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Abstract: The design of hydraulic control systems is a complex and time-consuming
task that, at the moment, cannot be automated completely. Nevertheless, important
design subtasks like simulation or control concept selection can be efficiently supported
by a computer. Prerequisite for a successful support is a well-founded analysis of a
hydraulic system’s structure.

The paper in hand contributes right here. Tt provides a systematics for analyzing a
hydraulic system at different structural levels and illustrates how structural informa-
tion can be used within the design process. A further central matter of this paper is
the automatic extraction of structural information from a circuit diagram by means
of graph-theoretical investigations.
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1. INTRODUCTION

Hydrostatic drives provide advantageous dynamic
properties and therefore represent a major driv-
ing concept for industrial applications. Large scale
hydraulic systems such as plants in rolling mills
and marine technology as well as drives for ma-
chine tools frequently possess a large number of
actuators. Therefore, sophisticated interdepend-
encies between single components or entire sub-
systems may occur, which lead to a variety of chal-
lenging and demanding design and control tasks.

Designing large hydraulic control systems implies
a systematic procedure. In practice, this is done
rather implicitly based on the intuition and the
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experience of the human designer. This paper in-
troduces a systematics of hydrostatic drives which
reveals their underlying structures as well as rela-
tions and dependencies among substructures. The
approach allows a thorough structural analysis
from which a couple of conclusions can be drawn
to support the iterative design process.

A long-term objective is the representation and
processing of design knowledge within ®eco, a
knowledge-based system for hydraulic design sup-
port (Stein, 1995). Currently, ®Yeco combines ba-
sic CAD facilities tailored to fluidics, checking al-
gorithms, and simulation methods. The operation-
alization of hydraulic design knowledge requires
a formal definition and automatic extraction of
structural information from a circuit diagram; this
paper elaborates on both aspects.



2. STRUCTURATL ANATLYSIS OF
HYDRAULIC SYSTEMS

The majority of hydraulic systems is designed by
exploiting the experience and intuition of a single
engineer. Due to the lack of a structural method-
ology, a thorough analysis of the system structure
is not. carried out. Instead, a limited repertory of
possible solutions 1s used, thus making the result
highly dependent on the capabilities of the indi-
vidual. This solution-oriented approach only suits
for recurring design tasks with little variation.

In the following, a systematics of the structural
set-up of hydraulic plants is introduced which
leads to a problem-oriented system analysis. Tts
application to a hydrostatic drive  given as a pre-
liminary design, e. g. facilitates a consequent
and purposive derivation of structural informa-
tion, which is necessary to make the system’s be-

haviour meet the customer’s demands.

2.1 Structural levels of hydraulic systems

The systematics developed here is based on three
levels of abstraction at which a hydraulic plant
can be analyzed (Vier et al, 1996). The dif-
ferentiation between functional, component and
system-theoretical structure bases on system de-
scriptions of different characteristics (fig. 1).
From this distinction results an overall view
of how to influence the system’s behaviour.
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Fig. 1: Structural levels of hydraulic systems.

The functional structure shows the funda-
mental modes of action of a hydraulic circuit by
analyzing the different tasks (functions) the plant
has to fulfil. Therefore, it represents a qualitative
system description. As a basic structural element
within the functional structure the hydraulic axis

is defined as follows (Vier, 1996):

Definition 2.1 (Hydraulic Azis). A hydraulic
axis A both represents and fulfils a subfunction f
of an entire hydraulic plant. A defines the con-
nections and the interplay among those working,
control, and supply elements that realize f.

The subfunction f; of a hydraulic axis is defined,
e. g., by directional load and motional quantities:

T
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The detection of hydraulic axes and their interde-
pendencies admits far-reaching conclusions.

On the level of the component structure the
chosen realization of a function is investigated.
The arrangement structure comprises information
on the hydraulic elements used (pumps, valves,
cylinders etc.) as well as their geometric and phys-
ical arrangement (fig. 2 a, b). By the switching
state structure the entirety of the possible com-
binations of switching positions 1s characterized:
A valve, e. g., can be open or closed (fig. 2 ¢, d).
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Fig. 2: Examples for arrangement structure (a, b)

and switching state structure (¢, d).

The system-theoretical structure contains in-
formation on the dynamic behaviour of both the
hydraulic drive as a whole and 1ts single compon-
ents. Common ways of describing dynamics are
differential and difference equations or the state-
space form (Schwarz, 1991):

Z Cxt)=Ff(w(t),u(t)), xo=m(to) VI > 1q ®)

Sy =h(m(t),u(t)), »€R” yuelk

The system-theoretical view comprises informa-
tion on the controlled quantities as well as the
dynamic behaviour of the controlled system. Com-
paring analysis and simulation results with the de-
mands on the performance of the drive, for each
hydraulic axis a decision can be made, if open or
closed loop control concepts are adequate. In a fur-
ther step, an appropriate control strategy (linear,
nonlinear etc.) can be assigned.

Remarks. While the functional structure yields a
qualitative representation, the system description
grows more quantitative referring to the compon-
ent and the system-theoretical level. Moreover, the
analysis of the structural set-up shows in which
way the behaviour of a hydraulic plant can be in-
fluenced (cf. fig. 1): (i) The functional structure
must be considered as invariant, at first, because
it results from the customer’s demands. Only if
the given structure proves to be unsatisfactory, a
modification resulting from a heuristic analysis
is advisable. (i) Note that at the com-

ponent level a combination of heuristic and ana-

approach

lytic methods 1s required for the variation or ex-
change of hydraulic elements, which form the con-
trolled system. (#7i) The system-theoretical level
facilitates the investigation of the dynamic beha-
viour: control theory provides analytic approaches
for the selection of a suitable control strategy
(output/state-variable feedback), parametrization
etc.



2.2 Hydraulic ares and their coupling levels

Focusing on the investigation of the functional
structure of hydraulic systems, the detection and
evaluation of hydraulic axes 1s of central interest.
This analysis contributes to a deeper understand-
ing of the inner correlations of the plant and
provides an overview of the energy flows with re-
spect, to the functions to be fulfilled.

The definition of the hydraulic axis given in
chapter 2.1 bases on the criterion of elements
working together in order to fulfil one func-
tion. Note that several actuators (hydraulic mo-
tors/cylinders) may contribute to the same func-
tion thus forming one hydraulic axis:

a) Tdentical subcircuils which are controlled by
one single control element.
b) Synchronized movements carried out by open
or closed loop control.
¢,d) Mechanical couplings enforcing a unique be-
haviour such as guides and gear units.
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Fig. 3: Hydraulic axes with multiple actuators.
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Beyond the consideration of single hydraulic axes,
it 1s necessary to investigate their interdependen-
cies. The following coupling types are worked out:

e Level 0 or No Coupling. Hydraulic axes possess
no coupling, if there 18 neither a power nor
an informational connection between them.

e Level 1 or Informational Coupling. Hydraulic
axes which are connected only by control con-
nections are called informationally coupled.

e Level 2 or Parallel Coupling. Hydraulic axes
which possess their own access to a common
power supply are coupled in parallel.

Level 3 or Series Coupling. A series coupling
connects hydraulic axes whose power supply
(or disposal) is realized via the preceding or
following axis.

e Level 4 or Sequential Coupling. A sequential

coupling is given, if the performance of a fol-

lowing axis depends on the state variables,

e. g. pressure or position, of the preceding

one in order to work in a sequence.

Mustrations of these coupling types are given in
section 4.2.

3. BENEFITS OF A STRUCTURAL
ANATYSIS

A structural analysis of hydraulic systems reveals
basic design decisions. Especially the functional

analysis, which is based on the detection of a sys-
tem’s hydraulic axes, will simplify the modifica-
tion, the extension, and the adaptation of the sys-
tem (Stein et al., 1996). The separate treatment
of hydraulic axes remarkably reduces the design
effort, within the following respects:

e Smart Simulation. Smart simulation is a human
strategy when analyzing a complex system:
Subsystems are identified, cut free, and sim-
ulated on their own. This reduces the simula-
tion complexity and simplifies the interpret-
ation of its results. Hydraulic axes establish
suited subsystems to be cut free.

e Static Design. Information on the hydraulic
axes’ driving concept (open/closed centre,
load sensing, regenerative circuit etc.) al-
lows the selection of computation procedures
relating the static design. The application
of modification knowledge, moreover, has to
consider the axes’ coupling levels.

e Control Concept Selection. The consideration of
couplings between input and output variables
supplies a necessary decision basis for the se-
lection of control concepts. Analyzing the de-
coupability matrix D (Schwarz, 1991) yields
a common approach, here. Note that the sys-
tem order that can be tackled is limited.
The functional structure analysis provides a
separation into: (7) STSO systems, to which
standard methods of controller design can be
applied, and (#7) coupled subsystems of a re-
duced order, for which decoupability can be
investigated more efficiently or even becomes
possible at all.

Note that a smart classification of the couplings
between hydraulic axes forms the rationale if to
whether a decomposition of a hydraulic design
problem is permissible. While subsystems with
level (0 or level 1 couplings can always be cut
free, additional information is required for paral-
lel, series, and sequential couplings. Example:

T.et A, B be two hydraulic axes.

(1) TF coupling{ A, B} is parallel
AND NOT time-overlap{process{A}, process{B}}
THEN separate_design{ A, B} is permissible

(77) TF coupling{ A, B} is parallel
AND time-overlap{process{A}, process{B}}
THEN separate_design{ A, B} is prohibited

4. GRAPH-THEORETICAL INVESTIGATION
OF HYDRAULIC SYSTEMS

Key objective of the topological analysis of a hy-
draulic system is the detection of its underlying
functional structure. The functional structure is
reflected by the hydraulic axes along with the
coupling of these axes.

The couplings between several hydraulic axes A;
are of a transitive nature. If A, and A5 are



coupled, and if A; and Asz are coupled, then A,
and Az are coupled as well. The coupling level is
prescribed by the weakest coupling.

The main working document for a designer is the
technical drawing, and there is no tradition or
standardized method to additionally specify the
functional structure of a hydraulic system. This
situation emphasizes the need for an automatic
detection of the desired structural information.

4.1 Basics

The detection of hydraulic axes as well as the
couplings between these axes relies on graph the-
oretical considerations. In this connection we use
the following definitions of graph theory in the
standard way (Cormen et al, 1990; Jungnickel,
1990), which are illustrated in figure 4:

(1Y A maultigraph G is a triple (V, E g) where
V,FE # 0 are finite sets, VN F = 0, and ¢ :
I — 2V is a mapping, with 2V = {/|U C
V, U] = 2}. V is called the set of points, F
is called the set of edges, and g 18 called the
incidence map.?

(2) A graph H = (Vig, Fg, g} will be called sub-
graph of G = (V. F ¢),if Vg CV, Eyg C F,
and ¢gg is the restriction of ¢ to Fg. A sub-
graph will be called an induced subgraph on
Vi, if Fp C F contains exactly those edges
incident to the pointsin V. For T C V, G\T
denotes the subgraph induced on V'\ T.

(3) A tuple (ey,...,e,) will be called a walk from
vo to vy, 1 gle;) = {vi_y, v}, v € V, i =
1,...,n. A walk will be called a path, if the
v; are mutually distinct. Tnstead of using a
tuple of edges, a walk may also be specified
by a tuple of points, (vg, ..., v,).

(4) G will be called connecied, if for each two
points v;, v; € V there is a walk from v; to v;.
Tf (G is connected and G\ v is not, connected,
v establishes an articulation point. The max-
imum connected subgraphs of (G are called
connected components.

Multigraph G with
V={1,2,34,5,6,7,8}

Induced subgraph on G \ {1,2,3}

7

Fig. 4: Mustrations of the graph definitions.

2 Multigraphs instead of graphs must be used here since
components of a hydraulic system may be connected in

parallel. Also note the restriction to finite graphs.

To work with a hydraulic circuit €' as an ordinary
multigraph G(V, F, ¢) a mapping rule is required.
Such a mapping defines for C' its related hydraulic
graph Gy (C).

Definition 4.1 (Related Hydraulic Graph).
(Given is a hydraulic circuit C'. Tts related hydraulic
graph Gp(C) := (Vo, Ec, g) is defined as follows.
(1) Vo is a set; each non-pipe component of C
is associated one-to-one with a v € Vi, Vo does
not contain other elements. (1) F¢ is a set; each
pipe component of (' 1s associated one-to-one with
an e € F¢; Fe does not contain other elements.
(i11) g : B — 2Y¢ is a function that maps e onto
{vi,v;}, if and only if there is a pipe between the
components associated with {v;,v;}, and if e is
associated with this pipe.

Figure 5 contrasts a hydraulic circuit and its re-
lated hydraulic graph. The labels in the graph
shall underline that there is a one-to-one mapping
between the elements of the graph and the com-
ponents of the hydraulic circuit.
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Fig. 5: Sample circuit with its related graph.

Remarks. For each hydraulic circuit (' there ex-
ists exactly one related graph G (). Note that ¢
performs a topological simplification of ("

() gn comprises the substructures within direc-
tional valves down to one single point v, hence
making all connected pipes incident to v. (4i) Vari-
ations of the topology coming along with valve
switching are neglected. (#4i) Directional informa-
tion that results from the behaviour of particular
hydraulic components is dropped.

4.2 Hierarchy of Coupling Types

In order to determine those components of a hy-
draulic system that belong to a particular hy-
draulic axis A, couplings between A and other axes
must be identified as such. A prerequisite for the
detection step thus is a classification of possible
coupling types. The following classification scheme
gives a precise graph-theoretical definition of the
coupling levels introduced in section 2.2.

Definition 4.2 (Coupling Types). Given is a
hydraulic circuit €' containing two sub-circuits A,
B, which realize two different hydraulic axes. Tet
Gr(C) == Ve, Fe,90), Gu(A) == (Va, Fa, ga),
and Gy(B) := (Vg, Fg, gr) denote the related hy-
draulic graphs of €', A, and B respectively.



e Level 0 or No Coupling. Tf G, (C') is not connec-
ted, and if V4 N Vg = 0, then the hydraulic
axes A and B are not coupled.

e Level 1 or Informational Coupling. Tet {e1, ...,
ent be in F and each e; associated with a
control line within C. Tf Gy := (Vio, Fo \
{e1,...,en}, go) is not connected, and if V4N
Vg = 0, then the hydraulic axes A and B are
informationally coupled (cf. figure 6).

Fig. 6: Circuit with informationally coupled axes.

Note that control lines can be of hydraulic,
pneumatic, or electrical type.

e Level 2 or Parallel Coupling. T.et v,, vy be two
points in V4 and Vg respectively. Let Py
comprise all power paths?® from v, to vy i.e.,
each p € Py is of the form (vpo,...,0p,),
vp, € Vo, vpy =04, v, = . Then A and B
are coupled in parallel, if points v,, v, exist
such that the following conditions hold:

(1) VpEPuVYoEp:v =1, 0rv=nmn,0rvis
associated with an auxiliary element.

(#7) There exist two paths, p, = (v4,...,v),
py = (vp,...,v) where v is associated
with a supply element and p, (p;) con-
tains not v, (v, respectively).

in

Fig. 7: Circuit with axes coupled in parallel.

e Level 3 or Series Coupling. Let v,,v; be two
points in V4 and Vg respectively. As above,
P,y comprises the power paths from v, to vs.
Then A and B are coupled in series, if v,, v
exist such that the following conditions hold:
(1) VpEPuVYoEp:v =1, 0rv=nmn,0rvis

associated with an auxiliary element.
(#7) Tet v be associated with a supply ele-
ment. Then either each path (v,,...,v)
contains v, or each path (vs,...,v) con-

tains v,.

Fig. 8: Circuit with axes coupled in series.

3 The term “power path” shall express that no edge within

a path p € P, is associated with a control line.

e Level 4 or Sequential Coupling. If Fv € V4 N
Vg that is associated with a control element,

):#LEE:]J):#

Fig. 9: Circuit with sequentially coupled axes.

the hydraulic axes A and B are sequentially
coupled. Figure 9 gives an example.

4.3 Discussion of the Coupling Types Definition

The definitions for parallel and series coupling rely
on the graph-theoretical definition of a path (and
not of a walk). Consider the following figure 10:
No path from point a to point b contains a control
or a working element.
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Fig. 10: Paths and walks in a hydraulic graph.

A walk from point a to point b, on the other hand,
is allowed to contain duplicate points. F.g. the
node sequence (a,1,2,4,2,b) both establishes a
walk and contains a working element. However,
(a,1,2,4,2,b) violates the path definition.

Condition (7) of the definition for parallel and
series coupling types ensures that v, and v, are
not associated with an “inner” component of a hy-
draulic axis. Condition (4i) of the parallel coupling
definition ensures the parallel nature of the link-
age: From v, (v) a supply element can be reached
without crossing vy (v4).

By contrast, condition (#7) of the series coupling
definition states that no two paths can be found,
which are independent in this way.

The detection of hydraulic axes is a sophisticated
job, which cannot be tackled by a simple ad-hoc
approach. The next section presents the basic con-
cepts of a detection procedure.

4.4 Detecting Hydraulic Ares

Starting point is a hydraulic graph G, (C) of a cir-
cuit C'. The approach to the detection of hydraulic
axes consists of three main steps:

(1) Graph Condensation. Within the condensa-
tion step, a circuit’s hydraulic graph G, 1s
reduced in order to simplify the accessibility
analysis. Loosely speaking, (¢, is “stripped”



from components that do not form a hy-
draulic axis backbone.

(2) Accessibility Analysis. Matter of the access-
ibility analysis is the application of the defin-
itions to determine both the hydraulic axes
and their couplings in the condensed graph.

(3) Graph Extension. This step addresses the
completion of an axis in the condensed graph
relating the original hydraulic graph.

Depending on the circuit in hand, the condensa-
tion step in turn may contain several sub-steps:

e Condensation by Control Path Deletion. Con-
trol paths establish no isolation characteristic
for hydraulic axes. They can be found (and
removed) easily in (.

e (ondensation by Dead Branch Deletion. A dead
branch is a subgraph whose nodes are not
associated with control or working elements
and whose connectivity is 1:

HTIE

Fig. 11: Two examples for a dead branch.

e Condensation by Particular Component Dele-
tion. There exist a few non-auxiliary com-
ponents, whose corresponding nodes can be
removed from (75, without a sophisticated in-
vestigation. The check valve is an example for
such a component.

e Condensation by Loop Resoluition. Cyclic struc-
tures and components connected in parallel
are not necessary for detection purposes if
they neither contain nor control a working
element. Figure 12 gives a few examples.

Fig. 12: Examples for loops that can be cut.

Let (G4 denote the condensation of Gy, achieved
by the steps outlined above. The accessibility ana-
lysis is grounded on (7}, and the definitions of sec-
tion 4.2. While a level 0 or a level 1 coupling can
be detected easily by simply applying the defin-
itions, the detection of the other coupling levels
requires the following steps:

e Introduction of candidate axes.

e Determination of the candidate axes’” working

elements.
e Application of the definitions of section 4.2.

5. CONCLUSION

The contributions of this paper are twofold: (i) Tt
discusses the role of structural information when

designing hydraulic control systems, and (1) it
provides both a systematics and theoretical found-
ations for the automatic detection of the func-
tional structure from a hydraulic circuit diagram.

The effort in formalizing and detecting struc-
tural information is justified: Tt is a prerequis-
ite when operationalizing hydraulic design know-
ledge within a knowledge-based system. In par-
ticular, information on a system’s hydraulic axes
along with their couplings shall be exploited in
the “deco system during the following tasks: simu-
lation, demand interpretation, control concept se-
lection, and circuit diagram modification. Over-
all objective is the development of a software tool
that goes beyond simulation tools currently used
for hydraulic control systems design.

Related to this paper, our current research covers
the following core aspects:

Development of (Graph Algorithms. There exist
no standard graph algorithms to tackle the out-
lined structure detection problem. Thus, suited
algorithms, which are based on a circuit’s hy-
draulic graph representation, are developed and
integrated in “Yeco.

Formalization of Design Knowledge. Those parts
of a human expert’s design skill that explicitly
refer to structural information are identified and
formalized with respect to their processing in
“Yeco. The two rules, shown in section 3, represent
a small example for this kind of knowledge.
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