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Abstract

Mining machines are subjected to severe vibrations during their operation. If we succeed to
damp some of those vibrations then we have succeed to reduce the dynamic load of the ma-
chine and to improve operator comfort and productivity. The main idea for the research done
in this paper is to investigate possible improvements in active vibration damping in hydraulic
power systems of a mobile machine (mining machine) influencing hydraulic system layout
and control strategy. Modelling of a standard and individual metering (separate meter-in sep-
arate meter-out SMISMO) load sensing (LS) hydraulic power system of a machine has been
done. Model of the individual metering system has been validated with measurements. Those
models have been used to study new concepts of active vibration damping. SMISMO system
has been used to develop new energy efficient concept for active vibration damping using
the third (crossport) valve between meter-in and meter-out lines of the hydraulic cylinder as
a damping element. Using simulations has been shown that this new system can improve
damping effect, drastically decreasing usage of the energy from the pump.
Keywords: fluid power systems, active vibration damping, dynamic pressure feedback, en-
ergy efficiency.

1 Introduction

The vibrations, which are appearing during working process
of the mining machine and are a result from external forces
are part of this study. Dampening of those vibrations can
be accomplished in two ways. The first way is with pass-
ive damping. Passive damping is usually done with the usage
of high pressure hydro-pneumatic accumulators [1], [2]. The
advantage of this system is that no energy from the pump is
used for dampening the vibrations, which makes this system
energy efficient. The disadvantage is additional costs, place
and maintenance of the high pressure accumulators.

A second way to damp the vibrations on the machine is to
use active vibration damping [3], [4], [5], [6], [7]. Active vi-
bration damping is not an energy efficient way for dampen-
ing the oscillations, since energy from the pump (or other ex-
ternal sources) is used to damp the oscillations. Still, this is
an efficient way to damp the vibration, hence this method is
attractive to automotive [8], [9], [10], [11], [12], [13], [14],
[15], [16] and construction industry [17], [18], [19]. To damp
the oscillations with active vibration dampening, some kind
of oscillation source feedback is needed (acceleration feed-
back, pressure feedback or force feedback) to find out about
dynamics of the sources. Then, energy from the pump is used
to act against those forces, the proportional control valve is
open and the fluid from the pump is brought in the cham-
ber. The advantage of the active vibration damping is that the

same means for controlling the motion (opening of the valve)
can be used as well as for damping. Experimental work with
using optimal control theory [20], [21], [22] has shown that
there is a potential in making active vibration damping more
energy efficient. Unfortunately, practical implementation of
those principles is still an adventure.

Trends to improve the energy consumptions in heavy ma-
chinery are asking for change of the conventional valve sys-
tem with individual metering systems. This gives possibility
for energy regeneration and recuperation and effective decel-
eration control which leads to energy efficiency improvement
of the machine [23–34]. However, the main idea of chan-
ging the classical LSPC system with SMISMO system at the
SANDVIK machine (Figure 1) is to make the boom more
stiff during the cutting process, controlling the pressure in the
meter-out side of the active cylinder. The same system can
also be used for active damping. Actual trends towards damp-
ing the oscillations of the machine structure is in the area of
active oscillation damping technologies [35].

This research explores one simple method to introduce damp-
ing in hydraulic power systems for heavy machinery: dy-
namic pressure feedback (DPF). First, it is examined the in-
fluence of dynamic pressure feedback on the servo hydraulic
system with load sensing pressure compensated (LSPC) sys-
tem. Second, effects from dynamic pressure feedback on a in-
dividual metering hydraulic system are analysed. Third, novel
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energy efficient dynamic pressure feedback (EE DPF) is pro-
posed.

2 Model development
The cutting process of a mining machine SANDVIK Road-
header MT720 (fig. 1) is done by the cutter head. The cut-
ter head is moved in horizontal and vertical direction by hy-
draulic cylinders (fig. 17).

Figure 1: Mining Machine SANDVIK Roadheader MT720
[36].

Hydraulic system which is used in the machine is from LSPC
type, as presented on fig. 11.

2.1 Model of the servovalve controlled actuator

Figure 2: Hydraulic system, servovalve controlled cylinder.

Hydraulic actuators, actually hydraulic cylinders, do most im-
portant movements of cutter head during the cutting process.
A hydraulic cylinder integrated in the turret (fig. 1) does ho-
rizontal movement. Two hydraulic cylinders placed under-
neath the turret actuate vertical movement and two cylinders
on each side of the boom actuate the telescopic elongation.

The cylinder and its servovalve (fig. 2) are presented with
non-linear equations derived from basic physical laws. The
modelling is performed in graphical environment using Mat-
lab/Simulink.

The dynamics of the valve which has been used in the hy-
draulic system can be represented with the following equa-
tions for standard second order system [37], [38]:

Gv(s) =
xv

Uv
=

ωv
2

s2 +2 ·δv ·ωv · s+ωv2 (1)

Where xv is the valve spool displacement, Uv is valve input
voltage, ωv is valve undamped natural frequency and δv is
damping ratio coefficient.

Sign convention for cylinder piston displacement xp in all
equations is chosen to be positive for cylinder elongation.
This means that when cylinder is fully extended xp = la. The
rate of pressure increase in the rod and piston side of the cyl-
inder can be described by the rate at which the fluid in the
volume V of the chamber is being compressed

(
d p
dt = E

V
dV
dt

)
as:

d pA

dt
=

(
βe

V1 +A1xp

)
(QA−A1vp) (2)

d pB

dt
=

(
βe

V2 +A2(la− xp)

)
(A2vp−QB) (3)

Where V1 and V2 are dead volumes in the cylinder and volume
of the fluid in connected hoses, with the cylinder in retracted
position.

Figure 3: Measured and simulated values of an bulk modulus
of the oil. Blue line has highest percentage of air.

It has been identified with comparison of measured and cal-
culated values (fig. 3) that effective bulk modulus of the here
used oil βe can be calculated with the empirical equation:
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βe (p) = βmax
[
1− exp

(
−k1− k2 ·10−7 · p

)]
[Pa] (4)

Where coefficients k1, k2 and βmax have been identified to be
k1 = 0.08, k2 = 1.5 and βmax = 1.8 ·109[Pa] for here used oil.
In simulations, if ideal not air contaminated oil is assumed,
β = 1.4 ·109[Pa] can be used.

From Second Newton Low force on the cylinder may be de-
scribed as:

ap =
dvp

dt
=

(
pAA1− pBA2−Ff −Fext

)
mp

(5)

dxp

dt
= vp (6)

Where subscription p is used for piston mass, displacement,
speed and acceleration. Friction force Ff can be approximated
with only viscous friction and Ff = B · vp where B is friction
coefficient.

Finally, to describe the flow through the valve, non-linear ori-
fice equation has been used:

QA = QN ·
y

ymax
·

√
∆pA

∆pN
=N ·

y
ymax

·
√

p0− pA

∆pN
(7)

QB = QN ·
y

ymax
·

√
∆pB

∆pN
= QN ·

y
ymax

·
√

pB− pT

∆pN
(8)

Where QN ,ymax and ∆pN are nominal valve parameters.

2.2 Model of the vertical mechanical structure

Vertical mechanical structure is given on fig. 4.

Figure 4: Simplified model of the vertical hydro-mechanical
system.

Differential equations which describe the dynamic behaviour
of the vertical hydro - mechanical structure are as follows:

(mD2 +BpD)xp(t) = Fp− f1 (9)

xB(t) · c f + xhead(t) · c f = f2 (10)

(mD2 +BstrD+ c f )xhead(t)− c f xB(t) = Fext (11)

f1

f2
=

xB

xA
=

b
a
= i (12)

Or, translated in “s" domain:

xp(s) =
1
m

1
s2 {Fp−B · xp(s) · s− [(xp(s) · i− xhead(s))c f ] · i}

(13)

xhead(s)=
1
M

1
s2 {Fext−B·xhead(s)·s−[(xcyl(s)·i−xhead(s))c f ]}

(14)

2.3 Model of the horizontal mechanical structure

Horizontal mechanical structure together with hydraulic sys-
tem is given on fig. 5. Simplified model of this structure is
given on fig. 6.

Figure 5: Horizontal hydro-mechanical system. Rodless cyl-
inder (integrated in the turret) and boom with the cutter head.

Figure 6: Simplified model of the horizontal structure.

Figure 6 shows haw the rodless cylinder is used for operation
of a mechanical arm. The total mass of the moving arm is M.
The distance from the gravity center of the mass to the joint
(O) is lhor. The lever length for the hydraulic cylinder is rcyl .

Differential equations which describe dynamic behaviour of
the horizontal mechanical system are given as follows:

Jhor · θ̈ +BT · θ̇ = Fp · rcyl−Fext · lhor
θ̈ = ẍ

rcyl

θ̇ = ẋ
rcyl

In addition, in “s" domain:

θ(s) =
1

Jhor

1
s2 (Fp · rcyl−Fext · lhor−BT ·θ · s) (15)
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2.4 Model of the pump

The pump used in the machine is from the LS type. Due to
the lack of information for dynamic behaviour of the pump,
and because the pump is not under examination but the rest
of hydraulic system, the pump can be modelled as ideal load
sensing pump. Let us imagine ideal LS pump as pump which
always delivers required ∆p pressure from the highest load in
the hydraulic circuit, or:

p0 = pLS +∆p (16)

where p0 represents the pressure delivered from the pump and
pLS represents pressure in the load sensing line. To make the
model more realistic, the dynamics of the LS line can been
taken in account with first order low pass filter ( ωLS

s+ωLS
), de-

signed so that it does not bring instabilities. This can be done
in order to check the behaviour of the rest of the system when
the LS pump is appropriately chosen and installed, as it is the
case with the Roadheader. Good model of LS pump can be
found in [39].

wLS

s+wLS

Dp
+

+

System

pressure

LS Line

Figure 7: Model of the LS pump.

2.5 Valve model adaptation to be used in individual
metering system

Special property of SMISMO systems is possibility to control
two system parameters, in our case speed of the moving ac-
tuator and the pressure in the cylinder chambers. To accom-
plish this, our individual metering system uses two valves,
one on the meter-in and one on the meter-out side. Model
of the valve developed in Simulink must adequately represent
this special property. Valve in our Simulink model of the indi-
vidual metering system is modelled with two spools (left and
right proportional valve), and has two separate control voltage
yA and yB. Voltage yA has been used to produce flow to the
chamber A (QA), and voltage yB is used to produce the QB
flow. This model is presented on the fig. 8.

2.6 Model validation

The model validation can be seen on fig. 9 and fig. 10. Fig-
ure 9 shows 24 [s] pressure measurement done on the hori-
zontal hydraulic SMISMO system during cutting process of
the machine in comparison with simulated pressures. Input
for simulations is external force modelled from measurements
on cylinder pressures. In measurements and in simulation PI
controller has been used to control back pressure (on the fig-
ure pressure pB). On fig. 9 we can see very good matching
of the pressures in meter-in side (pA). This can be expected
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Figure 8: Simulink model of the separate metering system
with two valves.

since in measurements and in simulations the opening of the
meter-in valve was hold constant (it does not depend from
sensor signals). Also, it can be noticed that simulated and
measured pressures on the meter-out side (pB) are not match-
ing perfectly. Simulated pressures have smoother values (they
are more attenuated) and never go to cavitation. This also is
not unusual since in simulations the feedback sensor signal
and PI controller are idealized. Simulated and measured val-
ues of the horizontal angle of the boom are represented on the
fig. 10 and have good confirmation.
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Figure 9: SMISMO model validation. Simulated and meas-
ured pressures in cylinder.
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Figure 10: SMISMO model validation. Simulated and meas-
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3 Active vibration damping with hydraulic
servo system

Figure 11: Load sensing pressure compensated systems.
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Figure 12: Simulink model of the hydro-mechanical LSPC
system.

Investigations on possible damping with dynamic pressure
feedback have been done for servo hydraulic system of LSPC

Figure 13: Implementation of the high pass filter in the pres-
sure feedback lines.

type shown on fig. 11. Figure 12 shows the model of this sys-
tem together with the high pass filter in the pressure feedback
lines. Figure 13 zooms out implementation of the high pass
filter in the pressure feedback lines. This model has been used
to investigate the influence of the dynamic pressure feedback
in three cases: (1) if implemented on meter-in (high pressure
side), (2) if implemented on meter-out (low pressure side) and
(3) if implemented on both sides. It has been determined that
the introduction of dynamic pressure feedback on both sides
has no advantages. Actually, the introduction of dynamic
pressure feedback on the meter-in side (high pressure side)
has the biggest influence and contributes to the attenuation of
the pressure vibrations on the meter-out side also. That hap-
pens because two pressures are coupled through the piston.
This also has been reported from other scientists [40]. The
idea of using dynamic pressure feedback is that the feedback
signal reaches its maximum value at a frequency, which has
to be damped (the hydraulic frequency ωh). In the design of
the high pass filter two conditions has been followed:

First, the cut-off frequency of the filter ωhp =
1

Thp
is set to be

below the resonance frequency of the system [3], [40].
For our system it is chosen to be ωhp = 10 [s−1]; Thp =

1
ωhp

= 1
10 = 0.1 [s].

Second, the feedback gain Khp is set to obtain reasonable sta-
bility margins [40]. Using this principle the value of Khp
has been determinate to be Khp = 0.00000007.

To investigate the influence of dynamic pressure feedback on
vibration damping, the eq. (5) has been changed, actually
the friction B in the mechanical structure has been neglected.
This has been done with the purpose to see more clearly the
influence of dynamic pressure feedback on vibration damp-
ing. Investigations of the implementation of dynamic pres-
sure feedback on the meter-in side have been done with the
following scenario:

The cutting head is moved using the vertical cylinder to reach
400 mm displacement from the starting position (see fig. 14,
note vertical axis is in [m]). Simple position feedback and
a proportional controller is used to track the position. The
desired position is reached in approximately 20 s when the
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force of 50 kN is applied in the positive direction (restrict-
ive force). The vibrations in the system can be monitored
trough the pressure sensors on the cylinder and are shown on
fig. 15 and fig. 16). On the fig. 15 the pressure oscillations
without dynamic pressure feedback are shown and on the fig.
16 the pressure oscillations with dynamic pressure feedback
are shown. The attenuation of vibrations is obvious. It is
good to note that when no pressure feedback is used, the os-
cillations created from a sudden big force (step input 40 kN)
are a long time transmitted trough the system before they are
attenuated.

The analysis done in the previous passages lead to the follow-
ing conclusions:

1. The implementation of the dynamic pressure feedback
will damp the oscillations of the system drastically.
However, it is interesting to note that simulations shown
that the pick pressure has not been removed, rather in
some situations it has been enlarged.

2. The draw-back of this principle is that energy from the
pump must be supplied in order to damp oscillations.
The pump is supplying flow to the meter out port (lower
pressurized port) in order to make the system more stiff
which is making this method not energy efficient.
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Figure 14: Cylinder position, when force is applied on a
LSPC servo system (without DPF).

4 Energy efficient active vibration damping
In this section a novel system for active vibration damping
with energy efficient dynamic pressure feedback (EE DPF) is
presented. In order to damp vibrations, in the new system it is
used third, crossport valve (see fig. 17 and fig. 18 ). Crossport
valve in independent metering systems is usually introduced
in order to be used for regenerative purposes as it is shown
on fig. 18. When the desired moving direction is the same
as the direction of a load force, than the load force can be
used as a power supply element in the circuit. In this situation
the cross port (third) valve is open and meter-in and meter-
out valves are closed (see fig. 18). The speed of the load
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Figure 15: Pressure response without pressure feedback on
meter-in side.
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Figure 16: Pressure response with pressure feedback on
meter-in side

Figure 17: New SMISMO hydraulic system with cross port
valve.

is then controlled with the opening of the cross-port valve.
The crossport valve works in two modes of operation: (1.)
Regenerative extension and (2.) Regenerative retraction.

The idea is to use this crossport valve for energy efficient
(EE) active vibration damping with dynamic pressure feed-
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Figure 18: Regeneration with negative force (left) and regen-
eration with positive force (right).

back (DPF). The third valve for EE DPF can be implemented
also in standard servo systems. In order to test this idea, Sim-
ulink model of the crossport valve and his controller has been
developed (fig. 19 and fig. 20). Simulations have shown that
the third valve can be the same type of valve as the other two
valves, or with bigger nominal flow.
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Figure 19: Simulink model of the crossport valve.
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Figure 20: Simulink model of the crossport valve controller.

The following scenario has been examined: cutting head is
moved using the vertical cylinder to reach 400 mm displace-
ment from starting position when (in second 20) force of
50 kN is applied in positive direction (restrictive force). The
vibrations in the system are monitored trough pressure sig-
nals from the cylinder and position signals from the cylin-
der and cutter head. Since, power represents time deriv-
ative of work P = dW

dt energy can be calculated integrat-
ing instantaneous power (P = Qload · ppump) over time E =
W =

∫
Pdt =

∫
F · vdt =

∫
psup ·Qloaddt. The energy spend

in period of 10 seconds has been used in comparisons of the
suggested strategies, since this period is enough to the system
to go back in previous state before the disturbance.
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Figure 21: Simulink model of the SMISMO system. Different
active damping strategies can be examined using appropriate
switches.

Three strategies for active vibration damping have been ex-
amined using Simulink model shown on the fig. 21:

Strategy 1. Here, DPF has been used as in classical servo
systems (fig. 11 and fig. 12). Active damping with dy-
namic pressure feedback is implemented (only) on the
piston side (high pressure side), then signal from pres-
sure oscillations is subtracting the signal from a position
controller and then supplying the valve A and valve B
(meter-in and meter-out valve) with control signal. Thus,
control signals of the valve A and valve B has been in-
fluenced from pressure oscillations. Dampening effect
in this strategy will be count as best and will be used to
compare Strategy 2 and Strategy 3.

On fig. 22 we can see that:

• Pressure oscillations have been attenuated very ef-
fectively and in very short period, less then 1 s.

• Unfortunately, for this wonderful work of damp-
ing, in 10 seconds, 9840 J of energy have been used
from the supply.

Strategy 2. In this strategy, DPF is implemented on the pis-
ton side, same as in Strategy 1 but now, crossport (3-th)
valve is included in control circuit. Control signal to the
valves is supplied trough EE DPF controller which de-
cides when will be the third valve turn on. Third valve is
activated when the conditions for his activation are ful-
filled, actually when pA > pB and control signal from
a position controller is negative. For the simulations it
is used valve with 20 % bigger nominal flow than other
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Figure 22: Cylinder pressures and position. SMISMO system
without and with DPF.
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Figure 23: Cylinder pressures and position of the SMISMO
system with EE DPF.

two valves, in order to get similar position footprint as in
Strategy 1.

Comparing fig. 22 and fig. 23 it can be concluded that
with Strategy 2 pressure and position vibrations can be
successfully attenuated as well as with Strategy 1, and
even better with Strategy 2, pressure in low pressure
chamber is not going below 7 bars.

With this strategy for the work of vibration damping, in
10 seconds, 4818 J of energy have been spend from the
supply. This means that Strategy 2 is 51% more energy
efficient strategy for active vibration damping.

Strategy 3. In this strategy, DPF has been implemented on
the piston side then signal from pressure oscillations is
subtracting the signal from a position controller, then
supplying to the valve A. Thus, control signal from a
position controller supplied to the valve B has not been
influenced. This is not unusual to be done and has been
reported as control strategy in [41]. In order to get the
same position footprint as in Strategy 1, the signal from
DPF had to be 3 times enlarged.

Comparing fig. 22 and fig. 24 it can be concluded that
with Strategy 3 position vibrations can be successfully
attenuated as well as with Strategy 1. Little pressure vi-
brations have stayed but they are on satisfactory level.
Unfortunately, with Strategy 3, pressure in low pressure
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Figure 24: Cylinder pressures and position of the SMISMO
system with DPF only on high pressure side.

chamber is falling deep to cavitation. For the work of
vibration damping in 10 s with this strategy 6892 J have
been spend from power supply.

This means that this strategy has better energy efficiency
than Strategy 1 (30%), but one must have in mind that
with this strategy pressure control on a low pressure side
must be implemented. This strategy can not be implied
in standard servo systems.

5 Conclusion
Research done in this paper had intention to investigate pos-
sible improvements in a hydraulic power system of a mobile
machine (mining machine), hydraulic system layout and con-
trol strategy, and with this contribute to better vibration damp-
ing of the machine.

Investigations has been done using simulations and measure-
ments. Appropriate models of the standard and individual
metering load sensing (LS) hydraulic system have been de-
veloped. Model of the individual metering system has been
validated with measurements. This model has been used to
study new control concepts of active vibration damping.

As a result from those investigations, innovative system lay-
out with three independent metering valves has been pro-
posed. The third valve (called also crossport valve) is intro-
duced in order to improve active vibration damping.

The idea to use this crossport valve for active vibration damp-
ing with dynamic pressure feedback (DPF) proved to be en-
ergy efficient concept. In investigations three strategies has
been compared, in first an standard dynamic pressure feed-
back has been used, in second DPF on only one valve has been
used and in third DPF with third valve has been used. Novel
concept and control strategy of DPF with third valve proved
to be superior in comparison with the other two methods ac-
cording to their energy efficiency and damping. In compar-
ison, energy efficiency of the novel concept proved potential
for 50 % savings with same or better damping effect.
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