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Abstract: Mobile hydraulics is in a transition phase, where electronic sensors and digital signal
processors are starting to become standard on a high number of machines, hereby replacing hydraulic
pilot lines and offering new possibilities with regard to both control and feasibility. For controlling
some of the existing hydraulic components there are, however, still a need for being able to generate
a hydraulic pilot pressure, as e.g. almost all open-circuit pumps are hydraulically controlled. The
focus of the current paper is therefore on the analysis and controller design an electro-hydraulic servo
pressure regulator, which generates a hydraulic LS-pressure based on an electrical reference, hereby
synergistically integrating knowledge from all parts of the mechatronics area.

The servo pressure regulator is used to generate the LS-signal for a variable displacement pump,
and the paper first presents the considered system and an experimentally verified model of this. A
linearized model is then presented, which comprise the basis for a stability and sensitivity analysis of
the system. Based on the results of the analysis, a control strategy is designed in combination with
optimisation of the mechanical design to generate a controlled leakage flow that aids in stabilising
the system. The robustness of the system is then discussed in relation to different pilot line volumes
and pump dynamics. Finally experimental results are presented, where the performance is compared
to that of a similar hydraulic reference system, which has been the basis for the specification of
performance requirements.

Keywords: Hydraulics, Mechanics, Electronics, Controller Design, Modelling, Stability, Sensitivity

I INTRODUCTION

The development of hydraulic systems shows a
clear tendency towards electrically controlled com-
ponents, as pointed out by e.g. [3]. This also
means that the need for hydraulic pilot lines are
decreased. However in the transition phase be-
tween traditionally hydraulically controlled com-
ponents and fully electrically controlled systems
there may be a need for generating some of the
pilot pressures based on electrical systems. One
example on this problem is hydraulic LS-pumps
connected to an otherwise electronically controlled
system (valves, engine etc.), where there is no hy-
draulic LS-pressure available. This problem is the
objective of the current paper, where focus is on
controlling the LS-pressure for the pump based
on the electric LS reference signal, for which a hy-

draulic copy is generated using a small spool valve,
further on denoted a servo pressure regulator.

To the knowledge of the authors, no other such
solution exist, although the control problem has
some resemblence to controlling the pump pres-
sure in an ELS-system, see e.g. [5, 2, 6, 9, 10, 1].
Common for these studies are that they have used
a sufficiently fast servo valve/proportional valve
for obtaining the electrical control of the pump,
directly controlling the flow to the displacement
piston of the pump, hereby removing the origi-
nal hydro-mechanical LS-regulator in the pump
and hence, in effect replacing the dynamics of the
hydro-mechanical LS-regulator and pilot line by
that of the inserted valve and controller. In the
current paper the hydro-mechanical regulator in
the pump is still included, and the objective is in-
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stead to generate the LS-pressure using a spool
valve, taking into account a given pump dynamic.
A similar idea of using an artifically generated LS-
pressure has been presented by [4] as part of a
pump regulator, where the LS-pressure was gen-
erated based on the pump pressure using a series
connection consisting of a fixed orifice and elec-
trically controlled relief valve, hereby obtaining
the effect of a pressure divider. Apart from the
idea of generating the LS-pressure based on the
pump pressure, the two solutions do however pose
quite different problems not only due to different
topologies and control problems, but also as the
presented solution is intended to be mounted a
distance away from the pump and should be ap-
plicable in combination with a large variation of
pumps.

verified model of this. A linearised model is de-
rived, which comprise the foundation for a stabil-
ity analysis of the system presented, and a dis-
cussion of the sensititivy of the system to varying
operating conditions. Based on the results of this
analysis the controller design is presented and ro-
bustness evaluated. Finally both simulation and
experimental results are presented, and the per-
formance of the electro-hydraulic pressure regula-
tor is compared to that of the hydraulic reference
system.

IT SYSTEM MODELLING

The system considered is shown in Fig. 1 and
consists of the pump, spool valve, hoses and the
load system. This setup may both be used as a
classical LS-system (reference system) or with the
pressure regulator, making it possible to test the
two systems individually.
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Figure 1: Diagram of the experimental set-up.

The system consists of a 57[cm?] Sauer-Danfoss
serie 45 H-frame pump, a load system consisting
of a PVG 32 pressure compensated proportional
valve, two variable orifices connected in parallel

and an on-off valve. The servo pressure regulator
is designed as a 3/3-NC null lap spool valve. It
is actuated with a voice coil which is connect to
a DC/DC inverter, by which it is also possible to
current control the voice coil. The setup may man-
ually be switched between the two systems using
the two ball valves.

Considering first the spool valve a model view of
this is shown in Fig. 2 with indication of the used
notation. The purpose of the valve is to control
the flow to or from the (dashed) pilot line (see Fig.
1), hereby generating the hydraulic LS-pressure.
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Figure 2: Model view of the spool valve with used
notation.

The flows through the different valves in the sys-
tem are assumed describable by the orifice equa-
tion, where, for the spool valve, also a laminar
leakage term is included when opening to the
pump side, as:

CdALS(x)\/m

,0<z <
—Kiear(z)Prs
QLS = 2
CaArs(w)\/ % (Pp — PLs) ,x>a
—CdALs(l’) % (PLS — PT) , <0

(1)

Where z; is the length of a leakage path in the
spool, and Kjeqr(x) is a laminar leakage coefficient.
The spool dynamics is determined from the free-
body diagram shown in Fig. 3.
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Figure 3: Forces acting on the spool.

The force equilibrium for the spool may therefore
be written as follows, when noting that the spool
is pressure balanced as A; = As:

ms'if:FVC+Fspr_Ff,p+Ff,t_Ffric (2)



Where m, is the movable mass. Fy,and Fy, are
the flow forces for the pump side and tank side
valve openings respectively, Fspr = z (k1 — ko) +
Fspro is the spring force and Fy,;. is the friction
force. Fyc is the voice coil force given by eq. (4),
where the current is determined from the voltage
equation, i.e.:

. di .
uyvc = Rvecive + cha + K (3)

Fyo = Kn -ive

Where K,, is the voice coil force constant and the
product K,,% is the back emf.

The friction force is modelled as a combination of
stiction, Coulomb and viscous friction as:

Py { (%)
(5)

2 >0
Where F. is the Coulomb friction, Fs the stic-
tion force and B the viscous friction coefficient,
which is experimentally determined. Finally the
flow forces are modelled as purely stationary flow
forces, i.e. for the pump side:

Fve + Fopr — Frp+ Fry
F. -sign(z)+ B - &
(%) =0 A Fpric < Fs

Ff,pZQ‘Cd'ALs(:L')-(PP7PL5)~COS(9) (6)
And similarly for the tank side opening. The vol-
umes (hoses) in the system are generally described
using the continuity equation, which for the LS-
hose volume yields:

Visdp  dVis
B dt | dt

= Qin - Qout (7)

With Q:» and Qo being the flows in and out of
the volume and g the effective oil bulk modulus.
The latter is modelled as being pressure dependent
as described in e.g. [7]. For the load the system
consists of the load orifices, which are simply de-
scribed by the orifice equation, whereas the on-off
valve is simply modelled as a switch. The load
is here only used to generate a load pressure for
a given pump flow. Finally the system contains
the pump, for which the model is quite compre-
hensive, why not included here. Details about the
pump model may be found in [§].

III VERIFICATION OF MODEL

The model has been verified based on experimen-
tally data under different operating situations.
The results of two of these tests are shown below
in Figs. 4- 5. The other tests performed shows
similar results.
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Figure 4: System response when applying load
pressure steps. Notice that the first measured step
is started a 0.1 [s] later than the simulation.
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Figure 5: Sinusoidal varying 1 [Hz] input.

From the results it may be seen that generally
there is acceptable agreement between measured
data and the simulation model, with the model
showing the correct tendencies. The minor devi-
ations result from unmodelled dynamics and the
simplifications made in the the modeling process,
but are within acceptable limits for the following
analysis of the system and for controller design
and testing.

IV LINEARIZED MODEL

Based on the above non-linear model the lin-
earized model may be derived. This is done under
the approximation that the bulk modulus is con-
stant and so are the discharge angle and discharge
coefficient. Linearizing and Laplace transforming
yield the following system equations:

mes’x = Kyive — Kspr,fq® + Kyfgppt PrLs (8)

+ Kygp,pPp — Bsz
qrs = Kex — Krsprs + kqp,pDp (9)

B

= 10
pLS = S —dLs (10)
uve = (Lves+ Rve)ive + Kgvesz (11)
Where Koprpq = Kopr + Kfqy Ko = Kqpt +

Kleak,x,p and K¢ = qu,pt +Kleak,p- Notice that
for the last part of the subscript a p indicate that
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the coefficient is taken for the pump side and a ¢
for the tank side respectively (pt indicate that a
coefficient is evaluated for both sides, dependent
on linearization point). The first expression above
describe the linearized spool force equilibrium, the
second the flow to the LS-hose, the third the pres-
sure build up in the LS-hose and the fourth the
voice coil dynamics. Combining these equations
in block diagram form, the block diagram shown
in Fig.e 6 may be obtained.

Figure 6: Block diagram relating valve voltage in-
put (up,rs) to pressure in the LS-line (prg).

In the block diagram the term, G,(s), represents
the pump and pump volume dynamics. As a very
rough approximation this is modeled simply by a
first order filter:

Pp 1

Gole) = 22 = (12)
To simplify the following analysis, the system may
be considered in two different situations, where
the first is when the valve opens for connection
between pump volume and the LS-hose (pump
side connection), whereas the second situation is
when the valve opens to tank. To further sim-
plify the analysis the system is considered as cur-
rent controlled utilizing the current control loop
in the DC-DC inverter and hence neglecting the
high frequency voice coil dynamics. For the case
where the valve opens to the pump side the trans-
fer function for the system may then be found to
be given as:

PLS
Crsp(s) = 722

(13)

BEqpt Ky (tps +1)

T Ga(9)Gm(s) = B((1p5 + 1) Kap ¢ K fap pt + Kg pt)

Where:

Ga(s) = Gi(s) (Tps + 1) — BKgp,p
Gm(s) = mss> + Bs + Kopr tq
Gr(s) = Viss + BKyp,t + BKicak

(14)

For the tank side connection case the system

transfer function become:

_ ﬂKq,pth
Gr(8)Gm(s) — BKqpt K pap,pt

Grs,i(s) (15)

V STABILITY AND SENSITIVITY
ANALYSIS

A stability and sensitivity analysis has been con-
ducted to determine under which operating con-
ditions the system is most likely to become unsta-
ble, or is unstable. This is done by considering
the open loop pole locations under various pa-
rameter variations, hereby investigating how the
system dynamics are influenced. The operating
conditions, which influence the dynamic behavior
are the pressure drop over the spool valve, Ap, the
spool position, z, the pump time constant, 7, and
the hose volume, Vi g. Similar the primary design
parameters, being the spring constant, Ky, spool
mass, mg, jet angle and area gradient are varied,
as basis for design improvements. The main re-
sults are presented below.

A. Pump side

Considering first the pump side, the open loop
pump side transfer function given in Eq. (13) has
four poles and one zero. The zero originate from
the pump dynamic, is always in the negative half
plane and is only changed when the pump dynam-
ics are changed, and hence of no interest at this
point. Only the movement of the four poles are
hence of interest. Varying the pressure drop over
the spool the resulting pole place movement may
be seen below.

60!
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Figure 7: Varying pressure drop.

From this result it may be seen that increasing the
pressure drop over the spool do not have a major
influence on the dominating poles (max. pressure
drop is 18 [bar]), but results in decreased damp-
ing. The worst case will hence be for the max-
imum pressure drop. Simulations with the non-
linear model show that the flow requirements are
around 1.35 [[/min], which yields the plot shown
in Fig. 8 for a varying spool position. The plot is
made with basis in the limited flow requirement,
as full pressure drop and large spool travel yield
unrealistic high flow gains that cannot occur in
the physical system.



OL pole placement, pump side, Qs = 1.35 [I/min]
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Figure 8: Pole movement for Qrs = 1.35 [I/min)].

Based on the above plot it is seen that an increas-
ing spool position generally lead to lower damping
and the worst case operating point for the pump
side is therefore found to be for Ap = 18[Bar] and
a spool displacement = = 0.277[mm)].

B. Tank side

For the tank side the transfer function defined
in Eq. (15) has three poles and no zeros. The
pump side is here absent and hence without in-
fluence. Again the pole locations are dependent
on spool position and pressure drop over spool
(Ap = prs — pr). The latter only bounded by the
system pressure, why the pressure drop in opening
situations may be very large. The results for the
tank side are shown in Figs. 9 and 10.

OL pole placement, tank side, Ap € {0;250} [Bar] = —0.01 [mm]
501 T T T T T T T

x Ap=0Bar]
Ap = 250 [Bar]

Imaginary axis

50! 1 1 1 1 h 1 1 1 1
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Figure 9: Pole movement varying pressure drop.
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Figure 10: Varying spool position for tank side.

From the first of these plots it may be seen that for
pressure drops above30 [Bar| the system has one of
the poles in the right half plane and is therefore
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defaultly unstable, which become even more out-
spoken for larger spool movements, cf. Fig. 10. As
for the pump side, the worst case operating point
is for the highest possible pressure drop and the
spool displacement determined from the average
flow requirement of 1.35 [I/min], i.e. Ap = 250[bar]
and x = —0.114[mm]. The system is here unstable,
and measures hence needs to be taken as discussed
in the next sections, where both design and con-
trol measures are considered.

C. Sensitivity to varying System Configu-
rations

Besides varying operating conditions, the system
is also required to be robust to various system con-
figurations , i.e. pumps and LS-hose volumes. The
LS-hose volume here directly influence the open
loop system gain, i.e. larger volume lower system
gain, see Figs. 11-12, whereas the pump dynamics
only influence the system behavior when operating
on the pump side, cf. Fig. 13.

OL pole placement, pump side, V5 € {20; 320} [mL]

60!

T
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Vis = 320 [m]

400+ -
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Real axis

Figure 11: Pole variations for varying Vi,s.
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Figure 12: Tank side poles for varying Vis.
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Figure 13: Pole variations for varying 7.
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It is seen that the volume change only has mi-
nor influence on the tank side, whereas the com-
plex poles becomes more dominating for the pump
side, when increasing the volume, resulting in a
less damping in the system. The same applies
when the pump time constant is increased, where
the damping from the complex poles reduces, but
where the effect of real pole is also reduced.

D. Sensitivity to changes in Design Param-
eters

In the above it was found that the system is un-
stable when operating on the tank side. Measures
hence has to be taken to stabilize the system when
closing the control loop. Changing the design may,
however, also have positive effects on the systems,
making it possible to design less conservative con-
trollers for stabilizing the system. The most ob-
vious design changes are therefore considered in
the following, starting with the spool mass. This
is not easily lowered, but may relatively easily be
increased, for which the effect is seen in Figs. 14
and 15.

OL pole placement, pump side, m, € {24.3;36.3} [g]

60 \

400r
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or *
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Figure 14: Pump side poles when varying spool
mass.
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Figure 15: Tank side OL-poles for varying spool
mass.

From the pump side figure it is seen that mass has
significant influence on the two complex conjugate
poles, hereby reducing the dominating eigenfre-
quency, but keeping the damping relatively un-
changed. For the tank side increasing the mass

slows down the system, by moving all poles closer
to origo. The reduced eigenfrequency may, how-
ever, be compensated for by a higher spring con-
stant, why in Figs. 16 and 17 the effect on the
pole locations may be seen as result of varying
the spring constant £2000 [N/m] (using the orig-
inal spool mass).
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80
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Figure 16: Open-loop poles location on pump side
when considering spring constant variations.
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Figure 17: Open-loop poles location on tank side
when considering spring constant variations.

From the graphs it may be seen that changing the
spring constant has little influence on the tank
side, whereas the complex poles on the pump side
moves closer to the imaginary axis and away from
the real axis, meaning a slightly increased eigenfre-
quency, but at the expense of lower system damp-
ing, which is undesirable. None of these design
changes will hence benefit significantly. Changing
the area gradient and/or the interrelated jet an-
gle, shows similar results, without significant im-
provements, why not included, as this would also
mean redesign of the spool. The last thing that
could be changed is the leakage path in the valve,
which may have a stabilizing effect as discussed in
the following. Showing this effect is however not
possible using linear analysis, as the effect is on
the pump side, and the system is unstable, when
operating on the tank side. As discussed in the
following, this do however have the effect of limit-
ing the pressure drop when switching over to the
tank side, hereby limiting the system to operate
in the stable region.



VI CONTROLLER DESIGN AND
EXPERIMENTAL RESULTS

The basic demands for the system is that the
performance must be comparable to that of the
benchmark system, whose specifications are listed
below, and that the control system is robust to
varying system configurations and operating con-
ditions.

Performance specification Value Unit
Settling time <0.1 [
Maximum overshoot 0 [%]
Steady-state error 0 [bar]
Gain margin >6 [dB]
Phase margin 30-90 [°]

Table 1: System design parameters.

Basically as the system structure changes depen-
dent on the spool position, two controllers were
considered, with the switching being triggered by
the spool crossing zero position. Utilizing this
type of control structure, however, requires cor-
rect initialization of integrators etc. when switch-
ing structure. The problem is further complicated
by the system being unstable, when operating at
the tank side and with large pressure drops over
the spool cf. results above. However, utilizing
the leakage flow effect in the valve actively hav-
ing designing the spool to have a continuous con-
trolled leakage flow from the LS hose to tank, this
problem may be reduced, as hereby the need for
operating in the tank side region will be reduced
to the situations with low pressure drop. Wen
operating at high pressure drops, the system will
instead be operating in the pump side, compen-
sating for the high leakage flow to tank. I.e. hav-
ing designed the spool to have the correct leak-
age flow, it will only be necessary to open to tank
side, when the LS pressure is below 30 [Bar], and
hence the system is defaultly stable. Hereby the
system dynamics may approximately be described
by a relatively well damped third order system in
both cases, removing the need for two controllers
to obtain satisfactory performance. As the sys-
tem is type zero due to the leakage flow, a stan-
dard (conservatory tuned) PI-controller is utilized
to avoid steady state errors and ensuring that the
controller works for both pump and tank side:

1 > K,
1.5 s Kspr,quleak,p

Ge(s) = 0.69 - (1 + (16)

The open-loop bode plot of the system with ap-
plied PI-controller is shown in Fig. 18.
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Bode diagram for pump side with PI-controller

10 10" 10° 10 10
Frequency [rad/s]|

Figure 18: Bode plot of system with controller.

Based on the above analysis the designed con-
troller has been implemented and tested exper-
imentally under different operating conditions.
The results are shown in Figs. 19-21.

1 15 2 25 3 35 4 4.5 5 55 6
Time[s]

Figure 19: Measured pressure when operating at
low pressures and applying pressure steps.

Pressure [bar]

15 2 25 3 3.5 4 45 5 55 6
Time[s]

Position [mm]

1 1‘.5 é 2‘,5 é . 3‘.5[] A‘l 4‘.5 .‘5 5‘.5 6
Figure 20: Measured pressure and spool position
when operating at high load pressure and applying
minor pressure steps.
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Pressure [bar]

15 2 25 3 35 4 45 5 55 6
Time [s]

Position [mm]

1 15 2 25 3 Tin::éS[S] a4 4.5 5 5.5 6
Figure 21: Measured data for high load pressure
and large pressure steps.

From the results it may be seen that the system
is operating as expected. For small pressure steps
the system is continuously operating with a posi-
tive spool position, as seen in Fig. 20, meaning
that the system is continuously controlling the
leakage flow to tank. For the larger downwards
pressure steps and when operating at low system
pressure, see Fig. 21, the valve do switch over to
the tank side to swash out the pump sufficiently
fast, but in this case the pressure drop over the
spool has been lowered to a level where the sys-
tem is not unstable, as a result of the initial leak-
age flow (on the pump side).

VII CONCLUSION

The focus of this paper has been on generating
a hydraulic (LS) pilot pressure based on an elec-
tric reference for use in systems without hydraulic
feedback of the load pressure. This was done us-
ing a small spool valve, where a model of the valve
and the considered system was first presented. A
linear analysis of the system yielded the worst case
operating conditions of the system, and based on
this analysis an approach using a controlled leak-
age flow was utilized, hereby enabling the system
to be operated with a simple PI-controller and still
be stable and robust towards transitions between
pump and tank side operation. Finally experimen-
tal results were presented showing the validity of
the approach.
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