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Abstract

The aim of the work is to develop an on/off valve based trajectory tracking control solution without fast and/or con-
tinuous switching of valves. The pulse code modulation method is used to realise stepwise control of inflow and out-
flow of the actuator. Both inflow and outflow paths have five parallel-connected two-way solenoid valves, each having
different flow capacity according to binary series, and a four-way on/off valve is used for changing direction of move-
ment. Cost function based open-loop and closed-loop control solutions are developed and it is demonstrated how the
cost function weights can be used to find a reasonable trade-off between tracking performance and pressure surges.
Closed-loop results show accurate and reasonably smooth position tracking and simultaneous pressure level control.
Achieved control performance is close to that of water hydraulic servo systems.
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1 Introduction

The controllability of modern water hydraulic sys-
tems is rapidly reaching that of oil hydraulics. Good
servo and proportional valves exist (Koskinen et al,
1996; Hyvonen et al, 1997; Takahashi et al, 1999) and
good control results can be achieved with these valves
(Mékinen and Virvalo, 2001; Sanada, 2002; Cho et al,
2002). The main obstacle for wider use of water hy-
draulic servo systems is the high price of valves. This is
partly caused by the small number of valves produced,
but also by the special requirements due to water (wear
and corrosion resistance, leakage, etc.). High price lev-
el has restricted the use of water hydraulic servo sys-
tems to special applications in which oil hydraulics
cannot be used.

Position trajectory tracking control is one basic ap-
plication of hydraulic servo systems, but only few papers
can be found in the literature dealing with water hydrau-
lic tracking control systems. Mékinen and Virvalo
(2001) used a combination of position and velocity con-
trollers for position tracking control of a water hydraulic
cylinder. The state controller approach with position,
velocity and acceleration feedback was used and the
system was a heavily loaded cylinder driven by a servo
valve. The natural frequency of the system
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was 90 rad/s and results showed 2 mm tracking error
with 200 mm/s peak velocity. Cho et al (2002) utilised
the adaptive sliding mode tracking control for the posi-
tion control of a low-pressure water hydraulic cylinder.
The natural frequency of the system was not given, but
the cylinder and load mass were the same as in this
paper. A water hydraulic proportional valve was used
and the achieved tracking performance was 3 mm
tracking error with 100 mm/s peak velocity.

On/Off control is an interesting alternative for pro-
portional control because there are low-cost and relia-
ble water hydraulic on/off valves on the market espe-
cially for lower pressure levels (Linjama et al, 2000a).
Pulse Width Modulation (PWM) and its variants are the
most popular methods for implementing proportional
control with on/off valves. The inherent drawback of
PWM control is high frequency and continuous switch-
ing of valves, which causes noise and rapid wear of
valves. In addition, the low bandwidth of water hydrau-
lic on/off valves prevents the use of PWM-like control
methods in most water hydraulic applications. An al-
ternative way to achieve almost proportional control
with on/off valves is Pulse Code Modulation (PCM), in
which several on/off valves of different sizes are con-
nected in parallel to form a digital flow control unit. In
particular, if flow capacities of valves are in ratios of
1:2:4:8 etc., in total 2" different flow rates are achieved
with n valves. This is an old idea (Bower, 1961), but it
is quite seldom applied in hydraulic systems. Miyata et
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al (1991) used the PCM method to control position and
pressure of a pneumatic cylinder drive. A special fea-
ture of this research was that four digital flow control
units were used to independently control inflow and
outflow of cylinder chambers. Virvalo (1978) used the
PCM method to control the velocity of an oil hydraulic
cylinder and Liu et al (2001) applied the method in the
position control of an oil hydraulic spraying robot.
Recently, Laamanen et al (2002) utilised the PCM
method in velocity control of a water hydraulic motor
and Linjama et al (2002) applied it in position control
of a water hydraulic cylinder.

This paper further develops the initial control re-
sults of Linjama et al (2002). The hydraulic system is
similar and consists of two digital flow control units for
controlling independently inflow and outflow of the
cylinder. Earlier research studied the special case of
equal opening at both digital flow control units and
only step responses were presented. This paper devel-
ops a general tracking control solution which allows
simultaneous control of velocity and pressure level and
is not limited to equal openings. Experimental results
show that accurate and rather smooth position tracking
control is possible with an inexpensive on/off control
system. Achieved control performance is of the same
level as that presented earlier in the literature (Makinen
and Virvalo, 2001; Cho et al, 2002). The rest of the
paper is organised as follows. Section 2 introduces the
concept of cost function based open-loop control, dis-
cusses different cost functions and proves that the con-
cept can be used also in closed-loop control. Section 3
introduces the test system, Section 4 explains the con-
troller implementation, Section 5 presents open- and
closed-loop results and Section 6 presents conclusions.

2 Cost Function Based Control of PCM
System

2.1 Definitions and Assumptions

The hydraulic circuit of the suggested PCM system
is shown in Fig. 1. A digital flow control unit is in-
stalled in both the inflow and outflow path of the sys-
tem, allowing separate meter-in meter-out flow control.
This additional degree of freedom is used to control
steady-state pressure levels in cylinder chambers. The
four-way valve is used to select the direction of the
movement. Another possibility would be to use four
digital flow control units as in Miyata et al (1991). The
controller is developed under the following assump-
tions:

2.a) Load force is known and slowly varying.

2.b) Supply pressure is known and slowly varying.

2.c) Valves are infinitely fast.

2.d) Pressure losses of pipes, couplings and the four-
way valve are negligible.

2.e) System dynamics is fast compared to the sampling
rate of the controller.

Slowly varying load force and supply pressure
means that they are essentially constant between sam-
pling instants. The assumptions are used to simplify
controller development and later it is shown experi-
mentally that the controller can be used even if these
assumptions are not fully satisfied.

Referring to Fig. 1, the pump side digital flow con-
trol unit has np valves connected in parallel. The flow
capacities of valves with one Pa pressure differential
are denoted by Qnp1, Qnp2 €tc. and the control signals
of valves are denoted by up;, Up, etc. Usually — but not
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Fig. 1: The hydraulic circuit of the suggested PCM system

Table 1: The relation between the state of the digital flow control unit and the control signals of individual valves

Up | o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 31
Upy o 1. 0o 1 0 1 O 1 0 1 0 1 0 1 0 1 0 1 1
Upz o 01 1 0 O 1 1 0 O 1 1 0 0 1 1 0 0 1
Up3 o 0 o 0 1 1 1 1 0 O 0 0 1 1 1 1 0 0 1
Upg o 0 0o 0 0 0 O 0 1 1 1 1 1 1 1 1 0 0 1
Ups o 0 o 0 0 0 O O O0 o 0 0 0 0 0 0 1 1 1
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necessarily — the flow capacities of valves are accord-
ing to binary series such that the next valve is two
times bigger than the previous one. In any case, the
flow control unit has in total 2™ states denoted by an
integer number up between 0 and 2™ —1. The relation
between the state up and valve control signals up; is
binary up; corresponding to the least significant bit. As
an example, Table 1 shows this relation for np = 5.

The effective flow capacity of the flow control unit
is given by

Qnp = ZP:uPiQN,Pi 1)

i=1

The vector of all nonzero flow capacities, Qup, iS
formed such that its i-th element is calculated according
to Eg. 1 using valve control signals corresponding to
the state up = i. The above discussion applies to the tank
side digital flow control unit by changing subscript ‘P’
to “T".

2.2 Steady-State Velocity and Pressures

Referring to Fig. 1 and assuming extending direc-
tion of movement, the steady-state equations of the
system are

Qp :QN,P(UP)\/ Ps — Pa = AnV

Qr =Qur(ur s = Agv )
F=A\Pa—AsPs

where notations Qup(up) and Qn r(ur) are used to de-
note up-th and ur-th elements of vectors Qyp and Qu.,
respectively. Solving for steady-state velocity and pres-
sures gives

_2ps 7l Ay

_VZZpS—ZZF/AB

Ve QN,P(UP) yps—F/Ag
Ag 224y

y=AalAg

Z= [QN,P(UP )]/[QN,T(UT )]

Steady-state velocity and pressures can be solved
similarly for the retracting direction and the result is

:y2p5+72F/AB

Pa

Ps

©)

Pa Z—2+73
73Ps —Z_ZF/AB
pB: ) 3 (4)
Z " +y

V:_QN,T(UT) ps +F/Ag
Ay 27247

Equation 3 and 4 are valid only if load force is be-
tween —Ag ps and Aa ps and if calculated pressures are
positive. It is seen that steady-state velocity and pres-
sures depend on the states of digital flow control units,
load force, supply pressure and direction of movement.
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The direction of movement is defined by the control
signal of the four-way valve, ug;, which is +1 for ex-
tending direction and —1 for retracting direction.

2.3 Example of Steady-State Velocity and Pressure
with Binary Coded Flow Control Units

An important special case of digital flow control
unit is the case in which valve flow capacities are ac-
cording to binary series, i.e., exactly in ratios of 1:2:4:8
etc. In this case, the elements of vectors Qnp and Qnt
are equal to upQnp; and urQy 1, respectively, and the
relation between the state and opening of the digital
flow control unit is ‘linear’ as shown in Fig. 2.
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Fig.2: Relation between the state and flow capacity of
binary coded digital flow control unit, np=4

As an example of a system with binary coded digi-
tal flow control units, Fig. 3 and 4 show calculated
steady-state velocity and A-side pressure for extending
movement for a system with the following parameters:
cylinder diameter 32 mm, rod diameter 16 mm, ps = 30
bar, F = O N, np = ny = 4, Qupr = Qnrt = 1x10°®
m?/(s\VPa). Figure 3 shows also a constant velocity con-
tour for 0.15 m/s velocity. It is seen that for essentially
the same velocity there are several up—u; combinations
with clearly different pressure levels. This feature
makes it possible to control almost independently ve-
locity and pressure levels.

O Abmyost same velogaty

Fig. 3: Steady-state velocity as a function of states of digi-
tal flow control units
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Fig. 4: Steady-state pressure in A-chamber as a function of
states of digital flow control units

2.4 Cost Function Based Open-Loop Control

The operation principle of the suggested control
method is to select at each sampling instant the states of
digital flow control units (upr and uy) such that a given
cost function is minimised. The cost function is based on
calculated steady-state values of Eq. 3 and 4, and the
assumption 2.e is essential so that a steady-state situation
is well achieved before the next sampling instant. Some
possible cost functions are

3 (k) =[v. (k) -v(k)]" )
3(K)=[v, (K)=9(k)]" + K, [ Ba (k=1)= Pa (k)]

K, [ Pa (k-2)- pg ()]’

3 () =[v, (K)=9(K)]" + Ky [ P (K) = a (K)]°
+K, [ Py (k)= o (K)]°

Where the hat “” notation is used to denote the fact
that velocity and pressures are not measured but calculated
using Eq. 3 and 4. The first version considers only the
steady-state velocity error. Although it gives the smallest
velocity error, it may result in high pressure surges. The
second version weights also the change in calculated
chamber pressures and therefore reduces pressure varia-
tions at the cost of velocity error. The third version sets
weight on the difference between calculated and target
pressures of cylinder chambers. This allows the simulta-
neous control of pressure level and velocity. The coeffi-
cients of cost function can depend e.g. on piston position,
velocity or direction of movement. The operation principle
of the open-loop controller is as follows:

e Read current reference velocity and reference pres-
sure values.

e Calculate steady-state velocity and pressures with
all state combinations of digital flow control units.

e Calculate the value of cost function with all calcu-
lated steady-state values.

e  Select the state combination (up, ut) that minimises
the value of cost function.

e Wait for the next sampling instant.

This is a ‘brute force’ solution for finding the opti-
mal state combination as all combinations are calculat-

(6)

(7)

10

ed at each sampling instant. It is clear that the optimum
could be found much more effectively using discrete
optimisation, but this is not the topic of this paper. The
block diagram of the open-loop controller is shown in

Fig. 5(a).
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Fig.5: Block diagrams of open-loop (a) and closed-loop
controller (b)

2.5 Closed-Loop Control

A drawback of the open-loop control is its sensitivi-
ty to disturbances. Accurate open-loop control requires
accurate knowledge of system parameters and good
estimates for the load force and supply pressure. Espe-
cially the load force is difficult to know accurately be-
cause it includes the friction force of the piston. In ad-
dition, open-loop strategy is based on the assumption
that the system achieves its steady-state velocity after a
negligibly short transient period, which is seldom true
in real systems. These errors accumulate in position
control and therefore pure open-loop control is suitable
only for manually controlled systems or velocity con-
trol of hydraulic motors. However, the open-loop con-
trol strategy can be used as a feedforward term to im-
prove the closed-loop position tracking. The studied
closed-loop control structure is shown in Fig. 5(b). Its
core is the open-loop controller and the closed-loop
position controller corrects the velocity reference ac-
cording to measured position error.

The use of this closed-loop control structure can be
justified by the fact that the ‘gain’ of the open-loop
controller block does not change its sign even if the
load force estimate is incorrect. In other words, in-
crease in the velocity demand v,¢ yields increase in the
piston velocity and vice versa. This can be seen in the
third expression of Eq. 3 or 4, where the influence of
load force is a common multiplication factor independ-
ent of combinations of up and ur.

3 Test System

The hydraulic circuit of the test system is depicted
in Fig. 6. It consists of a water hydraulic pump unit,
two digital flow control units, a four-way valve and
asymmetric cylinder with inertial load. Each flow con-
trol unit consists of five directly operated solenoid
valves. The largest valve is without external orifice and
other valves have an orifice such that the flow ratios
follow approximately the binary series. These valves

International Journal of Fluid Power 4 (2003) No. 1 pp. 7-16
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have been studied by Linjama et al (2000a) and the
response time is 5-30 ms. The four-way valve is a
commercial spool-type pneumatic valve that is suitable
also for short-term low-pressure water hydraulic use.
Its weak points are leakage and the rather slow re-
sponse time of 60 ms, which hamper some experi-
ments. Nevertheless, this valve is used because of the
poor availability of water hydraulic four-way valves.
The system is equipped also with ‘hose accumulators’
to reduce pressure surges. These small pieces of hose
do not reduce the stiffness of the system too much but
are effective in reduction of rapid pressure spikes, see
Linjama et al (2000b). The supply line has a small ac-
cumulator for reducing supply pressure pulsation.

The control hardware consists of a dSPACE
DS1104 PowerPC based controller board and the valve
power stage is implemented with NAIS AQZ205 Pho-
toMOS relays. The power circuit is equipped with an
RC-filter (R = 100 Q, C =1 pF) and can be considered
an ideal relay. A rotary encoder with belt transmission
measures the piston position, giving the theoretical
position resolution of 266060 pulses/m. The supply
pressure and pressures in cylinder chambers are meas-
ured by 0-100 bar pressure transducers (Trafag).

4 Implementation of Control System

4.1 Valve Flow Capacities

Flow capacities of two-way valves are adjusted with
external fixed orifices. Orifices are available with 0.05
mm increments and therefore the exact binary series is
impossible to achieve. Flow capacities are measured by
opening one valve on the pump and tank side and re-
cording steady-state velocity and pressures. The meas-
urement is repeated in both directions and the mean
value is considered the true flow capacity. Figure 7
presents the measured flow capacities of digital flow
control units as a function of states up and us. The flow
capacities do not follow exactly the binary series, yield-
ing unequal steps in flow and velocity curves. The flow
capacity of the tank side digital flow control unit is
smaller than that on pump side because of cavitation
choking.
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Fig. 7: Measured flow capacities of digital flow control

units and measured steady-state velocity for extend-
ing direction when equal openings are used in both
digital flow control units

4.2 Valve Delays and Sampling Time

The opening delay of two-way valves varies between
20 and 30 ms and the closing delay between 5 and 15
ms. This asymmetry is compensated by delaying the
closing of two-way valves by 12 ms. By default, the 60
ms delay of the four-way valve is not considered at all,
which sometimes causes increased tracking error when
the motion starts.

Several experiments were made to determine a suita-
ble sampling time and it was found that 30 ms sampling
time gives the best control performance. A shorter sam-
pling time would lead to malfunction of valves, while

11
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longer sampling times would increase the tracking error.
The selected sampling time does not satisfy assumption
2.e because the system achieves the steady-state velocity
after a 30-80 ms transient period. The controller uses a 6
ms base sampling time for delay compensation and data
acquisition.

4.3 Test Trajectories and Controller Parameters

The nominal load mass is selected as 100 kg and the
nominal position trajectory is a fifth-order polynomial
from 150 mm to 350 mm and back with 1.5 s movement
time. This gives the maximum velocity of 0.25 m/s and
the maximum acceleration of 0.51 m/s°. In order to min-
imise the number of tuning parameters, the following
cost function is used:

3 (k) =[ve (k) =9()]" + Ky [ e (k) = B (k)]
Ko [ (k=1)= pa (k)]
+[ﬁs(k_l)_ ﬁs(k)} } (8)

where f, is the calculated downstream pressure defined
by

9)

g =

. |pgforve>0
p,forv,. <0

The downstream pressure reference pg is 10 bar in
most tests. So the open-loop controller tries to minimise
velocity error and changes in pressure levels and simul-
taneously to keep downstream pressure near 10 bar.

The supply pressure estimate is a constant 30 bar alt-
hough the supply pressure varies in the real system. The
real supply pressure is about 32 bar with zero velocity
and 28-29 bar with full velocity. The load force estimate
considers approximately the Coulomb friction of the
cylinder as follows:

400 for v, =0.002
F =40 for —0.002 <V, <0.002 (10)
—400 for v, <-0.002

The controller is commanded to close all valves if
required velocity is smaller than calculated velocity with
Up=Ur= 1.

4.4 Implementation of Control Algorithm

Steady-state pressures and velocities are calculated
using vectorised versions of Eq. 3 and 4. For positive
direction, the matrices containing steady-state values are
given by

A 22f)5+;/2|f/AB
Pa=—"5 3
°+y
2 A 2
A y2°Pps—2°F/ Ag
Pe=—""5 "3
2" +y (11)
Ozdiag(QN,P)* yhs—F 1A
Ag 2 +y°

Z=Qup *(1/Q|E,T)

12

where diag(Qn.p) is a diagonal matrix with elements of
the vector Qyp in the main diagonal, the star ‘*’ de-
notes matrix product and all other operands operate
element-wise. The steady-state values for the negative
direction are

- 72ps+72|£/AB
pA 2 3
Z"+y
s _ 7 Ps—2FIAg
Pe="""5Z 3 (12)

G=_ Ps + F/ Ag *diag(QN,T)
772493 Ag
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Fig. 8: The flow chart of the open-loop control algorithm

The flow chart of the open-loop control algorithm is
shown in Fig. 8. The closed-loop controller works simi-
larly but the velocity reference (see Fig. 5) is
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Ve =V, + Ko (Y, —Y) (13)

i.e., the simplest possible proportional controller is used
as a closed-loop controller.

5 Experimental Results

5.1 Open-Loop Responses

Figure 9 shows the measured open-loop response
when Kyq and K,, are zero. The controller tries to min-
imise the velocity error and puts no effort into limiting
pressure changes. This results in high pressure surges
and poor tracking.

ALY
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Fig.9:  Open-loop response with Ky = K,=0

Several tests were made with different values of Kyg
and K, and it was found that the Kyq term is important
to keep pressures at suitable level and that the K, term
is not absolutely necessary but helps to reduce pressure
surges. Figure 10 shows the open-loop response with
Kpa = Kap = 4x107"°. Overall tracking behaviour is bet-
ter and pressure surges are smaller. It can also be seen
how the K,y term in the cost function keeps the down-
stream pressure near 10 bar. The conclusion regarding
open-loop tests is that finding a reasonable trade-off
between tracking error and pressure behaviour can be
done in a straightforward way by adjusting cost func-
tion parameters.

5.2 Closed-Loop Responses

The gain of the closed-loop controller is tuned to be
about one half of the critical gain of the system and the
used gain value is Kp = 15/s. The nominal values for
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the cost function parameters are selected according to
open-loop tests to be Ky = Ky,= 4x107"°. Figure 11
shows the nominal closed-loop response. The maxi-
mum tracking error is now about 2.5 mm, which can be
considered a good value.
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Fig. 10: Open-loop response with Ky = K ;= 4x107%
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Fig. 11: Nominal closed-loop response, Kp=15/s, K,y =
Kp= 4x107°
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Fig. 13: 1 Hz closed-loop sinusoidal response, Kp=15/s,
Kpa=K p=4x10°

Figure 12 shows the closed-loop response when the
downstream pressure reference changes during motion.

14

The downstream pressure reference is 15 bar if y < 0.25
m and 8 bar otherwise. Now the K,, parameter is re-
duced to 1x107*® in order to achieve faster pressure
tracking. It can be seen that almost independent pres-
sure and velocity control is possible with the suggested
control scheme. There are some pressure transients
when the pressure level changes, but they have only a
minor effect on position tracking.

Finally, Fig. 13 presents a 1 Hz sinusoidal response.
To obtain this kind of response is difficult or even im-
possible without a “trick” because of the too slow four-
way valve. The trick used is to command the four-way
valve to change its state 60 ms before the velocity ref-
erence changes its sign. Of course, this kind of predic-
tive control cannot be used in the general case and fast-
er four-way valve is required for real applications. It is
seen that the phase shift is small but there are some
problems when the velocity changes its sign.

6 Conclusions

Experimental results show that accurate position
tracking control of water hydraulic systems is possible
with simple, non-ideal and low-cost on/off valves. The
achieved position tracking performance is 2.5 mm
tracking error with 250 mm/s peak velocity. This is of
the same level as results of Makinen and Virvalo
(2001) and clearly better than results of Cho et al
(2002). However, the natural frequency of the test sys-
tem is about 105 rad/s, being 17 percent higher than
that in the system of Mékinen and Virvalo (2001).
Thus, it can be concluded that achieved tracking per-
formance is slightly weaker than in Mékinen and Vir-
valo (2001). This is still a significant result because it is
achieved with inexpensive and non-ideal on/off valves
using pure position feedback.

If the smoothness of movement is considered, the
results are not as good as with good servo valves. The
smoothness is “reasonable” and sufficient for many
applications but it can be improved. The operation
principle of the on/off system presented in the paper
always generates force pulsation. The effective valve
opening changes stepwise and a force pulse is generat-
ed to accelerate or decelerate the load to the new veloc-
ity level. The magnitude of this force pulse depends on
the load mass, system dynamics and the magnitude of
velocity change. However, a much more important
source of pressure peaks is inexact switching of valves,
which is caused by the varying opening and closing
delays. For example, the change of the state of the digi-
tal flow control unit from 15 to 16 requires simultane-
ous opening of the fifth valve and closing of all other
valves. If the opening of the fifth valve is late, the
opening of the digital flow control unit is temporarily
zero, yielding a high pressure peak. This kind of peak
occurs occasionally and can be seen for example in Fig.
11. Smaller variation in valve delays would improve
the smoothness of motion.

An important advantage of the system presented is
its ability to control simultaneously pressure level and
velocity of the actuator. This feature was demonstrated
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in this paper but it has not been utilised yet. The pres-
sure level control makes it possible to handle overrun-
ning loads without cavitation or the use of counterbal-
ance valves. The optimisation of pressure level allows
the use of lower supply pressure and improves efficien-
cy. This is an obvious and important topic for future
research. Another topic for future research is theoretical
analysis. The system differs considerably from tradi-
tional hydraulic control systems and traditional control
design methods are difficult to apply. It is clear from
the results presented in the previous sections that the
concept works, but it is unclear how to analyse e.g. the
stability or robustness of the system.

Nomenclature

Aa Piston area, piston side [m?]

Ag Piston area, piston rod side [m?]

F Load force [N]

= Load force estimate [N]

J Cost function -]

Ki Cost function weight factors, i = []
1...4

Kp Gain of closed-loop controller [1/s]

Kod Weight for downstream pressure [-]
error

Kap Weight for pressure variation |

m Load mass [ka]

Np Number of pump side valves |

nr Number of tank side valves |

Qup Nominal flow of pump side digital [m®/
flow control unit (s\VPa)]

Qnp Vector of all nonzero pump side [m®%/
nominal flows (s\VPa)]

Qnp(up) Up-th element of vector Qup [m?/

(s\VPa)]

Qupi Nominal flow of i-th pump side [m%
valve,i=1...5 (sVPa)]

Onr Nominal flow of tank side digital [m®/
flow control unit (s\VPa)]

OnT Vector of all nonzero tank side [m®/
nominal flows (s\VPa)]

Qn1(ur) ur-th element of vector Qu r [m¥/

(s\Pa)]

Qniri Nominal flow of i-th tank side [m%
valve,i=1...5 (s\VPa)]

Qe Flow of pump side digital flow con- [m?%s]
trol unit

Qr Flow of tank side digital flow con- [m?/s]
trol unit

Pa Pressure in A-chamber [Pa]

Pa Calculated pressure in A-chamber  [Pa]

Pa Matrix of all calculated pressures in [Pa]
A-chamber

Par Reference for A-chamber pressure  [Pa]

Pe Pressure in B-chamber [Pa]

Pg Calculated pressure in B-chamber ~ [Pa]

P Matrix of all calculated pressures in [Pa]
B-chamber

Per Reference for B-chamber pressure  [Pa]
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Py Calculated downstream pressure [Pa]

Dy Matrix of all calculated downstream [Pa]
pressures

Par Downstream pressure reference [Pa]

Ps Supply pressure [Pa]

Ps Supply pressure estimate [Pa]

Ugir Control signal of 4/2 directional [-]
valve

Up State of pump side digital flow con- [-]
trol unit

Upi Control signal of i-th pump side [-]
valve,i=1...5

Ut State of tank side digital flow con- [-]
trol unit

Ui Control signal of i-th tank side [-]
valve,i=1...5

v Piston velocity [m/s]

v Calculated piston velocity [m/s]

v Matrix of all calculated piston ve- [m/s]
locities

Vy Piston velocity reference [m/s]

Ve Closed-loop velocity reference [m/s]

y Piston position [m]

Y Piston position reference [m]

z Ratio of pump and tank side nomi- [-]
nal flows

z Matrix of all ratios of nominal [-]
flows

y Ratio of piston areas [-1
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