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eUniversity of PaderbornD�33095 Paderborn, GermanyEmail: stein�uni-paderborn.deAbstra
tThe 
ontrol system design of hydrauli
 drivesis demanding and time-
onsuming. An e�-
ient support of the human engineer 
an berealized with software tools that automateseveral modelling and simulation jobs.This paper 
ontributes to this �eld within thefollowing respe
t: It shows how a parti
u-lar part of an engineer's design knowledge,namely modi�
ation (or repair) knowledge,
an be 
lassi�ed, formalized, and operational-ized on a 
omputer.Keywords: 
ontrol system design, knowledge-basedsystems, modelling of design tasks, hydrauli
 drives1 Control System DesignFigure 1 shows the major steps during the iterativepro
ess of 
ontrol system design. Starting o� with asystem's preliminary design spe
i�ed by an engineer,the system behavior is modelled and simulated withinthe analysis step. Within a subsequent evaluation stepthe analysis results are 
ompared to the user demands.Unful�lled demands are treated by modifying the sys-tem in the modi�
ation step.
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behavior by formulating and solving a set of nonlinear(di�erential) equations [4; 1℄. However, demand rep-resentation, evaluation, and modi�
ation tasks groundon human 
riteria and strategies for de
ision-makingand reasoning.In the last 
ouple of years we have been developing
on
epts to support the analysis of �uidi
 systems. Alot of these 
on
epts have been realized within the sys-tem artdeco, whi
h enables a user to formulate analysisproblems by simply drawing hydrauli
 
ir
uit diagrams[3; 5; 8; 6℄.Moreover, our resear
h does also 
on
entrate on par-ti
ular design aspe
ts�the paper in hand 
ontributesto this �eld: It shows how a parti
ular part of an en-gineer's design knowledge, namely modi�
ation (or re-pair) knowledge, 
an be 
lassi�ed, formalized, and op-erationalized on a 
omputer.The paper is organized as follows. Se
tion 2 elab-orates on the role of modi�
ation knowledge in hy-drauli
 
ir
uit design. It asso
iates design defe
ts withrepair measures and introdu
es a s
heme to evaluatea measure within several respe
ts. Se
tion 3 showsin whi
h way the design knowledge of se
tion 2 
anbe formalized and pro
essed. Se
tion 4 works out anexample to illustrate the presented 
on
epts.2 Modi�
ation of Hydrauli
 SystemsModifying a given, preliminary design is the major en-gine when tailoring a hydrauli
 system to some 
us-tomer's demands, or if a hydrauli
 system is to be im-proved within parti
ular respe
ts. However, two 
en-tral points render the modi�
ation step di�
ult:
• Typi
ally a variety of 
on�gurations is suited toful�ll the desired demands. Hen
e a solution hasnot only to meet the demands, but it has also toguarantee that the e�ort for rea
hing the goal isreasonable.
• Owing to the strong interdependen
es among thesubsystems of a hydrauli
 drive, it must be 
onsid-ered that ea
h modi�
ation may a�e
t demandspreviously ful�lled.By now there is no knowledge-base with well-organizedmodi�
ation measures available. Thus, within a �rstapproa
h, we have extra
ted modi�
ation knowledge



from spe
ialized literature and analyzed foundationsof hydrauli
 
ir
uit and 
ontrol system design. Addi-tionally, hydrauli
 systems have been investigated re-spe
ting the in�uen
e of modi�
ations on their stati
and dynami
 behavior [2; 7℄.Clearly, the su

ess of the modi�
ation approa
h de-pends on the quality of the preliminary design: It isnot intended to develop an optimum hydrauli
 systemfrom any given raw design when 
onsidering hydrauli
systems without restri
tions regarding their topologi-
al set-up. Moreover, it 
an hardly be foreseen whethera parti
ular measure always is a remedy for a malfun
-tion; usually several measures have to be tested beforean improvement is a
hieved.Ea
h hydrauli
 system is de�ned by a set of 
ompo-nents along with a topology spe
ifying relations be-tween these 
omponents. Components in turn aredes
ribed by both invariable 
hara
teristi
s and vari-able 
hara
teristi
s, so-
alled parameters. As a 
onse-quen
e, qualitatively di�erent modi�
ation steps standto reason:
• Parameters 
an be altered easily within theirgiven ranges, e. g. opening of a throttle valve, 
on-troller gain.
• Changing 
omponent 
hara
teristi
s means theex
hange of the 
omponent itself, for example avalve or a 
ontroller; this is a modi�
ation stepthat 
auses additional e�ort.
• Topologi
al modi�
ations 
hange the arrangementof hydrauli
 
omponents and their 
onne
tions aswell as the stru
ture of the 
ontrol system su
has number of feedba
k 
hannels, output feedba
k,state feedba
k et
. These have the most profoundand far-rea
hing e�e
ts.A modi�
ation be
omes ne
essary, if a demand is�not ful�lled�. For ea
h dete
ted malfun
tion a list ofpossible modi�
ations 
an be set up. The modi�
ationjobs related to a 
ertain demand Ak are subje
t to alo
al assessment (
f. �gure 2). Currently, the following
riteria are employed for evaluation and ranking:
• A modi�
ation's e�e
tiveness is most important.
• The reper
ussion on the design of the hydrauli
system des
ribes undesired side e�e
ts, whi
hmust be expe
ted.
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ranking criteriaFigure 2: Lo
al assessment of modi�
ation jobs.

• Another useful 
riterion is the e�ort required to
arry out a modi�
ation. This is related dire
tlyto the di�erentiation in parameter, 
hara
teris-ti
s, and topologi
al modi�
ations.To ea
h modi�
ation job j assessment fa
tors Vj,i ∈

[0; 1] are assigned. The in�uen
e of the i 
riteria�presently: e�e
tiveness, reper
ussion and e�ort�onthe absolute 
on�den
e Kj is weighted by the 
on�-den
e fa
tors κef , κre, κet, where
∑

i

κi = 1 with i = ef, re, et . (1)The absolute 
on�den
e Kj of a modi�
ation job j 
anbe 
al
ulated a

ording to
Kj =

∑

i

κi Vj,i (2)with Kj ∈ [0; 1] to obtain a ranking (�gure 2). Apply-ing modi�
ations a

ording to this ranking shall leadto an optimization of the design with respe
t to the
hosen 
riteria and their weights. The number i of
riteria 
an be extended, if ne
essary.If more than one demand is not ful�lled, a globalde
ision-making approa
h will be required to deter-mine whi
h modi�
ation step to apply �rst. Owing tothe partially unpredi
table intera
tions when modify-ing a hydrauli
 system, there is a 
onvergen
e problemfor the iterative design pro
ess. Here a �exible strat-egy is required that rea
ts to analyzed malfun
tionsand related modi�
ation measures.Figure 3 depi
ts the pro
ess of designing hydrauli

ontrol systems when done by an engineer starting o�from nothing but the given demands. Applying a mod-i�
ation measure to a given preliminary design is sim-ilar to a kind of ba
ktra
king and may 
ause a partialre-design of the hydrauli
 
ontrol system. To 
utdown the total number of iterations, the following rulesshould be obeyed:(i) Redu
e the 
omplexity of the problem by 
onsid-ering its divide-and-
onquer properties: Modi�
ationswith no side e�e
ts should be 
arried out �rst to �xthe related malfun
tion.(ii) Assess to whi
h phase of the design pro
ess both ademand Ak and a modi�
ation job j is related to ob-tain a suitable sequen
e for pro
essing modi�
ations.It is not advisable, e. g., to optimize a 
ontroller while aworking element does not provide the desired velo
ity.(iii) De
rease priority of measures, whi
h a�e
t anearly phase of the design pro
ess, in an advan
ed stageof re-design (in
reasing number of iterations).3 Formalizing and Pro
essingModi�
ation KnowledgeThe identi�
ation, validation, and 
lassi�
ation ofmodi�
ation knowledge for hydrauli
 systems is a non-trivial engineering problem. However, getting this
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Figure 3: Pro
ess of hydrauli
 
ontrol systems design.knowledge operationalized on a 
omputer is even more
omplex. Some reasons for this are the following:
• Expressiveness. Design knowledge typi
ally isvery 
ompa
t but of a high expressiveness; an ex-ample:�An unsuffi
ient damping 
an be improvedby installing a by-pass throttle.�This measure en
odes a lot of impli
it engineeringknow-how, among others the following: A by-passthrottle is 
onne
ted in parallel, the 
omponentto whi
h it is 
onne
ted is a 
ylinder, if there areseveral 
ylinders in the system an engineer knowsthe best-suited one, a throttle is a valve, et
.
• Flexibility. Engineers use design knowledge in a�exible way; i. e., a parti
ular pie
e of knowledgemay be applied to a variety of hydrauli
 
ir
uits.Flexibility is a main reason whi
h makes it di�-
ult to en
ode the expressiveness of the above exam-ple on a 
omputer. Consider we were 
onfronted onlywith hydrauli
 systems of the same topologi
al set-up,then measures like the above (�Install a by-passthrottle.�) 
ould simply be hard-wired within a �de-sign� algorithm.One possibility to get the kna
k of the outlined for-mulation problem is to spe
ify a lot of the impli
itknowledge expli
itly. For these purposes we have beendeveloping a des
ription language tailored to hydrauli

ir
uit design. The language shall enable engineers toformulate modi�
ation measures, and it 
omes alongwith the following 
on
epts:
• Domain-adequateness. Features for the formula-tion of topologi
al relations in hydrauli
 
ir
uits

are provided; an example:
select_component(in_series pump tank_2

after cylinder_2)

• Extendibility and Abstra
tion. Based on aset of 
ore fun
tions (in
rease_parameter,sele
t_
omponent, et
.) a user is allowed to de-�ne new and more 
omplex modi�
ation routines.
• Handling of Alternatives. Related to an unful-�lled demand, alternative measures 
an be spe
i-�ed and tagged with a priority.Modi�
ation measures are organized within knowl-edge 
lasses, whi
h in turn are 
olle
ted in a knowledgebase. A knowledge 
lass always belongs to a parti
u-lar 
omponent type; it de�nes the 
omponent's stru
-ture, its parameters, possible symptoms indi
ating un-ful�lled demands, and a list of related modi�
ationmeasures spe
i�ed in our language. Subsequently anexample of a knowledge 
lass for a 
ylinder is given.
class Cylinder {

connections{ Gate_A, Gate_B }
parameters{ d_s, d_k, A_K, A_R, p_A, v }

repair_rule(1){
symptoms{ (v = 0) }
modification{ increase((select_component

(type = pump)), p, 20%) }
modification{ ...} }

repair_rule(2){
symptoms{ ...}
modification{ ...} }

...}Pro
essing a knowledge base for a given 
ir
uitmeans: (i) to 
he
k the 
ir
uit for unful�lled demands,(ii) to 
onsult the knowledge base for a repair measure,and (iii) to apply the measure to the 
ir
uit by inter-preting the language.4 ExampleIn the following an example shall illustrate the ap-pli
ation of the modi�
ation approa
h in 
ombinationwith the des
ription language. Given a hydrauli
 lin-ear drive whose a

ura
y of positioning is analyzedvia simulation and 
lassi�ed �unsatisfa
tory� withinthe evaluation step. The relevant subsystem �
ylin-der� 
an be modelled as an os
illatory 2nd order sys-tem; its damping fa
tor D = 0.08 is judged to be toolow so that modi�
ation measures should 
ontributeto in
rease the system damping.Table 1 
omprises a sele
tion of possible modi�
a-tions ea
h of whi
h modi�es the topology of either thehydrauli
 
ir
uit or the stru
ture of the 
ontrol system.The values for the absolute 
on�den
e Kj of a mod-i�
ation measure j result from the given Vj,i and the
hosen weights among the 
riteria. Here, the 
on�-den
e fa
tors are κef = 0.5, κre = 0.15, κet = 0.35.Consequently, installing a throttle in a by-pass to the
ylinder (�gure 4) is ranked �rst option.Figure 5 depi
ts the e�e
t of this modi�
ation on thesystem dynami
s. The drain �ow through the by-pass



Modi�
ation Measure Vj,ef Vj,re Vj,et Kjthrottle in mainstream 0.1 0.4 0.8 0.390throttle in sidestream 0.4 0.4 0.5 0.435throttle in by-pass 0.8 0.4 0.5 0.635damping network 0.9 0.8 0.1 0.605velo
ity feedba
k 0.6 0.8 0.3 0.525a

eleration feedba
k 0.8 0.8 0.3 0.625Table 1: Modi�
ations in
reasing the system damping.
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ation.throttle moves the eigenvalues of the related transferfun
tion to a higher damping (a). The step responseemphasizes the high e�e
tivenes of this measure (b).
s

D = c o s

j

a ) b )
0 0 0 , 5 1

1

2

t  /  s

t h r o t t l e  i n  b y - p a s sw i t hw i t h o u t

v /
 m

/s

Figure 5: Eigenvalues (a) and step response (b).Using our des
ription language, the instru
tion forinstalling a by-pass throttle valve 
an be formulatedas follows:new 
omponent(
omp-type=throttle_valve)% Create a new 
omponent% of type throttle valveset(th_v1,op,0,03) % Set parameter opening of% 
omponent th_v1 (throttle% valve 1) to the value 0,03insert 
omponent between (this.A next-to)...(this.B next-to) (th_v1)% Insert 
omponent th_v1 bet-% ween gates A and B of the% regarded 
omponent (
ylinder)5 Con
lusion and OutlookWithin the design 
y
le of hydrauli
 system, a lot oftime is spent modifying a preliminary or intermediate

design. Typi
al modi�
ation jobs strive for the elimi-nation of unful�lled demands or the improvement of agiven system within di�erent respe
ts.The paper in hand points out the prerequisites thatare ne
essary to operationalize hydrauli
 modi�
ationknowledge on a 
omputer. It is shown in whi
h way theknowledge 
an be 
lassi�ed and evaluated regardingdi�erent aspe
ts.Clearly, modi�
ation knowledge must be pro
essedin the 
y
le of analyzing, evaluating, and modifyinga 
ir
uit. Thus, we have proposed (and prototypi-
ally implemented) a parti
ular language to formulatemodi�
ation knowledge. At present, this language isembedded within our drawing and simulation environ-ment artdeco.Future work is 
on
erned with (i) the formulationof modi�
ation knowledge using our language, (ii) theevaluation of the proposed 
on
epts using real-worldexamples, (iii) the development of strategies that 
opewith the large sear
h spa
e when pro
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