and flow requirements. The selection is done by pro-
portional control valves which adjust their opening according to the selected
pressure level, required flow rate and chambers pressures. On contrary to
previous research [9, 25, 27, 33] the novel MPS has an additional pressure
line (compared to three), is capable of metering the flow using simultaneous
pressure levels incorporating bidirectional proportional poppet valves. The
system is also capable of separating the load fluctuations of the actuators
from the engine-pump system using hydraulic accumulators as the constant
pressure source, which can lead to better diesel engine operation and lower
fuel consumption. It also introduces the opportunity to downsize. The addi-
tion of accumulators enables energy regeneration and the use of independent
metering enables energy recuperation between different accumulators. How-
ever, adding three accumulators and multiple proportional valves increases
system control complexity, requiring the design of a control law capable of
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achieving the novel system goals. This paper also presents a controller that
maintains MPS functionality while demonstrating good tracking performance
in an air grading cycle.

The following sections present the novel MPS design and its implemen-
tation on the excavator. Next, the simulation model comprising cylinders,
valves, accumulators, pump, and machine mechanism is discussed. In addi-
tion, the control logic is illustrated in detail, highlighting the valve and supply
system algorithms. Then, the selected working cycle used for the simulation
is described. Finally, the results for system and controller performance,
energy savings, and comparison with the traditional LS system are presented
and discussed.

2 Multi-pressure System

2.1 System Architecture

The MPS is installed on a 20-ton Volvo EW210c wheeled excavator with the
actuators for swing, boom, arm and bucket modified to be part of the new
system. Other excavator functions such as travel, back plate and adjusting
cylinder (2-piece boom) are left unmodified and are powered by the original
system where the machine with components highlighted is shown in Figure 1.

A simplified hydraulic diagram of the new excavator MPS system is
shown in Figure 2. The excavator is powered by a diesel engine operating
a central variable displacement pump. The pump sends power to three piston
type hydraulic accumulators at three pressure levels (pr,, pas, pr ), €ach accu-
mulator is fitted with a pressure sensor to control filling and emptying. The py,
and pj; accumulators have On/Off charge valves while the py accumulator
is fitted with a check valve. Each modified actuator in the excavator system
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Buf:kct Arm Cylinder Boom Upper
Cylinder Frame
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Figure 1 Volvo EWC210c wheeled excavator with the main components highlighted.
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Figure 2 Simplified MPS showing main excavator functions.

is fitted with a valve manifold consisting of proportional 2/2 valves with
four for piston side and four for the rod side responsible for selecting the
pressure level and simultaneously adjusting their opening according to the
required flow, supply pressure and load. The actuator inflow and outflow
chambers are monitored with pressure sensors to measure the load force
which is used to decide the current pressure level. In comparison, the original
machine features a single variable displacement pump with a capacity of
approximately 400 liters per minute, powering both the work hydraulics and
the drive-train. Its valve system utilized hydro-mechanical load-sensing tech-
nology, employing closed-center downstream pressure-compensated valves.
The schematic and description of the original machine can be found in a
different study on the same excavator [39].

The modified MPS allows for multiple improvements over conventional
throttling-based systems currently used in the industry. Firstly, the engine and
pump are only required to supply mean power instead of peak power. The
higher demand can be supplied by the accumulators which means the engine
and pump can operate at a more efficient zone. Accumulators can store energy
regenerated from boom lowering, swing deceleration and similar. Addition-
ally, having multiple pressure levels to select from can minimize the pressure
difference across the control valves and thus minimizing throttling losses
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specifically during simultaneous actuator operation. Finally, the suggested
system also offers the practicality of only modifying the power supply system
rather than changing the original actuators in comparison to, for example,
multi-chamber cylinders.

To fully exploit the potential of the MPS system, an effective control
algorithm is essential. The controller must efficiently select the appropriate
pressure lines, while simultaneously optimizing the operation of the pump
and diesel engine to minimize losses and reduce fuel consumption. In addi-
tion, precise regulation of the proportional valve openings is required to
deliver the desired performance. Finally, the control strategy should provide
system responsiveness and controllability comparable to or superior to the
conventional approach.

2.2 Operating Principle

In each actuator port in the system there are four pressure supply lines to
choose from for the inflow and outflow which are [pr, pr, pas, pr|. Multiple
supply lines can be connected to one actuator port at the same time which
is achieved through the proportional valves at each port. To achieve the
required flow, there must be a minimum pressure difference across the control
valve. The supply system recharges the depleted accumulators through the
charge valves installed at each accumulator inlet, the pump’s displacement
is controlled using a proportional electric solenoid. The control algorithm
requires the knowledge of current load and line pressures which is done by
measuring the cylinder port pressure to determine the load and accumulator
pressure to detect supply pressure and hence the pressure difference across
the current selected control valve.

Proportional control valves enable the supply of flow from multiple pres-
sure levels simultaneously. This means that the chamber flow rate references
for both the inflow and outflow sides can be distributed among different
control valves, with each valve connected to a specific supply line.

The flow rate estimate is derived from the actuator’s velocity reference,
which is based on the operator’s joystick signal. To achieve energy-efficient
operation, the lowest available pressure lines are prioritized on the inflow
side. In contrast, the highest-pressure lines are prioritized on the outflow side
to maximize energy regeneration. For example, if the flow demand on the
inflow side cannot be fully met by a single valve connected to the lowest
pressure level, the system activates the next valve connected to the second-
lowest pressure line to supply the remaining flow, and so on.
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Figure 3 Flow rate references @),y metered by individual valves as a function of the
chamber pressure reference prey, Ur, v, 1, Qr,0m, 1 are the corresponding valve opening and
flow rate of each accumulator and pr, ar, i are their pressure

To illustrate the valve manifold logic Figure 3 shows a simplified oper-
ation with an increasing chamber pressure reference on the inflow side
under steady-state conditions. The increasing pressure reference represents
increasing load force on the actuator. An example of the actuation logic of an
actuator valve manifold using two reference flow rates is shown. In the upper
graph, the flow rate reference is set at 80 [ /min and is metered at lower cham-
ber pressure using the lowest supply line valve. As the pressure increases and
approaches the supply pressure of the selected valve, the valve can no longer
meter the required flow effectively. When the pressure difference becomes too
small, the second-lowest pressure line is connected by opening the second
valve. Simultaneously, the first valve closes to maintain flow control. The
process is repeated selecting higher pressure supply lines as the chamber
pressure is increased even more. The bottom graph shows a flow reference of
300 [/min where the same operation principle can be noticed. The pressure
lines are selected in ascending order until all the required reference flow is
metered. It is also evident that the flow reference is metered by two valves
with different supply pressures simultaneously. In addition to these features,
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Figure 4 Simulation model of the MPS including control, hydraulics and multi-body
dynamics

the actuator controller contains several functions to prevent step-wise control
signals, force peaks and other harmful phenomenon that comes as a result
for switching between different pressure levels, this is discussed later in the
controllers section. In summary, the actuator control first determines the load
and supply pressures through pressure sensors while the flow reference is
estimated through the velocity reference set by the operator. Second, the
actuator controller operates the valves that:

1. Minimize the throttling losses and switching losses for the inflow and
outflow sides.

2. Have high enough pressure to provide a differential across the valve to
meter the flow and ensure correct direction of flow.

3. Prevent step wise control signals and disturbances.

4. Avoid the emptying of accumulators.

5. Reduce large pressure changes.

where the above control logic is applied for the inflow and outflow side in an
identical fashion.

3 Multi-Pressure System Modeling

The MPS is modeled in MATLAB-Simulink environment where the exca-
vator mechanics are modeled using Simscape multi-body dynamics while
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the hydraulic system is modeled in Simulink using non-linear physical
modeling of components. The overall simulation model is shown in Figure
4. The trajectory generator represents the operator’s position command and
is capable of generating preset trajectories. These trajectories were measured
experimentally in previous research using the original machine’s load-sensing
(LS) system. This allows the actuator movements in the simulation to closely
match those measured from the original system, enabling meaningful com-
parisons. In the controller implementation the velocity reference is generated
from the joystick commands through the operator. The trajectory generator
does not receive velocity feedback from the system but is modeled corre-
sponding to visual feedback of the operator giving correct velocity reference
Uref; through the joystick [36].

The actuator controllers are responsible for generating the valve opening
commands u; , , for each actuator’s inflow and outflow sides, where i denotes
each actuator: swing (SW), arm (AR), boom (BO), and bucket (BU) and
A,B representing cylinder ports. In parallel, the supply controller uses the
accumulators’ reference pressures ps, ., to activate the pump flow rate @),
and the charge valve openings uy, »s, which are then used as inputs to the
hydraulics model to start the charging of the accumulators. This model
outputs the chamber pressures p4,, pp,, actuator net force Fj;, and the
accumulators pressures ps which serve as inputs to both the actuator and
supply controllers. The net forces produced by the hydraulic cylinders drive
the movement of the excavator’s components in the multi-body dynamics
model. It should be noted that the swing actuator is in reality a hydraulic
motor, but mathematically it is modeled as a symmetric cylinder with piston
area replaced with radian displacement and piston velocity with angular
velocity. The dynamics model computes the positions x; and velocities x;
of each actuator, which are used as feedback to the hydraulics model. The
details of each model component and how all the values are calculated are
provided in this section.

3.1 Multi-body Dynamic Excavator Model

The analysis of the excavator system requires complete modeling of compo-
nent dynamics. This is done using the MATLAB Simscape toolbox which
requires the definition of all kinematic relations, inertia, masses and other
dynamic properties. The mechanical properties such as the masses and inertia
are obtained directly from the manufacturer through their CAD models. Some
assumptions were made due to the difficulty in obtaining certain data which
includes:
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* Friction is lumped into the actuator’s friction model.

* Rigid body assumption
These assumptions don’t have a noticeable effect on the results since they
are small compared to actual forces generated by the hydraulic system.
The Simpscape multi-body dynamics model provides a way to calculate the
complex relations and equations of motion of the system. The model uses
the input forces and torques and calculates the output position and speed of
each actuator. Parameters used in the Simscape model are provided by the
manufacturer ensuring accurate representation of geometry, mass properties,
and inertia of each component.

3.2 Hydraulic System Mathematical Model

The hydraulic system simulation model consists of valves, cylinders, swing
motor, accumulators and a pump. In the MPS there are several components
that have the same modeling approach such as the cylinders, valves and
accumulators. The next section provides the general modeling techniques
that can be applied for all the similar components rather than detailing each
individual part with specific abbreviations. For example, all accumulator
pressures pr, pas, pr are modeled using the same equations and are referred
to collectively as ps and similarly for the valves, all actuator cylinders and
charge valves.

3.2.1 Hydraulic cylinders

The cylinder forces of the boom, arm and bucket are all modeled using
the same principles. The actuator forces are summed to a net force that
is connected to the mechanical system where the dynamics and kinematic
relations calculations are done, the net force F,.; is:

Fnet:Fc_Fu(j:) (1)
where F), (&) is the cylinder friction force represented using a Stribeck curve
and is calculated from [35]:

2

Fy(#) = tanh(K) x (Fou + (Fs — Fer)e min ) + ba 2)

such that K is a coefficient to smooth the zero velocity crossing, F;, Fig are
the coulomb and static frictions, v;n;y, is the minimum friction velocity and b
is the viscous friction coefficient.



268 Mohamed Allam et al.

Qa Qp

Figure S Schematic and parameters of the double-acting cylinder.

The cylinder force F, for any actuator can be calculated from:
F.=paAa—pBAB 3)

where A4 and Ap are the piston and rod side areas of the respective cylinder
shown in Figure 5. The chamber pressures p4 and pp are calculated through
build-up equations:

. By(x) .

va= 0 (o Qa—ida) *
) Bp(z) )

pB = Vg(x) (Z QR+ wAB) 5)

where z is the piston velocity calculated from the multi-body dynamics
model, V4 p(x) and By p(z) are the fluid volumes and effective bulk mod-
ulus of each chamber respectively and ) Q4 p is the net flow rate to the
cylinder chambers which is the sum of flow rates from each supply line valve
detailed in the control valves section. The volumes depend on the specific
chamber where for chamber A:

Va=2As+Voa+ Vha (6)
and for chamber B:
Ve =(s—x)Ap+ Vo, + Vi (7)

where x is the piston current stroke from the dynamics model, s is the total
stroke of the cylinder, 1} is the dead volume at each chamber end and V}, is the
hose volume connected to each chamber. The bulk modulus and fluid volume
are modeled in detail in order to study their effect during pressurization since
the pressure levels in the chambers are changing repeatedly during operation.
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The chamber’s effective bulk modulus takes into consideration the oil and
hose bulk moduli and is calculated from [40]:

1 1 Vaap 1

= + X — 8
Bap(x) Boit Vap(z) By ®)

where B, is the oil’s bulk modulus, V4 p(z) is calculated from 6 and 7 and
By, is the bulk modulus of the hose.

3.2.2 Control valves

The control valves are electro-hydraulic proportional bidirectional valves.
The inflow and outflow edges of cylinder are connected to each pressure line
using multiple control valves. The flow requirement of each edge is metered
using one or more pressure levels as outlined in the previous sections. All
valves are modeled in a similar fashion where the single flow rate through
one valve can be defined using the modified square root equation [41] that
has a non-infinite derivative when the pressure difference is close to zero.
The flow rate for one valve can be calculated from:

sign(Apy) X uy Ky, /| Apy| |Apy| > pir
Qv = A A )
sign(Apy) % uvaA|2 ];Z| <3 — | fv|> |Apy| < pir

where Ap, = ps — pa for the A chamber or p; — pp for B chamber, and p,
is the supply pressure from the accumulators described below, w,, is the valve
opening vector for all edge valves between zero to one, p, is a threshold
pressure below which the flow is calculated using an empirical laminar flow
formula and K, is the valve’s flow coefficient defined by the nominal flow

rate Qv and pressure py:
Qn

VApN

The flow rate to one chamber is the summation of all four valves connected
to its port. Additionally, the valve opening is limited by movement time and
opening and closing delays and the valve dynamics are approximated with
a first order transfer function. The valve opening for each actuator cylinder
inlet and outlet port is decided by the actuator controllers outlined in the
controllers section.

To ensure that the modeled performance closely matches the actual
system, all proportional and charging valve parameters, including flow

K, =

(10)
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coefficients and response times, were taken directly from the manufacturers’
data-sheets.

3.2.3 Accumulators

The accumulator system is modeled using a hydraulic capacitance, which
represents the supply lines connected to the accumulator through an orifice
emulating the charge valves. The accumulator itself is simulated using a
lossless adiabatic gas model. The buildup equation is used to calculate the
supply line pressure:

p's:gZQ (11)

B is the fluid’s bulk modulus, V is the accumulator total volume and
YQ = Qp — > Qy — Qip is the total flow rate from the pump, valves
and accumulator respectively. The pressure of accumulator p,.. is calculated
from the adiabatic expansion formula:
Vorx
= Po(— 12
pacc po(%) ( )
where p, is the pre-charge pressure, V,, is the volume of accumulators at
precharge, A is the adiabatic expansion coefficient and V is the gas volume
calculated from:

Vo ="Vo— /det 13)

Qin 1s calculated similarly to (9) where Ap = ps — Pgce, the charge valve
opening set to zero or one and K, is set to the charge valve’s coefficient.
The charging of the accumulators is done by setting their respected valve
openings to one and the charging is stopped by closing the charge valves
(setting the value to zero). The accumulators charge logic is presented in the
supply system controller section.

3.2.4 Hydraulic pump

The hydraulic variable displacement pump used in the system is not modeled
in detail. The pump is mainly simulated as a simple flow source with no
dynamics or limitation where the pump flow rate is considered as constant
when flow is demanded by the accumulators through the supply controller.
The pump model can be illustrated using:

Q wll uumzl
sz{ e (14)

0 else
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where pymp 18 the pump command through the supply system controller.
A more detailed pump model was tested and simulated achieving identical
performance. However, to keep this article short the details were excluded.

3.2.5 Power and energy
The input power of the valves is calculated from the valves flow and the
accumulator pressures where the power consumed by the valves is:

Py = Qups (15)

The output power of the system is calculated through the actuator forces and
velocity where:

Poyr = Fuai (16)

and the energy input to the valves is a simple trapezoidal integration of the
consumed power.

4 Controllers

There are two main controllers that are responsible for the MPS operation
which are the supply and actuators controllers. The supply system control
main responsibility is to keep the accumulators between a certain minimum
and maximum pressure. The actuator controllers select the valve openings
for each of the actuator’s (Swing — Boom — Arm — Bucket) inlet and out-
let valves according to current conditions. This section presents the logic
behind both controllers, their main functionalities and how they fulfill system
requirements, minimize energy consumption and regenerate energy.

4.1 Actuator Controllers

The actuator controllers are responsible for selecting the valve openings
for the inlet and outlet sides according to the reference velocity set by the
trajectory generator “operator”, load force at the cylinder rod side and the
supply pressure levels. This is done by adjusting the valve openings to meet
all system operational requirements. Figure 6 shows the overall actuator
controller algorithm where the calculation of the valve openings is done in
seven steps explained in this section.

1. The first step is to determine the movement direction using the velocity
reference which is needed to determine the inflow and outflow sides of
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Figure 6 Block diagram of the actuators controller algorithm, the controller is similar for all
actuators.

the actuator using the following logic:

1 If Uref 2 Ustart OR
Vref > Ustop & Dir™ =1
Dir = 1 If Uref < —Vstart OR (17)
Vpef < —Vstop & Dir™ = —1
0 else

and in order to avoid repetitive initiation the logic includes hysteresis
where v, s is the reference velocity set by the operator, vstqrt and vgtop
are the velocity thresholds to start and stop motion, Dir ™~ is the direction
at the previous time step. The motion of the system is started only if
the speed exceeds the set start speed in both directions and is stopped
when the reference is lower than the set minimum speed. Controller
inputs/outputs and system parameters for each side are assigned using
the Dir variable where for example the inflow-outflow areas are defined
using:

Ay Dir>0 A Dir>0
. ;o Aout = . (18)
Ag Dir <0 Ax Dir<o0

in —
this is done similarly for all other I/Os and parameters such as hydraulic
capacitance, valve coefficients, inlet and outlet pressures, valve control
input and control modes.
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2. The actuator load force is estimated from the simulated low pass filtered
chamber pressures pa,, pp, which is done to avoid repetitive mode
switching using:

Fest = sign(Dir) x (pa,Aa — pp;AB) (19)

where p4,, pp, are calculated using:

wi
20
s2 4+ 2¢wns + w?VpA’B 20)

PAB; =

and wy, ¢ are the corner frequency and damping coefficient of the
second order low pass filter.

3. The third step contains the low pass filtering of the accumulators pres-
sures [pr,prL,Pu,pr) which is done using (20) and the output is the
supply pressure ps which is a vector containing all filtered pressure
signals.

4. The movement direction, estimated filtered load force and filtered supply
pressures are used to select the target mode that:

(a) Ensures large enough force to overcome the estimated load force.
(b) Minimizes power consumption.

(c) Prevents large changes in pressure levels

(d) Avoids emptying accumulators.

The control mode is the selection of pressure references [Dref,,, , Pre fou:)
for the piston and rod sides that can drive the actuator at the current
conditions and accumulators levels. The control modes are selected
based on a control matrix that has all the possible combinations of
supply lines for the inflow and outflow sides which is:
M [1234123412341234 @1
1111222233334444
(a) To ensure sufficiently large force, there must be an adequate
pressure difference across the control valves for the inflow and
outflow sides. Additionally, the pressure on both sides must remain
between specified minimum and maximum limits. This process
is carried out in two steps. First, the available reference pressure
vectors for the inflow and outflow chambers are calculated using
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the control matrix and the following equation:

Pref,, = Min (ps(]\I(I7 1)

_ pS(M(la ))Am B ps(M(Qa 3))Aout B Fest
Ain +Aout

pmaonut + Fest)

(22)

b
Ain

this equation assumes a symmetric pressure differential for both
edges for simplicity. The inflow-side supply pressure ps is reduced
by a margin, while the outflow-side supply pressure is increased by
the same margin. Therefore, for the outflow:

p prefinAin - Fest
refout —
Aout

(23)

This step outputs all the possible combinations of chamber pres-
sure references from the decision matrix assuming equal pressure
differential on both edges. These combinations satisfy the condi-
tion of overcoming the estimated load force but are not necessarily
physically feasible. The second step checks these combinations for
feasibility where candidates are evaluated making sure that they
can be achieved hydraulically. The pressure references must be
higher than a minimum defined value p,,;y,. to avoid cavitation and
the effects of bulk modulus variation on system dynamics at low
pressure. Also, they must not exceed the maximum allowed system
pressure ppqz- Additionally, for the outflow side the reference
pressure must be higher than the accumulator pressure by a margin
DPmin Of to allow for metering. The matrix feas of all feasible
combinations ensures that the mentioned requirements are fulfilled
and is calculated using:

feas = [prefin > Pmine AND Prefout > Dmin
AND Prefous = ps(M(2> )) + Pmin (24)
AND ps1(M(1> 1) = 0]

where pg, is used to check If a selected accumulator’s pressure
is too low where that line is considered as infeasible and is
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eliminated. ps, can be checked using:

1 pS < psmin
Ps, = { (25)
0 pS Z psmin +p8h

where ps_.. = [PL,.i.> PM,., »PH,.,] are the accumulators’
minimum allowed pressures and py, is a hysteresis value to prevent
chattering. This value stops the use of a specific accumulator when
its pressure falls below the lower threshold. The accumulator is
made available again once the pressure rises above the higher
threshold and the hysteresis margin. The margin thus avoids rapid
switching caused by pressure fluctuations around the charging
threshold and eventually chattering.

(b) The feasible control candidates (non-feasible candidates are set to
infinity) are screened using a cost function J and the target modes
for the inflow-outflow sides are selected using:

J= (ps(M(17 ))Azn - ps(M(27 :))Aout)vref - Festvref
+ WC((|pT6fm (Z_) - prefin‘)Ain + (‘p’f‘efout (7’_) (26)
— Prefout ) Aout) + Wa(Pse (M(1,:)) — Ps. (M(2,:)))

where the first line of the cost function represents the throttling
losses of the control candidate.

(c) The second line penalizes large changes in pressure levels to
minimize pressurization and switching losses

(d) Third line of the function penalizes using accumulators with lower
pressure levels and encourages using full accumulators.
This is done using the weighing terms W, and W, and the supply
pressure error ps, calculated as:

Psec = Ps.er — Ps (27)

where ps,_, is the reference accumulators’ pressures.

The output of the cost function J minimization is the control mode
index 7 which is used to select the target pressure references py.,, (i)
and prey,,. (i) from the candidates calculated in 22 and 23 for the next
step.

. If the selected reference pressure combination changes from the previ-
ous time step the controller commands a gradual increase of the pressure
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references. This is done to avoid force peaks and oscillations and outputs
the filtered chamber pressure references.

6. The flow rate reference is mainly calculated using the actuator velocity
reference and the chamber area. However, changing the pressure level
also introduces flow requirement to pressurize the hydraulic capacitance
of the actuator and hoses which is also taken into consideration when
calculating the flow references for the inflow side @, y,, and the outflow
side Qref,y, -

7. The final step in the controller is to calculate the valve commands using
supply pressures (3), chamber pressure references (5) and flow rate
references in (6) where for:

* Inflow chamber:
The logic is to open a valve connected to the lowest possible
pressure while at the same time maintaining a differential above
the chamber pressure.

* Outflow chamber:
A valve is opened connected to the highest possible pressure
while being lower than the outflow chamber pressure by the same
minimum set pressure differential.

If the opened valve is not capable of supplying the flow reference, next
supply line is used to fulfill the flow requirement explained in the actu-
ator control section. Figure 7 shows a flow chart for the valve actuation
logic. First, the flow reference is sign checked to determine the flow
direction then the accumulator is selected accordingly, if the pressure
difference at the current accumulator (j) is high enough > Ap;,;, and
the accumulator’s pressure is not too low then the valve’s opening is

set as:
Kv \V ps(j) _prefin Qref 2 0
— Ky V Prefour — ps(j) Qref <0

If the valve is not fully opened this means that the flow reference is
satisfied. However, if the opening is more than one this means that
another valve needs to be open to complete the requirement which is
done by setting the current valve to full opening and the new flow
reference @, , to the difference between current valve’s maximum flow
and the original flow required:

Uv(]) = Qref/ { (28)

o Qref - Qmaa} uv(]) >1
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Flow from Flow from
supply line to f—Yes— No—— chamber to
chamber supply line

Start with lowest Start with highest
pressure pressure
accumulator accumulator
j=1 j=N
j=j+1 j=N-1

Pressure
difference higher than
minimum

Check next Check next
acFun.'\uIitor accumulator
j=i+ j=N-1
Accum Accum
pressure ok?, pressure ok?,

Calculate Calculate
remaining remaining
flow flow

End

Figure 7 Flow chart of the valve actuation logic during operation.

the new flow reference is used with the next accumulator until the flow
is metered completely. One exception is made to the highest pressure
accumulator is that the pressure difference allowed is compared to
Appin/2 allowing for reduced actuator performance but avoids stop-
ping the actuators all together during extreme demand. The calculated
valve commands from the actuator controller w,,, and u,,,, are routed
to the A and B ports of each cylinder using the direction of actuation
where u,, is:

SW SW

uv A uvB

AR AR
u _ |Ma e (30)
Vinoeut — | . BO ;BO

VA VB

uBU uBU

VA VB
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where SW, AR, BO, BU represent the swing, arm, boom and bucket
actuators respectively and each actuator port commands is a vector for

each single valve of the valve manifold. For example the command AO
is:

BO

VA2 (31)

The previous steps illustrate the main algorithm for the valve actuation.
Although the MPS differs from Load-Sensing (LS) systems, certain func-
tionalities were introduced to emulate some LS-like behaviors under high-
demand conditions. Specifically, a velocity reference scaling mechanism is
implemented to reduce actuator velocity during periods of prolonged high
flow demand by the operator. In traditional LS systems, such behavior resem-
bles the effect of flow saturation, where the pump reaches its volumetric
capacity at a given engine speed and cannot maintain the required pressure
differential across the valve. This results in slower actuator response due to
limited available flow.

In contrast, the MPS system features accumulators that decouple the load
dynamics from the supply, meaning that high flow demands can be tem-
porarily met by discharging the accumulators. However, sustained high flow
operation risks fully depleting the accumulators if not constrained. To address
this, the actuator velocity is proportionally scaled down based on the total
accumulator pressure error, which reflects the deviation of current pressures
from their respective targets. This approach ensures that extended, high-
energy operations result in a performance reduction rather than completely
emptying the accumulator and risking the stopping of the actuators.

The accumulator pressure error is the sum of differences between the
accumulators current pressure and their target where. The proportionality
factor K, can be calculated from:

Ko — 1 — —22Pse —Pe (32)
Z(psmf _pl) _pe

where 0 < K, < 1 and p, is set to 50 bar. The limited velocity reference
Vref, 18 calculated using the gain where:

Uref, = Klimvref (33)
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4.2 Supply System Controller

Figure 8 shows the control logic of the simplified supply system. It consists
mainly of a diesel engine, variable displacement pump connected to an elec-
tronic control valve that adjusts the pump displacement, two On/Off charge
valves and a check valve. The electronic flow control valve is responsible
for setting the pumps flow according to which accumulator needs charging.
The On/Off valves enable charging of the p;, and p,; accumulators and the
highest pressure accumulator is charged when the pump pressure reaches the
cracking pressure of the check valve and the low and medium charge valves

Start with highest
pressure
accumulator
i=N

A 4

Check next
accumulator

No—p

A

Yes

No ¢

Set pump flow to
Q,
Charge H
u=uy=0
Charge M
uw=1
Charge L
u=1

Paccli) > PSret

Yes N=0

Yes

v

Set pump flow to 0
u=uy=0

A 4
End

Figure 8 Flow chart of the supply system operation logic.
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are set to off. The decision to start charging an accumulator is taken when
its pressure is lower than the reference pressure by a predefined value and the
charging stops once the pressure has reached the reference. Priority is given to
the higher pressures first meaning that the accumulators charge in the order of
high, medium then low. After an accumulator is selected to charge its charge
valve is open or for the high pressure both charge valves are closed.

The supply system controller and model are simplified in the simula-
tion model. For example, the pump, diesel engine and valve dynamics are
neglected. It is assumed that the pump is capable of supplying the demanded
flow instantly and that the engine is capable of supplying the required power.
Finally, the switching between the charge valve and check valves is the
simple logic illustrated above. Although the supply controller and model are
simplified in this work, similar results were reproduced using an advanced
controller and supply system models. This is done as the focus is to highlight
the capabilities of the MPS valve controllers and its energy saving potential.

5 Simulation
5.1 Working Cycle

The simulated cycle shown in Figure 9 is a 20s air grading cycle from the
JCMAS standard [42] where the boom and arm cylinders are extended and
retracted simultaneously against the mechanism load representing leveling
operation. Due to the complexity of modeling the machine-terrain interaction
no load is introduced to the system apart from the component masses and

120 T T T
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= = Boom|j

100

&0

]

60

ref

qoF~--"" /L \ TTTTT0=C 3
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Figure 9 Reference trajectories generated by the operator model.
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inertia. This cycle gives an indication of the system operation during multiple
actuators movement since the arm and boom are operated at the same time.
It also provides insights on the accumulators performance since the actuators
are operated at full speed demanding high flow rates.

Although the air grading cycle can be easily repeated it still has some
limitations. For instance, it is not the best representative cycle in terms of
quantifying the energy savings during real operation. Additionally, it can
show unrealistic energy savings when compared to an LS-system which
exhibits much higher compensation losses with no load applied. Also, the
energy recovery mechanism can alter the system’s efficiency profile indicat-
ing higher savings than what can be actually realized in a more practical
working cycle [43]. Nonetheless, with the limitations of the cycle acknowl-
edged it can be understood that the energy savings are more indicative of the
relative system improvement rather than projection to real-world savings.

The reference trajectories generated by the operator model shown in Fig-
ure 9 are generated using a proportional controller and a velocity feedforward
term where the reference velocity v, can be calculated from:

Uref = Kpvref, + Kpp(2ref — ) (34)
where Ky, Kp, are the controller gains, v, is the unmodified velocity

reference and x,.s is the position reference.

5.2 Simulation Results

The simulation is based on the mentioned 20-ton excavator (Volvo EW210C)
where the parameters of the multi-pressure system are shown in Table 1.
The simulation is run using the recorded cycle to illustrate the performance
of valve and supply controllers under operating conditions. The energy

Table 1 Volvo EW210c wheeled excavator main specifications

Component Value
Machine mass 21160 kg
Engine power 127 kW @1900 RPM
Engine torque 730 Nm @1400 RPM
Pump Flow rate 399 I/min
Maximum pressure 360 bar

Accumulator pressures [106 213 320] bar
Accumulator volumes 151
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consumption and losses of the system are also recorded to be compared
to the original LS system whose measurements are available from previous
research [39].

In order to measure the performance of the system several results must
be taken into consideration. First, the system’s position and velocity should
closely match that of the original system to make sure that similar work is
done for a fair comparison. Then, the pressure levels of the accumulators and
cylinder chambers must be within acceptable range to avoid pressure peaks,
oscillations and depleted accumulators. Additionally, valve command signals
for both chambers must be studied to ensure realistic operation. Finally, the
energy losses in the system should be inspected to quantify the losses, where
they occur and compare them to the LS-System.

5.2.1 Performance

Figures 10 and 11 show the simulation results for the two studied actuators
of the excavator: Boom and Arm. The first two diagrams of the results show
the position and velocity tracking performance. The velocity tracking also
includes the limited velocity reference v,.f, which is constrained by the pres-
sure levels of the accumulators. The second diagram shows the pressures of:
accumulators, chambers, chamber references generated by the controller and
the dashed black line shows when the supply system is active and charging
an accumulator. Finally, the bottom two diagrams show the openings of each
control valve for each chamber. The colors in the bottom diagram match those
of each pressure level.

The boom actuator tracking performance is good with some variations
in velocity due to the operator model. Nonetheless, final position of the
actuator matches the reference position well enough. Some small oscillations
are noticed in the velocity response when the valves are switched between
different pressure levels. The highest pressure level accumulator is not used
during the boom operation where during extending motion chamber A is
connected to pps and chamber B is connected to pr. Although this works
for a duration of time, the medium pressure accumulator is discharged and
the pressure difference is not enough to overcome the load pressure where
chamber A connects momentarily to pg. As soon as the medium pressure
accumulator is charged, the chamber pressures revert to their original targets.
During extending motion both chambers connect to the low pressure accumu-
lator. One benefit of the MPS is that energy can be recuperated by directing
flow from the actuator chambers to an accumulator which can be seen in the
low pressure accumulator at around 4 seconds where it’s pressure increases
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Figure 10 Boom actuator performance including position, velocity, accumulator and cham-
ber pressure, actuator force and valve commands for A and B chambers.

without using the supply system by directing flow from the actuator chambers
to it.

Similar performance in terms of velocity and position tracking can be
seen for the arm cylinder where the final required position is the same with
some variations in velocity tracking which is attributed to the operator model.
Additionally, the arm cylinder slowed down slightly (seen at 3-5 sec) which is
attributed to saturating the A chamber input valves necessitating the opening
of simultaneous valves. However, the arm cylinder controller exhibits differ-
ent behavior to the boom cylinder where more switching between pressure
levels can be noticed during extending and retracting due to higher variation
on the magnitude of the load force. This can be clearly seen in the B
chamber valve commands in the bottom diagram. During extending motion
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Figure 11 Arm actuator performance including position, velocity, accumulator and chamber
pressure, actuator force and valve commands for A and B chambers.

chamber B is connected to p;; while A is connects to py, since the actuator is
operating against over-running load resulting in energy recuperation. As the
load pressure decreases in the B chamber, the pressure difference becomes too
small and the controller has to switch to py, several times. During retraction
motion chamber A connects to py while B connects to p; since at the
beginning of motion the over-running force is small. However as the piston
extends further and the magnitude of over-running load force is increased,
chamber A switches momentarily to py and B is now connected to py until
the piston reaches its final position. The simulated cycle does not highlight the
possibility of simultaneously opening of several pressure levels at the same
time due to the overall low pressure of the load where the flow requirement
can be fully metered using a single pressure level for almost the entire cycle,
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apart from a brief moment during the extension of the arm actuator where
two valves can be seen open at the same time at around 5 seconds.

5.2.2 Energy savings

The power consumption of both actuators during motion can be seen in
Figure 12. The boom actuator consumes more energy at the moment where
the medium pressure accumulator is discharged and chamber A connects to
the high pressure accumulator leading to large pressure difference to the
target and consequently larger throttling over the valve (can be seen after
the 4 second mark) which could potentially be avoided if the supply system
control reacts faster and charges the accumulators. On the other hand, the arm
cylinder exhibits several power peaks and overall higher energy consumption
compared to the boom cylinder. The initial increase in energy consumption,
observed before 4 seconds, is due to chamber B connecting to the low-
pressure accumulator. This results in high losses caused by flow throttling.
The switch occurs as the over-running load force increases, leading to a
drop in chamber pressure. As a result, the pressure difference is insufficient
to utilize the medium-pressure accumulator. A second increase in energy
consumption occurs during a pressure level change in both chambers, with
chamber B shifting multiple times. Similar behavior is observed throughout
the arm cylinder’s motion due to significant changes in load force, which
cause multiple shifts between pressure levels.
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Figure 12 Input and output power of the boom and arm actuators.
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Figure 13 Energy consumption of the valves of MPS versus the original LS-System.

Although the arm actuator exhibits high throttling losses when compared
to the boom actuator, the overall energy consumption is low. The figure also
highlights in red the duration were energy is regenerated in both actuators
where the most significant regeneration occurs when the boom is lowered.

The difference in the energy needed to complete the grading cycle using
the MPS and the original LS-system (measured experimentally in previous
research) is illustrated in Figure 13. The energy needed for the MPS is 247 kJ
which is lower when compared to 518 kJ of the LS-system. The reduction
of energy in practice maybe slightly less due to the losses occurring during
charging and discharging of accumulators as well as energy lost across the
charge valves although their magnitude would be smaller compared to throt-
tling losses in the actuator valves. The main contributors to the energy saving
are reduced throttling losses and energy recuperation from the boom actuator
when lowering the boom which can be seen between 10-15 seconds. As
previously discussed in the section working cycle, these values are primarily
indicative to the MPS potential rather than realistic savings, this is specially
true since the energy recuperated can be significantly less under real-working
conditions.

5.3 Control Challenges

The study highlighted several challenges to the control of MPS which needs
further study. Firstly and most significantly, the controller decisions to switch
between different accumulators highly depends on the pressure level of each
accumulator at the decision time. For example, during the extending motion
of the boom cylinder when pj; was discharged forcing the switch to py and
consequently higher throttling losses. In addition to that, the future decision
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made by the algorithm may depend on the decisions made during an earlier
phase which affects the pressure level in each accumulator. Therefore, It now
would require different control decisions based on the new levels available.
Also, the supply system operation greatly affects the MPS performance where
a faster supply system may keep the pressure levels as steady as possible but
still doesn’t guarantee an optimal overall system performance. In a similar
note, the decision of when to charge the accumulators also complicates the
control process. Although the presented controller offers some energy saving
capabilities, it is difficult to define the interaction between the supply and
actuators controller for optimum saving capabilities. For instance, even if
the actuator controller is capable of optimizing its decisions internally the
operation of the supply system could drastically alter those decisions by
simply charging faster or slower. Similarly, the thresholds of starting to
charge each accumulator (how much the pressure is allowed to drop) is
currently defined heuristically but could be studied further to provide a more
complete system performance. For example, they could be defined based on
the energy available in the system or could be set at different thresholds for
each accumulator based on the demanded flow. Despite these challenges,
the presented controller was able to operate the MPS with good tracking
performance.

6 Conclusion

A novel MPS capable of reducing the throttling losses typically abundant
in state of the art commercial LS-systems is presented. It can improve the
energy efficiency of hydraulic systems specifically during multiple actuator
operation and more so in the work hydraulics. This paper presented the
architecture and control algorithm of a novel system. The MPS valve and
supply controllers were able to match the performance of original LS-system
in terms of position and velocity commands while keeping the throttling
losses lower than those of LS-system where an overall reduction in energy
consumption was observed when comparing. Some undesirable phenomena
were noted during system operation, these include the unwanted pressure
level switching due to accumulator pressure changes as they are discharged
which can be solved by using a faster supply system or using larger accumu-
lator but doesn’t guarantee optimal operation. The energy saving capabilities
were shown and the opportunities for energy recuperation is also discussed.
Additionally, challenges to the control of the proposed MPS are presented,
these included the operation of the supply system, how to define the charging
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thresholds for the accumulators and the interaction between the supply and
actuators controllers. In future work, the MPS and its controllers are planned
for testing on a 20-ton wheeled excavator. Research could also be conducted
on the challenges in defining how an optimal MPS controller could look like,
specifically in terms of defining the internal decisions between the supply
system and actuator controls.
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Appendix

Nomenclature

A 4 Piston side area of the respective cylinder
Ap Rod side area of the respective cylinder
A;, Inflow area of the actuator
Aoyt Outflow area of the actuator
b Viscous friction coefficient
B Fluid’s bulk modulus (for accumulator pressure build-up
equation)
B p(z) Effective bulk modulus of chamber A or B
By, Bulk modulus of the hose
B,;; Oil’s bulk modulus
Dir Movement direction of the actuator
Dir~ Movement direction at the previous time step
Ap Margin by which inflow-side supply pressure is reduced and
outflow-side supply pressure is increased
Appin, Minimum set pressure differential across the control valve
Ap, Pressure difference across the control valve
feas Feasibility matrix
F,. Cylinder force
F¢; Coulomb friction
F,.; Estimated actuator load force
F)e; Actuator net force
F¢ Static friction
F, (&) Cylinder friction force, represented using a Stribeck curve
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¢ Index denoting each actuator (swing, arm, boom, bucket)
J Cost function for selecting the target control mode
K Coefficient to smooth the zero velocity crossing (for friction
model)
K Controller gain for velocity feedforward
K Proportionality factor for velocity scaling based on accumu-
lator pressure error
K, Proportional controller gain for position
K, Valve’s flow coefficient
A Adiabatic expansion coefficient (for accumulator gas model)
M Control matrix containing all possible combinations of sup-
ply lines for inflow and outflow sides
pa,pp Chamber pressures for cylinder ports A and B
pA;,pB, Low-pass filtered chamber pressures for ports A and B
Pace Accumulator pressure
pr High pressure level maintained by an integrated hydraulic
accumulator
pr, Low pressure level maintained by an integrated hydraulic
accumulator
py Medium pressure level maintained by an integrated hydraulic
accumulator
DPmaz Maximum allowed system pressure
Pmin Minimum defined pressure value to avoid cavitation and bulk
modulus variation effects
Dmin. Minimum pressure to avoid cavitation
pn Nominal pressure (for valve flow coefficient calculation)
po Pre-charge pressure (for accumulators)
pref Chamber pressure reference
Pref,, s Pref,,; Pressure references for inflow and outflow sides
Ps Supply pressure from accumulators (vector containing all
filtered pressure signals)
Ps,.; Reference accumulators’ pressures
Ps1 Accumulator pressure status, used to check if a selected
accumulator’s pressure is too low
Ds,nin Accumulators’ minimum allowed pressures (e.g., pr,
PMoins PHpin)
psh Hysteresis value to prevent chattering (for accumulator pres-
sure threshold)

Ps. Supply pressure error (ps.., — —Ps)

min )
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Threshold pressure below which the valve flow is calculated
using an empirical laminar flow formula

Tank pressure

Input power of the valves

Output power of the system

Flow into accumulator

Flow rate corresponding to each accumulator

Current valve’s maximum flow

Nominal flow rate

Pump flow rate

Flow rate reference

New flow reference, representing the difference between the
current valve’s maximum flow and the original flow required
Flow rate references for inflow and outflow sides

Flow rate through one valve

Net flow rate to the cylinder chambers A or B

Total stroke of the cylinder

Valve control signals for A and B chambers

Valve opening commands for Boom actuator ports A and B
Valve opening commands for Bucket actuator ports A and B
Valve opening commands for Arm actuator ports A and B
Calculated valve commands for inflow and outflow

On/Off charge valve openings for pL and pM accumulators
Pump command through the supply system controller

Valve opening commands for Swing actuator ports A and B
Valve opening vector for all edge valves (between zero and
one)

Valve opening for accumulator j

Valve opening corresponding to each accumulator (in valve
manifold logic example)

Accumulator total volume

Fluid volumes of chamber A or B, dependent on piston stroke
x

Gas volume (in accumulator)

Hose volume connected to each chamber

Dead volume at each chamber end for A and B

Volume of accumulators at pre-charge

Minimum friction velocity

Velocity thresholds to start and stop motion
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vy Reference velocity set by the operator
vref, Limited velocity reference
Uref,; Unmodified velocity reference
W, Weighing term for the cost function, penalizing the use of
accumulators with lower pressure levels
W. Weighing term for the cost function, penalizing large changes
in pressure levels
x Piston current stroke from the dynamics model
Zref Position reference
& Piston velocity
a; Velocity of each actuator
wy Corner frequency of the second order low-pass filter
¢ Damping coefficient of the second order low-pass filter

Abbreviations

AR Arm actuator

BO Boom actuator

BU Bucket actuator

LS Load-Sensing hydraulic system
MPS Multi-Pressure System

SW Swing actuator
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