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Nonlinear pressure control of self-supplied variable displacement axial piston pumps

W. Kemmetmiiller*®, F. Fuchshumer®, A. Kugi®

@ Automation and Control Institute, Vienna University of Technology, Gusshausstr. 27-29, 1040 Vienna, Austria
bHydac Electronic GmbH, Hauptstr. 27, 66128 Saarbriicken, Germany

Abstract

The present paper deals with the pressure control of self-supplied variable displacement axial piston pumps subject to fast changing,
unknown loads. First, the setup of the system and the mathematical model are described. As the pump is self-supplied, the
mathematical model exhibits a switching right-hand side which makes the control design a challenging task. A nonlinear two
degrees-of-freedom control strategy, comprising a feedforward and a feedback control, in combination with a load estimator is
proposed for the pressure control. The proof of the stability of the overall closed-loop system is based on Lyapunov’s theory. The
performance of the control concept is verified by means of experiments. The results show that the proposed control concept has an

excellent and robust behavior.

Key words: axial piston pumps, nonlinear control, switched systems, load estimation, load-sensing, pressure control

1. Introduction

Electrohydraulic systems are widely spread in many indus-
trial plants and mobile machines like excavators, cranes, etc.,
which is mainly due to the very high power density of hydraulic
systems compared to electrical or mechanical drives. The gen-
erally poor energetic efficiency constitutes one of the major
drawbacks of electrohydraulic systems. Conventional hydraulic
supply systems typically provide a constant supply pressure or
a constant supply volume flow, independent of the actual de-
mands of the load. Thus, the worst energetic efficiency occurs
in the case when no energy is needed by the load. The increas-
ing demands on the energetic efficiency requires the implemen-
tation of hydraulic supply systems which can be adjusted to the
actual requirements of the load (load-sensing), see, e.g., Wu,
Burton, Schoenau & Bitner (2002); Findeisen (2006). Basi-
cally, two approaches do exist to control the supply volume
flow.

If a fixed displacement pump is used, then the input speed
of the pump can be utilized to change the output volume flow.
In many applications, fixed displacement pumps are driven by
electric motors which allow an easy control of the speed. The
dynamics, however, are very limited such that in general the
demands on the dynamical performance cannot be met with this
concept. This is even more obvious if the pump is driven by a
combustion engine.

The second possibility to control the volume flow of a pump
is to change the displacement of the pump. In this con-
text, variable-displacement axial piston pumps are often used,
whereby the displacement of the pump (i.e. the volume flow)
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can be changed by tilting a swash plate. This can be done fast
enough to meet the dynamical demands of many loads.

The present paper deals with the supply pressure control of
electrohydraulic systems comprising a variable displacement
axial piston pump and a variable load. Typically, linear control
strategies are used in such applications, see, e.g., Grabbel &
Ivantysynova (2005); Wu, Burton, Schoenau & Bitner (2002).
Since electrohydraulic systems exhibit a significant nonlinear
behavior the performance of the closed-loop system is normally
rather limited. Furthermore, a rigorous stability proof is lacking
in most cases and the tuning of the controller parameters turns
out to be very time-consuming. In this work, a new model-
based nonlinear control strategy is derived, which, on the one
hand, takes into account the essential nonlinearities of the sys-
tem and, on the other hand, can be easily adjusted to pumps of
different installation sizes in the same model range.

A general problem in designing a load-sensing system is to
find out the actual demands of the load, since in most cases the
load is neither known nor can it be measured. This problem
also occurs in the application considered in this paper where
the load not only is unknown but may also change in a very
fast manner. In order to deal with this fact, the nonlinear con-
trol strategy has to be augmented by a load estimator. This is
a challenging task since it is well known that the separation
principle of the controller and the estimator design does not
hold for nonlinear systems. In this contribution, the stability of
the closed-loop system consisting of the nonlinear controller,
the nonlinear load estimator and the plant model is proven by
means of Lyapunov’s theory.

In order to meet the high demands both on the tracking
behavior and the robustness of the closed-loop system a two
degrees-of-freedom control structure, comprising a feedfor-
ward and a feedback part, is proposed in the controller design.
Thereby, the design of the control strategy becomes very chal-
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lenging in the considered application due to the fact that the
axial piston pump is self-supplied, i.e. the volume flow which
is necessary to control the pump is taken from the output vol-
ume flow of the pump. This, as will be outlined in detail in
the next section, yields a switching mathematical model of the
system. It is well known from literature that the controller de-
sign and the proof of the stability is much more demanding for
switching systems (Branicky, 1995, 1998; DeCarlo, Branicky,
Pettersson & Lennartson, 2000; Liberzon, 2003).

The paper is organized as follows: In the next section, the
electrohydraulic system under consideration is described in de-
tail and a short overview of the mathematical modeling as well
as a precise definition of the control task is given. Section 3
is concerned with the control design, whereby a feedforward
controller is designed in the first part and is augmented by a
feedback controller in the second part. The design of a load es-
timator is the topic of Section 4, where a simple and an extended
estimator for the load is presented. Finally, the feasibility of the
overall control concept is shown by means of measurement re-
sults in Section 5.

2. Mathematical Modeling and Control Task

The variable displacement axial piston pump under consider-
ation is to be used in injection molding machines, where liquid
plastics is injected into a mold by a screw conveyor. The dis-
placement of the screw conveyor is controlled by a hydraulic
piston actuator, which, in turn, is controlled by the axial piston
pump. Basically, the injection process can be divided into two
phases:

i. In the first phase, the mold is filled with liquid plastics. To
accomplish this task, the screw conveyor has to be moved
with a constant velocity. This means that the axial piston
pump has to provide a constant volume flow.

ii. In the second phase, the mold is completely filled. In or-
der to compensate for the shrinking of the cooling plastics,
liquid plastics has to be supplied to the mold with constant
pressure. Thus, the axial piston pump has to control the
pressure in the piston actuator.

The control task for the first phase is rather simple since the vol-
ume flow g, of the pump is basically proportional to the swash
plate angle ¢,. Thus, a simple (linear) controller for the swash
plate angle turns out to be sufficient in terms of accuracy and
dynamic performance, see, e.g., Fuchshumer (2009). On the
other hand, the control of the pressure in the piston actuator
is a challenging task since (i) there are very high demands on
the dynamics and the accuracy of the pressure and (ii) the char-
acteristics of the load can change dramatically with very high
dynamics. The control task is further complicated by the fact
that the pump is self-supplied, which means that the volume
flow necessary to control the swash plate angle of the pump is
taken from the pump volume flow g,, cf. Fig. 2. This in turn
entails a switching character of the mathematical model.

In Fig. 1 the schematic diagram of a variable displacement
axial piston pump is shown. The pump under consideration

consists of 9 pistons which are placed in the barrel. The bar-
rel, driven by an induction machine, rotates with the (almost
constant) angular velocity w, and is forced against the valve
plate, which alternately connects the pistons to the tank and to
the load pressure. The pistons themselves are born against the
swash plate by means of slippers. A tilt (angle ¢,) of the swash
plate results in an axial displacement of the pistons. Thereby,
oil is taken from the tank via the intake port and delivered to
the load via the discharge port. The volume flow of the pump
qp can be changed continuously by changing ¢,,.

¥p Pt da

actuator

(f /”””””’
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slipper port
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Figure 1: Schematic diagram of the variable displacement axial piston pump.

Fig. 2 depicts the schematic diagram of the overall electro-
hydraulic system under consideration. It comprises the variable
displacement pump which delivers the volume flow ¢, to the
load volume V;. The load volume is connected to the tank with
tank pressure p; via a variable load orifice. In order to change
the volume flow g, of the pump, the angle ¢,, of the swash plate
has to be adjusted. For this task a single acting hydraulic actua-
tor is used, whereby the restoring force is generated by a spring.
The actuator pressure p, is controlled by a 3 ways / 3 lands
(3/3) proportional directional valve generating the actuator vol-
ume flow g,. As shown in Fig. 2, the control valve is supplied
by the load pressure py, i.e., the pump is self-supplied. Thereby,
only positive actuator volume flows ¢, are taken from the load,
while negative volume flows are discharged to the tank. The
advantage of the chosen experimental setup is that all relevant
situations occurring in injection moulding machines can be em-
ulated under well-defined conditions.

The mathematical modeling of electrohydraulic systems was
the topic of numerous works, see, e.g., Blackburn, Reethof &
Shearer (1960), Merritt (1967) and McCloy & Martin (1980)
for a general overview. Especially, detailed works are avail-
able for the mathematical modeling of variable displacement
pumps (Manring & Johnson, 1996; Manring, 2005; Ivantysyn J
& Ivantysynova M, 1993; Findeisen, 2006). Since the detailed
mathematical models capturing all the dynamical effects are in
general rather complicated they are not suitable for a model
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Figure 2: Schematic diagram of the electrohydraulic system.

based controller design. Therefore, an analysis of the dynam-
ics of the system based on the singular perturbation theory was
performed in Fuchshumer (2009) to systematically reduce the
overall complexity of the mathematical model. The resulting
model, which will be used in the subsequent control design, is
given by

@y = 2 (1a)
dt‘pp T Aurg a
d B

a7y, (kpsop —ki\pi = n(qa)), (1b)

where ¢, is the swash plate angle, p; is the load pressure and
q, 1s the volume flow into the actuator. The effective area of the
actuator is denoted by A, and the effective radius is given by r,.
Further, 8 is the bulk modulus of the oil, V; is the volume of the
load and k; denotes the unknown coeflicient of the load orifice
(load coefficient). The function 77(gq,) describes the volume flow
taken from the load in order to tilt the swash plate

| qa for

qa>0 ?)

Finally, the volume flow g, of the pump is given by ¢, = k,¢p,
with the pump coefficient
npAprpwp

kp = —— 3)

with the number of pistons 7, the cross-sectional area A, of a
piston, the effective radius of rotation r, of the pistons and the
constant angular velocity w, of the barrel. As was shown in
Fuchshumer (2009), this considerably simplified mathematical
model of the electrohydraulic system in Fig. 2 covers the essen-
tial (nonlinear) behavior of the real system and thus serves as a
good basis for the controller design.

Remark 1. Henceforth it is assumed that the volume flow ¢,
into the actuator is the control input of the system. In reality,
of course, only the position of the spool of the 3/3 proportional
directional valve can be directly controlled. However, a servo-
compensation is implemented in the system which calculates
the spool position s, necessary to achieve a desired actuator
volume flow ¢,. More details on this topic will be given in
Section 5.

The control design task can now be summarized as follows:
Given the (nonlinear) mathematical model of the system (1),
(2), design a (nonlinear) controller (with g, as the control input)
for the load pressure p; which is capable of following high dy-
namic trajectories p;4(¢) without exact knowledge of the load.
The control task is complicated by the following facts:

e From (1), (2) it can be seen that the mathematical model
of the electrohydraulic system constitutes a switching sys-
tem, since the right-hand side is changing dependent on
the sign of g,. This means, of course, that many classical
stability results and control design methods for nonlinear
systems cannot be directly applied.

e In addition to the fact that the load coeflicient k; is un-
known in the real application, it can even change very
rapidly.

e The controller has to be robust with respect to model un-
certainties and measurement noise.

3. Control Design

This section is concerned with the development of a nonlin-
ear model based control strategy for the electrohydraulic sys-
tem (1), (2). In this work, a two degrees-of-freedom control
structure comprising a feedforward and a feedback part is used
to solve the aforementioned control task. In order to take into
account the unknown load coefficient &;, the controller is aug-
mented by an estimator for k;.

For the subsequent considerations, system (1), (2) is formally
split into two systems: system X! which is valid for ¢, < 0,

d 9a
o —p,=— 4
"= A, @)
d B
a’ T (kop = ki V1) (4b)
and system =/’ which holds for ¢, > 0
d q
e~y = 5
a’" = " A, G
d B
Epl = Vl (kp‘;ap —k \/171 - Qa) . (5b)

3.1. Feedforward Control

System X!

A simple investigation of (4) shows that the system ¥/ is dif-
ferentially flat with the load pressure p; as a possible flat out-
put, see, e.g., Fliess, Lévine, Martin & Rouchon (1995) for an
introduction to the concept of flatness for nonlinear systems.
Defining a sufficiently smooth (at least twice continuously dif-
ferentiable) desired trajectory p;, of the load pressure in (4b)
yields

Dia = % (kaDp,d —k \/W) . (6)
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In order to calculate the desired swash plate angle ¢,  from
(6) the knowledge of the load coefficient k; would be necessary.
To circumvent this problem at this point, an estimation fq is
used in the feedforward control instead of k;. The design of the
estimator and the proof of the overall closed-loop stability will
be treated later on in this paper. For the time being only the
existence of an appropriate estimator for k; is presumed. This
directly gives the desired swash plate angle ¢, 4

1 (V. A
Opd = T (_lpl,d +k; \/Pz,d)- (7)
kp \ B
The second derivative of the desired load pressure
Pra =% Bt Qad__A_pld_kl\/pld 3)
’ V] A ala 2 \PI ’

includes the desired actuator volume flow ¢, 4. Thus, the feed-
forward control! for X! reads as

Aara Vl B o+
k, PLa

FF1: qad = —

I d+k1\/lT) 9

1k
2"
System X!

In contrast to X/, the load pressure p; is no longer a flat output
for . Nevertheless, an inversion-based feedforward control
strategy can be applied to this system. Thus, the desired load
pressure p; 4 is used in (5b)

pl,d=§(psopd ki VPrd = ) (10)
!

yielding the desired volume flow g, 4 for = with k; replaced by
k; in the form

ki \pra. (11)

P +k
ad = = Pld T kpPpd —
ﬁ PYL
The corresponding desired swash plate angle ¢, 4 in (11) is de-
termined by the differential equation for the internal dynamics

d

a‘pp,d =

FF:

1 A V.
A, (_kp%,d +ki\pra + Flpl,d . (12)

Obviously, the internal dynamics is exponentially stable.

3.2. Feedback Control

The feedforward control designed in the last subsection has
to be augmented by a feedback control in order to stabilize the
tracking error in case of parameter variations or model uncer-
tainties. Therefore, the pressure error e, = p;— p; 4 and the error
in the swash plate angle e, = ¢, —¢,, 4 are introduced. Applying
FF' to the system X/ yields the error system for g, < 0

d 1
a b= A Yac (13a)
d B )

W=y (kpey = kiNJe, + pra + kiypia). (13b)

!'Subsequently, the feedforward control for =/ and =/ will be referred to by
F! and FF', respectively.

where ¢, = g4 — qa.q denotes the feedback part of the control
input. Similarly for g, > 0, using FF in £ results in

d 1

aetﬂ T T A Gac (14a)
d B .

TV (kpe, = kiJey + pra + kivpia — qac).  (14b)

Before a controller can be designed for the switched system
(13), (14), some important facts on the stability of switched
systems have to be discussed. First of all, it is well known
from literature that a switched system may be unstable even
if the individual systems are all stable for themselves (Bran-
icky, 1995, 1998; DeCarlo, Branicky, Pettersson & Lennartson,
2000; Liberzon, 2003). Therefore, it is not sufficient to design
a stabilizing controller for the error systems (13) and (14) sepa-
rately. One possibility to achieve a systematic proof of the sta-
bility of switched systems is given by the method of multiple
Lyapunov functions as proposed by Branicky (1998). Thereby,
the stability of each system has to be proven with a Lyapunov
function and in addition it has to be shown that each Lyapunov
function is strictly non-increasing during switching. While the
proof of the first condition is rather straightforward for many
systems, the proof of the second condition is in general diffi-
cult. One way to avoid the proof of the second condition is to
use a common Lyapunov function for all systems. Although
the design of a common Lyapunov function turns out to be a
rather delicate issue for general nonlinear switching systems,
this approach will be pursued in the following.

For the time being, it is assumed that a common Lyapunov
function and feedback controllers FB' and FB'' for the error
systems / and /1, respectively, have already been found such
that the stability of each closed-loop system is guaranteed”. At
this point the question arises when and how the control law con-
sisting of the feedforward and the feedback control is switched.
The intuitive approach would be that FF! + FB' are active for
ga <0and FF'" + FB" for q, > 0.

Then, however, two problems occur: First, switching the
feedforward control FF' and FF'' based on g, = 0 yields to
discontinuities in the desired value of the swash plate angle ¢, 4
and thus in e,. In order to make this more obvious, consider at
the beginning that ¢, = g4 + qa. < 0 and therefore FF! and
FB! are active. If at time #, the volume flow g, equals zero,
switching to FF I and FB" would occur. In this case, the ini-
tial value ¢, 4(t,) of the differential equation (12) would be set
to the actual value of ¢, att = ¢, in FF ! due to (7) and thus
the trajectory is continuous. However, switching from g, > 0
(i.e. FF'" and FB' are active) to FF' and FB' at time t = ¢,
when ¢, = 0, the desired swash plate angle ¢, 4 has to satisfy
the following relations at t = #;

1(V, ~
Opd = — (_[pl,d + ki \Pid + qaa (15)
kp, \ B

2Note that the actual design of the feedback controllers will be performed
in the next subsection.
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according to (11) for FF'" and

1
9017,d = kp

(%Pl,d +k M) (16)

according to (7) for FF!. Of course there is no reason for Ga.a to
be zero at time ¢ = t;, since the switching condition g,(t;) = 0
only leads to g, q4(t;) = —qa.(ts). Consequently, switching at
qa = 0 in general provokes a discontinuous time evolution of
¢p.q and thus of e,. Note that this behavior originates from the
fact that the relative degree of the output to be controlled p; is
changing when switching between the systems X/ and =/ due
to (4) and (5), respectively. See, e.g., Isidori (2001) for more
details on the notion of relative degree of a nonlinear system.

There is, however, a second problem which occurs in con-
nection with a switching based on the condition ¢, = 0. If
FF' + FB! yields g, = 0 this does not necessarily imply that
FF'" + FB'" also yields g, = 0. In order to clarify this, let us
consider the situation where ¢, < 0 with FF and FB' active
and switching takes place if ¢, from FF' + FB’ crosses zero,
i.e. g, = 0. In this case, g, calculated from FF'" + FB'" may
also be negative which would cause immediate switching back
to FF! and FB'. Thus, there is a set where neither FF! and FB!
nor FF and FB' are valid. As aresult (and for perfect switch-
ing), a sliding motion along the (sliding) submanifold g, = 0 of
FF' + FB' would take place.

The first problem, i.e. the discontinuity of the desired tra-
jectories, can be solved by switching the feedforward control
FF' and FF'" and the feedback control FB' and FB' indepen-
dently. Therefore, the zero crossing of the desired volume flow
qa.q 1s used as a switching criterion for the feedforward control
instead of the actuator volume flow ¢,. Since ¢, 4 = 0 yields the
same ¢, 4 for FF' and FF!!| cf. (15) and (16), this switching
criterion avoids the aforementioned problems when switching
from FF' to FF'.

The sliding motion of the controller can also be circumvented
by switching the feedback control FB’ and FB'’ independently
of the system. In contrast to the feedforward control the choice
of a suitable switching criterion is much more complicated in
this case since the feedback control may consist of arbitrary
nonlinear functions of the states e, and e,,. Furthermore, the in-
dependent switching of the feedforward and the feedback con-
trol requires the proof of the stability of the closed-loop system
of all eight possible combinations of feedforward control (F F’,
FF'), feedback control (FB!, FB') and systems (X!, ') with
one common Lyapunov function. In order to simplify matters,
in this work a common feedback law FB' = FB'' will be used.

The general procedure of the feedback controller design is
as follows: First, a feedback controller and a control Lyapunov
function are designed for the error system (13), resulting from
the application of FF! to X!. Afterwards, the stability of the
closed-loop system for the other three combinations of feed-
forward control and system (FF/, £/, (FF!, £") and (FF",
=1y, respectively, is proven using a common Lyapunov function
and feedback law. This, of course, implies the stability of the
overall switched closed-loop control system.

Feedforward FF' with System X!

Applying FF! to X! results in the error system (13). For the
design of the feedback controller it is assumed that the esti-
mated value &; is exactly equal to the real value k; (certainty
equivalence condition, see, e.g., Krsti¢, Kanellakopoulos &
Kokotovi¢ (1995)). The design of an estimator for k; and the
proof of the stability of the overall closed-loop system com-
prising the feedforward control, the feedback control and the
estimator will be given in the next section.

As a starting point the positive definite function W,

1 1
We = 3616, + 562, (17)
with positive constants 1, 0, > 0, is chosen as a possible candi-
date for a control Lyapunov function (CLF). The change of W,
along a solution of the error system (13) reads as

d 018k
aWc == 1‘//.][ ! (Vep + Pld — Vpl,d) €p
18
. 6lﬁkp 62 ( )

5 €p€y — ——€u(qgc-
Vl pEe Aara 3

For the considered application a simple feedback control law of
the form

Gac = Apep + Apey (19)

with constant controller parameters A,, A, > 0, is chosen. At
this point one may wonder why a linear feedback controller
suffices in terms of the demands on the closed-loop dynamics.
Note that the excellent performance of the overall closed-loop
system (cf. Section 5) is mainly due to (i) the feedforward con-
troller, which systematically accounts for the nonlinearities in
the tracking case and (ii) the nonlinear load estimator for k;, to
be designed in the next section, in the disturbance case in com-
bination with (iii) the proposed switching strategy.

Substituting the feedback control law (19) into (18) and set-
ting d; to

0V

0= —A4, 20

1 Aarakpﬁ 1 ( )
results in

d 024,k 6024y ,

w.=- Voo T P — Npid) e, — 22202 (21

ar Aotk ( €p + Pla Pz,d) = A% 2D

Clearly, since k), k; > O the right-hand side of (21) is negative
definite and this proves the asymptotic stability of the closed-
loop system (13), i.e. FF! with ¥/, and (19).

Similar results can be obtained for the three other combina-
tions of feedforward control and system (FF, ), (FF!, )
and (FF', %), see the Appendix A. Thus, the stability of the
closed-loop system consisting of the switched feedforward con-
trol, the common feedback control and the switched system is
proven if the certainty equivalence condition k; = &; holds. In
the next section an estimation of &; will be derived and the sta-
bility of the overall closed-loop system will be proven.
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4. Estimation of the load coefficient k;

The design of the estimator for the load coeflicient k; is
based on the assumption that k; is unknown but constant. In
this contribution, two different estimators will be derived. The
first rather simple approach is straightforward and well known
from literature but has the drawback that it can hardly be tuned
to meet the demands on the dynamic performance and on the
robustness. In particular these deficiencies become apparent
when applying this simple estimator to the experimental setup.
For this reason, an extended estimator also will be presented
where the whole measurement information is exploited within
the design process.

4.1. Simple estimator
The simple estimator is supposed to take the form

d .,
akl = _Xk(e]h e(pa t)s (22)

where the right-hand side y; of (22) has to be determined. In
order to do so, the CLF (17) is extended by a quadratic term in
the estimation error &, = k; — k;

1
2

1

Wior = We + W, = )

11

die, + ~0re; + E;l—kéf, (23)
with the tuning parameter A, > 0 of the estimator. Before cal-
culating the change of W,,, along a solution of the error system
(13), (14), (42) or (47), respectively, it is useful to rewrite the
right-hand sides in such a way that only expressions with k; and
k; — k; = &, do appear but no ones which are explicitly weighted
with k. Note that this can always be achieved since the right-
hand sides of the error systems (13), (14), (42) and (47) are all
affine in the load coefficient k;. For the error system (13) this
rearrangement of the right-hand side exemplarily yields

d 1

Eego = TAr Ga.c (24a)
d B

aep = V[ (k,,e‘p - k[ \Veép Tt Pidt+ kl \/Pl,d) (24b)

- é (kl - /ACI) VPia-
! N——
&

Analogously, all other error systems can be rewritten to exhibit
a similar structure. The first term of (24b) equals the error sys-
tem (13) if the certainty equivalence condition holds and the
second term of (24b) accounts for the estimation error.

Now, the change of the overall Lyapunov function W,,, along
a trajectory of the closed-loop system (24) with (19) and (22)
can be calculated as

d 02k A 0724
_VVC = — Ld (‘1e1,+pl,d— \/pl,d)ep— ‘PEi
dr Aarakp Aaty
(25)
52,

N O
- VPid€p€k + = €iXk-
Aarakp P /lk

This result corresponds to (21) except for the last two terms.
In order to render W,,; negative semi-definite, the third term in

(25) is cancelled out by the last term. Thus, the estimator due
to (22) reads as

d. .~ 64,

=, 2
dtkl /lkAara , Vpiaep (26)

Obviously, using the same approach for the other three er-
ror systems yields the same result. Since the calculations are
straightforward they are omitted here. With this, the stability
of the closed-loop system comprising the switched feedforward
control, the common feedback control, the estimator and the
switched system has been proven.

Simulation studies and experimental results with the simple
estimator, however, show that (i) a suitable choice of Ay is very
difficult to find and that (ii) the demands on the dynamic perfor-
mance and accuracy cannot be achieved. Furthermore, the esti-
mator shows a weak robustness to model uncertainties. There-
fore, the simple estimator is not feasible for practical imple-
mentation.

4.2. Extended estimator

The basic idea in the development of the extended estimator
for the load coefficient k; is to additionally estimate the load
pressure p;, although this quantity is available by measurement.
The main reason for this is to provide additional degrees-of-
freedom for the design and parametrization of the estimator.

The estimator for the load pressure p; is composed of a pre-
diction and a correction part, where the predictor is basically
a copy of the mathematical model (4b), (5b) and the corrector
term x,(ep,e,,1) is used to stabilize and adjust the estimator
dynamics, namely

d. B 2

= (kpep = ki NPI) = xp» forg, <0 (27a)
L _B P

W= (kpep = ki NP1 = Ga) = Xp»  forqa >0. (27b)

As it can be seen the switching between (27a) and (27b) relies
on the zero-crossing of the actuator volume flow ¢,. Thus, the
estimator (27) is switched synchronously to the system (4), (5).
For the estimation of the load coefficient k; the same approach
as in (22) is used

d .

d_kl = _Xk(ep’ €y, 1. (28)
t

Introducing the estimation errors &, = p; — p; and &, = k; — lAq it

can be easily seen that the error system for both systems X/ and

> has the identical form

d, B —.

aep = —vl VPiék + xplep, ep, 1) (29a)
d

—e; = xr(ep, ey, 1). (29b)

dr

The corrector terms y ,(ep, €,,1) and xi(ep, ey, 1) in (29) have
to be designed in order to allow for a proof of the stability of
the overall closed-loop system comprising the feedforward and
the feedback controller, the system and the extended estimator.
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However, before proving the stability of the overall closed-loop

system, the stability of the extended estimator itself will be an-

alyzed. For this purpose the Lyapunov function candidate
1, 11,

We = Eé‘p-‘r E;l_kek (30)
with the estimator parameter A; > 0 is chosen. The change of
W, along a solution of (29) is then given by

d B — . L
EWE = 7 Vpipér + épxp + Q—kek/\(k. (€20
In order to compensate for the first indefinite term, yy is fixed
as

Xi(epsepnt) = ik% N (32)

Then, the choice of the corrector term y, in the form

A

Xp(ep,eq,t) = =18 (33)

with the estimation parameter /Al,, > 0 renders W, in (31) neg-
ative semi-definite. This implies stability in the sense of Lya-
punov of the extended estimator.

Up to now, the estimator has been analyzed separately from
the rest of the system. In order to study the stability of the over-
all closed-loop system with the extended estimator the overall
Lyapunov function, cf. (17) and (30)

1., 1., 1, 11,

Wm, = WC + We = Eélep + 562€¢ + Eep + Ez_kek (34)
is used. Keeping the analysis of the simple estimator, especially
(24), (25) and (26), in mind, it can be seen that the time deriva-
tive W,,, along a solution of the overall closed-loop system is
negative except for the term

LN 35
Auraks Diaepek. (35)

This term can be cancelled out by augmenting yx (e, e,, t) from
(32) in the form

_4 (B - 024
Xk = Ak (Vz Vpie, + Aurak, Vpriaep)- (36)

Summarizing, the extended estimator reads as

% pr= % (kpiop = ki /i) + A2, (37a)

%fq = - (% N Aizrji,, mep) (37b)
for g, < 0 and

%ﬁ, = % (knep = ki VDI = 4a) + 2525 (382)

%fc, = - (% N/ Aizr—jzp mep) (38b)

for g, > 0.

5. Measurement Results

In this section, the properties of the proposed control strategy
comprising the feedforward controller FF' (7), (9) and FF"
(11) and (12), the common feedback controller (19) and the ex-
tended estimator (37) and (38), are analyzed by means of mea-
surement results of a test stand. The test stand was designed and
built by the company HYDAC Electronic GmbH, see Fig. 3.
The main components of this test stand are the variable dis-
placement axial piston pump driven by an induction machine
and controlled by the control valve, the load volume and the
load orifice. The schematic diagram of the hydraulic circuit of
the test stand is given in Fig. 2 and the parameters of the system
are summarized in Table 1.

control valve axial piston pump
/5

load orifice

Figure 3: Experimental setup of the test stand for the axial piston pump.

parameter symbol value unit
bulk modulus B 1.6-10° Pa
eff. area of actuator Ag 300 mm?
eff. radius of actuator Ta 50 mm
number of pistons np 9

area of piston Ap 165 mm?
radius of rot. of pistons  r, 30 mm
angular vel. of pump W, 50m 1
pump coefficient kp 223-107% o
min. swash plate angle ¢, in -15 °
max. swash plate angle ¢, nqx 18 °
load volume \%] 1.5 1
min. load coeff. ki min 10-107° g"‘;a
nom. load coeff. ki nom 90-107° gm;a
max. load coeff. Kimax 140107 2

Table 1: Parameters of the pump and the load.

The actuator for tilting the swash plate is controlled by a (3/3)
proportional directional valve, cf. Fig. 2. In contrast to the pre-
vious assumption, the volume flow ¢, into the actuator cannot
be directly assigned by means of this valve. In fact, only the
position s, of the spool of the valve can be controlled directly.
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The volume flow ¢, is given in the form

2
Gu=a \ﬁ () VP = Pa = Auls) VPa = 11).  (39)

where a denotes the constant discharge coefficient, p is the mass
density of the oil and Ay (s,) and A,(s,) are the opening areas
of the valve from the load to the actuator and from the actuator
to the tank, respectively. Furthermore, p; is the load pressure,
P denotes the actuator pressure and p, = 0 is the tank pressure.
In the system under consideration a valve with a small negative
overlap is used, whose opening characteristics are depicted in
Fig. 4.

12

10 &

area in mm?

0 i i i i i
-1 —-0.8 =06 —0.4 -0.2 O 02 04 06 0.8 1
S, 1IN MM

Figure 4: Opening characteristics Aj,(s,) and A, (s,) of the proportional valve.

In order to calculate the real control input, i.e. the valve spool
position s,, from the virtual control input ¢g,, (39) is solved
for s,. A unique solution of this equation always exists, al-
though it can only be evaluated numerically. With this it is pos-
sible to compensate for the nonlinearities of the valve (servo-
compensation) such that the spool position s, can be calculated
from the volume flow g,. Thereby, as already mentioned before,
the dynamics of the valve is neglected since it is considerably
faster (rise time of approximately 5 ms) than the dynamics of
the system.

The control strategy, extended by the servo-compensation,
was realized in form of a SimuLink C-code s-function, com-
piled using MarLaB REAL-TIME WorksHoP and implemented on
a DSPACE realtime hardware DS1103. Thereby, a sampling
time of 75 = 1 ms is used. Furthermore, the parameters of the
controller and the estimator are chosen according to Table 2.

In the first measurement result the tracking behavior of the
load pressure p; is analyzed. Therefore, two measurements are
performed, one with a small load coefficient k; = kj i (see the
left-hand side of Fig. 5) and one with a larger, nominal load co-
efficient k; = k;om (see the right-hand side of Fig. 5). As can be
seen from the time-evolution of the load pressure p; an excel-
lent tracking performance is achieved independent of the actual
value of the load coeflicient. On the other hand, the different

parameter value

A, 8-1071
A, 5-1073
1, 600

A 5-107%7
02 1.5-1071

Table 2: Parameters of the controller and extended estimator.

load coefficients have a large influence on the trajectories of the
swash plate angle ¢,. Obviously, this is due to the fact that only
a small volume flow g, of the pump is necessary to provide the
(small) load volume flow g; = kynin +/p; for the small load co-
efficient while a much higher volume flow g, is necessary for
the larger load coefficient k;,,,,,. The influence of the different
load coefficients can also be seen in the plots of the actuator
volume flow g, and the real control input s,, which are given at
the bottom of Fig. 5.

The second measurement result, given in Fig. 6, shows the
behavior of the system for rapid changes of the load coefficient.
Here, the load orifice is closed and opened as fast as possible
while a desired trajectory p;4(f) in the load pressure is tracked.
Of course, the fast change of &; yields to significant errors in
the load pressure but these errors are compensated in a very
fast way. At this point it is worth mentioning that the stability
proof of the overall closed-loop system, cf. Section 4.2, relies
on the assumption that the load coefficient is unknown but con-
stant. Clearly, the case of rapidly changing loads is not covered
by the stability proof but the measurment results show that the
control strategy is reliable also in this situation. The dynamical
behavior of the estimation of the load coefficient, as given on
the right-hand side of Fig. 6, shows that the estimation k; tracks
the rapidly changing load coefficient in an excellent manner.
Thereby, it has to mentioned that the rather large overshoot in
the estimation of the load coefficient can be reduced by adjust-
ing the parameters of the estimator. However, the main focus
of the control strategy is good tracking of the load pressure p;
and not the exact estimation of the load coeflicient. For this
task, the chosen parameters of the controller and estimator have
proven to be feasible in practical application and turned out to
be a good compromise between tracking performance of the
load pressure and a good estimation of the load coefficient.

In the final measurement result, the tracking behavior of the
load pressure is analyzed for slowly varying load coefficients.
Here, the load coefficient k; is slowly increased while the load
pressure should track a rectangular like reference trajectory,
cf. Fig. 7. For this case again an excellent tracking performance
can be achieved, while at the same time a good estimation of the
load coefficient is obtained.

To sum it up, the measurement results show a very good per-
formance of the overall control strategy and thus prove the prac-
tical feasibility of the proposed control strategy comprising the
feedforward control, the feedback control and the extended es-
timator.
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Figure 5: Measurement results for the tracking behavior of the load pressure p; for a small load coefficient k; = kjin, on the left-hand side and a larger, nominal

1 15 2
tins

Post-print version of the article: W. Kemmetmiiller, F. Fuchshumer, and A. Kugi, “Nonlinear pressure control of self-supplied variable
displacement axial piston pumps”, Control Engineering Practice, vol. 18, pp. 84-93, 2010. por: 10.1016/j.conengprac.2009.09.006
The content of this post-print version is identical to the published paper but without the publisher’s final layout or copy editing.


http://dx.doi.org/10.1016/j.conengprac.2009.09.006

AIC|IIN

107
100 : 200
Did |
80 H — Dl 0 Y O S i
5 ﬂ 150 -
o ]
[ RTINS ol
= 60 Ek
§ V\ { = 100 -
] e e
g \ / “Q
50 f--
20 [ e V
0 i i i 0 h
0 0.5 1 1.5 2 0 0.5 1 1.5 2
tins tins

Figure 6: Measurement results for a rapid change of the load coefficient k; while tracking a trajectory in the load pressure p;.
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Figure 7: Measurement results for the slow change of the load coefficient k; while tracking a trajectory in the load pressure p;.

6. Conclusion

In this work a new (nonlinear) control concept for the pres-
sure control of self-supplied variable displacement axial piston
pumps with variable load was designed. First, the basic setup
of the electrohydraulic system and its mathematical model was
described. Therein it was pointed out that the switching charac-
ter of the mathematical model, which is due to the self-supply
mechanism of the pump, and the fast changing unknown loads
constitute the main challenges for the controller design. In or-
der to solve this control task, a two degrees-of-freedom control
structure comprising a feedforward and a feedback controller
in combination with a load estimator was proposed. The ad-

the existing industrial solution.

A. Proof of stability

A.1. Feedforward FF" with System X!

The error system for the feedforward controller FF!! applied
to the system X/ is given in (14). By using the certainty equiv-
alence condition, the CLF from (17) and the feedback control
(19) with (20) yields the change of the CLF W, along the solu-
tion of (14)

vantages of this approach are (i) the systematic proof of the d 62k,

closed-loop stability for unknown but constant load coefficients @ T T Ak ( vVeép *+ Pra — \/m) ep

based on Lyapunov’s stability theory, (ii) the model-based de- aane ) (40)
sign, which allows an easy implementation of the control con- _ 62 ’l_p o2 M ere. + 162

cept to other installation sizes in the same model range, and Agra \ky 7 ky, pre e

(iii) the simple parameterization by means of a few controller
parameters. The feasibility of the control strategy was shown
by measurement results, whereby an excellent robustness be-
havior and a superior tracking performance could be achieved.
Furthermore, the practical use of the proposed control concept
is affirmed by the industrial partner who also stresses the signif-
icant improvement of the proposed control concept compared to

10

The right-hand side of (40) is negative definite if the condition
4k, > A, >0 41

is fulfilled, which also implies the asymptotic stability of the
closed-loop system (14), (19).
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A.2. Feedforward FF' with System !

Due to the independent switching of the feedforward part and
the system it may happen that the feedforward control FF' is
applied to the system X'/ and vice versa FF' is applied to X'.
Using FF! in combination with X'/ results in the error system

d 1
aew = _FQa,c (423.)
d B R

i (kpey — kiJep + pra + kivpra - qa) . (42b)

Inserting the control law (19) into (42) and presuming the cer-
tainty equivalence condition, the change of the CLF W, along a
solution of the error system (42) reads as

d 6okiA
—We=-— r (\/ep + Dla — Vpl,d) ep
dr Aarak, 43)
B 62/1%2 B 62dp .
Aara 0 Agrak, I
This result equals (21) except for the last indefinite term
624,
- a 44
Aarak, rd “44)

Since the actuator volume flow ¢, is positive for the system X/,
the indefinite term (44) is negative for e, > 0. Thus, W, is
negative definite for ¢, > 0. In order to show a similar relation
for e, < 0, the quantity g, is replaced by g, = gaa+qa, in (43),
with ¢, . according to (19). Doing so, (43) can be rewritten in
the form

d 62kl/1p 62

G == Arok, (\/ep + Pia — \/pl,d) ep — A
2 2,2 51 (43)
_‘D 2 + ﬂe e, + /l 62 — Ae q d
kp Tk TP Agrak, T

which corresponds to (40) except for the last indefinite term

624,

- 4
Aarak, (46)

€pYa.d-

Now, since FF! is only active if ¢, is negative, the expres-
sion (46) is negative for e, < 0 which also proves the negative
definiteness of W, for e » < 0, provided that (41) holds. Summa-
rizing, it has been shown that W, is negative definite and thus
the stability of the closed-loop system (42), where FF' is ap-
plied to X/, with the control law (19) subject to the inequality
(41) is proven.

A.3. Feedforward FF" with System X!

The last case to be considered is the feedforward controller
FF applied to the system X’. In this case the error system
reads as

d 1

— = —— 47
dtew Aury Gac “472)
d B

= v, (kpeq: —ki\Jep + pra+ ki/pia + %,d)- (47b)

11

Similar arguments as in the previous subsection show that also
in this case the change of the common Lyapunov function (17)
along a solution of (47) is negative definite for 4, > 0 and 4,
satisfying the inequality condition (41).
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