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Abstract

The paper deals with the application of engineering design grammars for a satellite design process. The situation of today’s sate
facilities is addressed and the need for an automated design process support is explained.

The suggested method is to use graph grammars as a new representation of design. A design compileracts as a ‘front-end’ for existing
computation and visualisation tools. In this context the definition of the vocabulary and the rules of a design grammar and their rela
syntax and the semantic of a satellite are presented. Particular sections of the design grammar are discussed and the implemen
are explained. The transfer of common design procedures to a rule-based design process is explained. The resulting satellite de
is exemplified through the conceptual design of a small satellite.

The applied method is analysed in respect to the required automation of the design process. Its advantages and disadvantages
and compared to the current situation in satellite design.
 2004 Elsevier SAS. All rights reserved.

Zusammenfassung

Die vorliegende Arbeit beschreibtdie Verwendung einer Entwurfsgrammatik für den Satellitenentwurf. Einleitendwird die gegenwärtige
Situation im Satellitenentwurf angesprochen und die Notwendigkeit eines automatisiert ablaufenden Entwurfsprozesses dargeleg

Zur Verbesserung des Satellitenentwurfs wirddie Verwendung von Entwurfsgrammatiken zur Darstellung des Entwurfsprozesses und
Entwurfskomponenten eines Satelliten vorgeschlagen. Dabei dient ein Entwurfscompiler als Front-End für die Abarbeitung der Satellitenen
wurfssprache und zur automatischen Ansteuerung der verwendeten Analyseprogramme und Visualisierungswerkzeuge.

In diesem Zusammenhang wird die Definition von Vokabular und Regelwerk anhand einer Entwurfsgrammatik für Satelliten da
Dazu werden einige wichtige Kernpunkte der Grammatik und der verwendeten Entwurfsmethodik im Detail erläutert. Der Entwurf
wird anhand eines einfachen Satellitenentwurfs dargestellt und die speziellen Vor- und Nachteile des Satellitenentwurfs mit eine
basierten Entwurfssprache diskutiert.
 2004 Elsevier SAS. All rights reserved.
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Schlüsselwörter:Entwurfsgrammatik; Satellitenentwurf; Entwurfscompiler; Regelbasierter Entwurf; Entwurfsprozess
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1. Introduction

One of the main difficulties of the general engineering
sign process lies in the complex relationship between almo

✩ This article was presented at the German Aerospace Congress 20
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E-mail address:schaefer@isd.uni-stuttgart.de (J. Schaefer).
1270-9638/$ – see front matter 2004 Elsevier SAS. All rights reserved.
doi:10.1016/j.ast.2004.08.003
all parts of the system and the increasingly hard constra

on cost and time during the design and production phas

Therefore, specialised domain-dependent tools were

veloped in the past to support the specific design proce

applied in various fields of engineering (e.g.: satellites,

planes, automobiles, . . . ). However, it is desirable to in

duce a more generic representation of the applied proce
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Fig. 1. Exemplary satellite design [27].

which contains all the required elements of the general
tem engineering design process. A promising methodo
is presented in this paper withthe specific application to
satellite design.

Recent optimisations of the satellite design process
to the installation of centralised concurrent design envir
ments (see [1,7,8,19,30]). Usually, the core componen
these facilities is an integrated design model with fast
flexible access to all design parameters. Additional progr
for computation, visualisation and simulation are separa
from the design model and the required data is imported
exported manually.

The discussion of the generated evaluation results and th
decision which modifications should be made for impro
ments still heavily depends on human interaction. That i
say that the feedback loop between the evaluation of a de
and the necessary modifications is not closed in the proc
ing chain of these common design tools. Additionally,
all of the possible options for design modifications can
analysed because the amount of design iterations is lim
by design time constraints.

The situation can be improved if the processing chai
closed by a feedback loop of the evaluation results into
synthesis phase of the design process (see [24] and Fig

A completely closed future processing chain requires
inclusion of means for decision making which translate
evaluation results into specific actions for the synthesi
the design. Since most modification decisions are base
known design rules or experience that can be formulate
an ‘if-then’ construct, the application of design grammars
a framework for the rule-based design process is sugge

The storage of the design components and the mean
synthesis, analysis and decision making in one comb
representation form allows a closed processing chain fo
design. This is an unavoidable requirement for an autom
exploration of the design space which allows the analysi
multiple modification options (‘trade-offs’) during the d
sign in an acceptable time frame.

2. Design grammar approach

The design methods that are used in engineering to
miss the capability for an unified representation of the de
components, the rules for decision making and the m
ods for analysis (as explained in Section 1). The appl
tion of graph grammars as design language represent
-

.
r

is a promising solution to this problem as shown in [4,2
Design grammars for various engineering design dom
are shown for space stations [16], aircrafts [18], power
lons [24], multi-body systems [13] and automotive stru
tures [14]. Further utilisation of grammars are describ
in [6,15].

Design grammars are derived from formal language
used in the field of computer science [29] (e.g. Ada, Ba
C++) or biology (e.g. L-Systems [22]). Generally, gramm
comprise a set of ‘vocabulary’, ‘rules’ and ‘axioms’. The v
cabulary serves as the symbols of the grammar while
rules describe how the vocabulary can be combined in
‘sentence’. The axioms define a starting condition for
construction of a sentence which is build by the sequen
execution of one axiom and several rules. A ‘language
defined by the set of all possible sentences of a gramma

In contrast to the common definition of formal languag
which concatenate their vocabulary linearly in the sentence
engineering design grammars are able to model the t
logical ring structures and complex networks that are fo
in engineering objects (e.g. structural frames). In addit
they also provide means to maphierarchical information
about functional affiliations ordependencies in the desig
(e.g. functional trees, requirement networks). Therefore
‘sentences’ formed by engineering design grammars are
resented by a ‘graph’ data structure which is referred to l
as the ‘design graph’.

2.1. Vocabulary

The vocabulary of a design grammar defines the fu
tional, geometrical and physical properties of a design c
ponent. Every vocabulary is identified by an unique na
and can be instantiated in several ‘nodes’ in the design gr
An excerpt of a vocabulary definition is shown in Fig. 2.

The vocabulary definition can comprise parameters, v
ables and operations that describe their mutual depend
(e.g. equations, often also called constraints). Parameters a
set in the vocabulary definition or by rules while variab

Fig. 2. Vocabulary definition [27].



J. Schaefer, S. Rudolph / Aerospace Science and Technology 9 (2005) 81–91 83

s of

wee
ts’).
n-
rred
en-
ph
the
re-

cute

e-
that
bles
tain

a-
eac
sen
her

or
n

ign

ecu

des
can
of

con

tive
ions

he
nal
Q4’

s

ted

d in

odes

3’

be
t are
the
the

’.
er-

re-

n-
eric
sign
com-
s
ign

ellite
are determined by the given operations during analysi
the design.

Both parameters and variables can be exchanged bet
nodes through ‘interfaces’ (sometimes also called ‘por
An interface specification in the vocabulary definition co
tains the variables or parameters that are to be transfe
They are marked with a public qualifier that is used to id
tify them in this interface. Two nodes in the design gra
can be connected if they both provide interfaces with
same specification. During the analysis of a design the
quired operations are sorted in the necessary order, exe
and the result is stored in the associated variables.

In addition, the vocabulary definition can contain a d
scription of the geometrical properties of the component
can be parametrised by its defined parameters or varia
During the visualisation of a design those nodes that con
geometrical information are elaborated according to their p
rameters and computed variables and aligned against
other (see Section 2.7). The resulting geometrical repre
tation is transferred to the visualisation program for furt
processing (e.g. visualisation, meshing).

2.2. Rules

The rules of a design grammar define the permitted
required connections between several nodes. The definitio
of a rule consists of two major parts:

1. The conditional part, which has to be found in the des
graph before the rule can be executed.

2. The generative part, which defines the state after ex
tion of the rule.

The conditional part consists of a required topology of no
that has to be found in the design graph before the rule
be executed. Additionally, requirements for the values
parameters and variables of the nodes contained in the
ditional part can be set.
The outcome of a rule execution is specified in its genera
part. Just as in the conditional part additional specificat
for the contained nodes can be set.

As shown in Fig. 3 a rule is defined by four fields. T
quadrants denoted as ‘Q1’ and ‘Q2’ specify the conditio
part of the rule while the quadrants denoted as ‘Q3’ and ‘
define the generative part.

During execution of the rule the following modification
can be performed on the contained nodes:

Fig. 3. Rule definition scheme [26].
n

.

d

.

h
-

-

-

• Deletion of nodes from the design graph (nodes loca
in quadrant ‘Q1’).

• Addition of nodes to the design graph (nodes locate
quadrant ‘Q3’).

• Creation and removement of connections between n
(in quadrants ‘Q3’ and ‘Q4’).

• Modification of nodes’ parameters (in quadrants ‘Q
and ‘Q4’).

Fig. 4 shows an exemplary rule definition. The rule can
executed when the nodes specified in the conditional par
found in the design graph (nodes ‘1’ to ‘6’). Furthermore,
nodes should be connected so that node ‘2’ is linked to
nodes ‘1’, ‘3’ and ‘4’ and the node ‘5’ is linked to node ‘6

During rule execution the following operations are p
formed.

1. Node ‘2’ and all connections to it are removed.
2. The connection between node ‘5’ and node ‘6’ is

moved.
3. A new node ‘7’ is created.
4. Node ‘7’ is connected to nodes ‘4’, ‘5’ and ‘6’.
5. Node ‘1’ and node ‘3’ are connected.

By this definition the conditional refinement and exte
sion of a design can be specified in a simple and gen
way. A rule definition can be focused on a specialised de
step and includes only those dependencies on other
ponents in the design that are absolutely necessary for it
execution. Therefore, it is independent of the overall des
context (e.g. a rule adding a battery can be used for sat
design, space-station design and in other domains).

Fig. 4. Rule definition example [26].
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2.3. Axiom

At the beginning of a design process an initial state of
design graph has to be set to allow the sub-sequent ex
tion of rules, since those depend on an existing design g
for the evaluation of their conditional parts. Therefore,
initial state of the design graph can be defined in so ca
‘axioms’. One of these axioms has to be executed at the
ginning of the design process.

From an engineer’s point of view, an axiom describes
requirements or environment for the design object that
preset and cannot be changed during the design process
mission objectives, orbit parameters, payload componen

2.4. Programs

For an easy design process it is useful to collect rules
axioms to represent common design patterns. A sequence o
several rules is called a ‘program’ or ‘production syste
which can be led by an axiom optionally.

In a design grammar programs are used for the set-u
known system concepts during the design process (e.g
energy supply program collects the rules for addition of b
teries, solar panels and control units).

2.5. Design graph

The expansion of components is described in the rule
a design grammar which are executed step by step durin
design process. Thereby they extend or detail the curren
sign state by adding or replacing nodes in the design gr
The design graph itself represents only the current sta
design without storage of the previous design state histo

2.6. Syntax and semantics

A general syntax definition of a grammar is given by
specification of interfaces between the vocabulary. In g
eral, any two nodes with the same interface specifica
can be connected. However, in some rare cases it is req
to define a direction of an interface (e.g. electrical conn
tors, lego bricks) and to restrict the possible connection
that way that only interfaces with reverse direction to e
other can be connected. Therefore, interfaces can be tagge
as ‘male’, ‘female’ and ‘neutral’ implying that ‘neutral’ in
terfaces can be connected to interfaces of any type w
‘female’ interfaces can only be connected to ‘male’ int
faces and vice versa.

The amount of possible connections is furthermore
duced by the rules which specify the set of allowed conn
tions. That is to say that the rules of a design gramma
ready contain statements about those combinations of de
components that make sense for the desired design ob
The knowledge about which combinations are permitted o
desired has to be provided in the grammar definition be
the design starts and will reflect in most cases well kno
-

g.

-
.

d

n
t.

design concepts. In combination with the vocabulary de
ition this represents the engineering semantics of a de
grammar.

A more detailed discussion of engineering design gr
mars and the applied definition of syntax and semantics
be found in [2,4].

2.7. Component alignment

The mutual alignment of components can be define
the design graph by the utilisation of special alignment v
tors in the interfaces as shown in Fig. 5 for a box and a pa
Each component defines two vectors and the mounting
sition in its local reference frame and denotes them in
interface specification with standardised qualifiers as ‘n
mal vector’, ‘plane vector’ and ‘position’.

An exemplary assembly is shown as an exploded v
in Fig. 5. The alignment vectors are denoted with ‘E’
the plane vector and ‘N’ for the normal vector. The loc
reference frames are denotedwith ‘x’, ‘y’ and ‘z’ for the
corresponding axis.

During the alignment the components are aligned in
global reference frame so that:

• the positions are matched;
• the normal vectors are anti-parallel to each other;
• the plane vectors are parallel to each other.

The exemplary assembly after the alignment is shown
Fig. 6.

Fig. 5. Component alignment (exploded view).

Fig. 6. Component alignment (assembled).
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Fig. 7. Design processing chain.
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The alignment vectors specified in a mounting interface
can be parametrised by using variables of the vocabu
Thus it is possible to place a mounting position or orien
tion depending on the overall dimension of a componen
other dynamic properties. However, the amount of interfa
of a vocabulary is specified in the vocabulary definiti
Therefore, the number of possible mounting interfaces is
fined prior to the design execution and cannot be chan
during the design process. This is a constraint for the g
metrical configuration of components which can be sol
by the introduction of functional configuration vocabula
(see Section 3.6).

2.8. Design compiler

The definition and execution of design grammars
be performed in a design compiler which acts as a fro
end to the required computation and visualisation progra
The associated processing chain is shown in Fig. 7. D
ing the design process a design grammar is interprete
the design compiler which constructs the design graph
the execution of the chosen programs of the grammar.
design analysis is started either by user command or
tomatically (e.g. when variables are queried in rule c
straints) and is performed by the activation of applicat
specific plugins. These plugins generate the required
put files by exporting their associated data from the de
graph and start the external analysis tools (e.g. Mathe
ica). After completion of the computation they import t
result data back into the design graph. The design c
piler ‘43’ (see [3,9]) is used for the design grammar p
sented in this paper. A screenshot of the design com
is shown in Fig. 8. The figure shows the design comp
environment with a visualisation of the design graph
its center and a geometric visualisation of the design
separated window. In two sub-windows on the right ha
side a list of the available programs (lower window) a
the rules contained in the active program (upper wind
are shown. The design process is performed by the
trols shown on the left hand side of the design graph w
dow. In addition to the execution of programs from t
program list it is possible to launch specific analyses
hand (e.g. graphics generation, FE computation). As
scribed in the processing chain (see Fig. 7) these ana
are performed by special plugins which are dynamic
loaded by the design compiler (e.g. uStation [21], Ansys
VRML [17]).

The external programs used for symbolic and num
cal computation of the variables include ‘Mathematica’ [2
s

Fig. 8. Design compiler 43 [9,27].

and the ‘Solution Path Generator’ [23,24,32]. The graph
output is generated in a CAD environment and converted
terwards to ‘VRML’ for the sake of easy presentation. Ad
tional programs for calculations in the field of computatio
fluid dynamics or structural dynamics are available and
be attached to the design compiler through a flexible plu
methodology.

An automated design process can be performed by th
ecution of a design program until no more modifications
applied to the graph. All necessary calculations during
design cycles are triggered automatically by the design c
piler. This allows the design of complex objects with hu
computational needs in an automated process without
manent user interaction for starting the computations (r
for data import and export). The exemplary satellite desig
presented in this paper contains several thousands of e
tions which are solved symbolically by Mathematica.

In addition to the manual start of a design process ‘
offers the option for a design variation by an evolutio
ary algorithm which allows an almost automated exp
ration of the design space [4]. During an evolutionary
sign process the design is modified within a preset se
parameters and rules. The fitness of one design proce
determined by a fitness value which has to be defined
the vocabulary. Therefore, the desired fitness function ca
be defined dynamically to fit the needs of the specific de
domain.
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3. Satellite design grammar

An exemplary satellite design grammar was develo
to examine the application of design grammars for sate
design (see [28]). The design drivers were the fundame
decisions to follow a ‘top-down’ strategy and the concen
tion on the design on system level. During the developm
several parts of the design grammar were identified to b
major importance for the design process:

• The utilisation of design requirements.
• The establishment of system budgets.
• The geometrical design configuration.
• The representation on system or sub-system level.

The capabilities of the developed design grammar
demonstrated by the semi-automated design of a m
satellite (shown in Fig. 1).

3.1. Design process

The top-down strategy implies that the sub-system de
process is based on the reaction on previously establi
requirements. This strategy was chosen to follow the de
philosophy that is used in satellite design today: ‘design
response on requirements’. It reflects the activities durin
the early design phases as described in [10–12,31]. In
context the common term of ‘requirements’ is refined to ‘
ternal’ requirements and ‘external’ requirements.

The external requirements are assumed to be set b
the design process starts, for instance as a result from p
ous mission analysis, mission objectives or general pre
ditions that cannot be changed during the design proc
These external requirements are defined in an axiom o
design grammar and set before the execution of any o
design rule.

The internal requirements are those that emerge from
sub-system needs during the advancing system design
electrical power, data storage, . . . ). They are determined
ing the design process and stored in the system bud
Therefore, the system budgets are of vital importance
the design on system level as they allow the feedbac
needs between the several sub-systems. In general onl
sub-system depends on the outcome of one specific sy
budget which is aggregated from the needs of all other
systems.

The typical design process performed in the satellite
sign grammar can be separated into the following stages

1. Set-up of the external requirements.
2. Response on requirements by the sub-systems.
3. Determination of the internal requirements.
4. Design representation on system level.

The first step is performed by the axiom of the gramm
that creates the necessary requirements nodes in the d
l

e
-

.

.

.

e

n

Fig. 9. Satellite design cycle [27].

graph. Steps two and three represent the actual design
tions and are repeated until all the requirements are fulfi
The design process ends when no more changes are m
the design graph and the design proceeds to step four w
summarises the developed design to a representation on
tem level. The corresponding loop is shown in Fig. 9.

3.2. Sub-system concepts and components

Inside the satellite design grammar the available sa
lite components are modeled in the vocabulary definit
Every component is defined by one vocabulary that c
tains the necessary parameters, their functional dependen
cies and the interfaces to other components. Fig. 2 sh
an excerpt of the vocabulary definition of a duplex ante
while Figs. 10–13 show the geometries of some compon
which are used in satellites.

The different components are connected by standar
terfaces which allow the easy replacement of one compo
by another component of the same type (e.g. exchang
patch antenna with cassegrain antenna). The interface
ifications themselves are a major design subject as the
termine the generality of the design grammar.

Sub-systems are created and modified by their spe
rule-set which is assembled as a ‘program’ in the des

Fig. 10. Patch antenna. Fig. 11. Solar generator wing.

Fig. 12. Spherical tank. Fig. 13. Cassegrain an-
tenna.
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Fig. 14. Different energy supply concepts.

grammar. Each program is designed for an unique s
system concept and its activation depends on an initial
dition that is given by the existence of the specific requ
ment for a sub-system of that type (e.g. electrical power nee
triggers creation of an electrical power supply sub-syste
After creation of a sub-system its modification is trigge
by changes in the parameters of the associated require
The sub-system programs can add and remove compo
or modify their parameters to fit the requirements. As
outcome of this the created components can set addition
quirements to other subsystems by specifying system bu
items in their interfaces (e.g. electrical power requirement).

As an example, Fig. 14 shows two different conce
for the placement of solar cells (e.g. body mounted or
ployed) on the satellite structure. The required componen
are added by a program that elaborates the chosen co
when it is activated. In this way sub-system concepts
be traded against each other without impact on the im
mentation of other sub-systems. To analyse the effect
conceptual change it is only required to exchange the
responding program in the program sequence of the de
compiler.

3.3. Level of design detail

During the development of the satellite design gramm
it turned out to be more efficient to model the compone
at most on the level of sub-system components instea
assembly level or part level. That is because a more
tailed modeling of the components results in an increa
complexity of the sub-system topologies which are hard
handle as a whole by simple and generic rules.

Smaller portions of the sub-systems can still be found
modified by simple rules. However, the complete network
all nodes forming the higher-level sub-system usually is v
complex and not fixed with respect to the various configu
tions of its components. Therefore, it would be necessar
define the desired rules for all possible combinations of c
ponents in a sub-system if it is to be manipulated as a wh
By this, the required amount of rules in a grammar is sig
icantly increased. In addition, the rule definitions would
very specialised and complex and therefore result in a
specific and fixed design grammar. This is in contradic
to the suggested approach to formulate the rules of a de
t.
s

-
t

t

grammar as general and simple as possible to allow a
variety of different designs with the same rule-set.

Therefore, the decision atwhich stage in the desig
process the design is refined into a deeper system leve
to be chosen carefully in accordance with the desired de
sign phase. In the present satellite design grammar, whi
intended for a preliminary system design, the defined c
ponents are among others: generic boxes, antennas,
panels, thrusters, tanks, panels and beams. It is how
straightforward to increase the achievable design deta
additional refinement rules.

3.4. System budgets

During the design process various values have to be s
marised in the so-called ‘system budgets’ as a system
representation of the components‘ values (e.g. energy
sumption, mass, moments of inertia). Several of those
tem budgets have to be established and maintained d
the design process for the evaluation of the satellite de
(e.g. electrical power, data handling, mechanical propert

Therefore, a simple and generic procedure for the a
mated collection of the budget items and their aggrega
to the required budget was developed.

The fundamental problem while establishing the budg
is that the number of budget items is not fixed during
design process. Their amount can increase and decreas
ing the design iterations when new components are add
or removed from the design. Therefore, it is impossible
set up a static topology inside the design graph to aggre
the budget items. The implemented solution to this prob
is the set-up and maintenance of linked lists in the de
graph. Each list represents one type of budget and con
of nodes that are instantiated from a small set of specia
cabulary (see Fig. 15).

The budget list is terminated by two special nodes. T
first node is the ‘terminator’ node (denoted with ‘0’
Fig. 15) which has to provide safe default values for the
rameters contained in the budget to avoid an empty bu
and to ensure that the budget aggregation method can
erate. The last node is the ‘budget’ node that contains
overall budget obtained from the budget items (denoted
‘=’ in Fig. 15).

New budget items are connected to the budget by ins
ing a new node in the list that is connected to its predece

Fig. 15. Budget list [27].
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and successor in the list as well as to the node repre
ing the budget item. These interconnecting nodes are c
‘aggregation’ nodes and denoted with ‘�’ in Fig. 15. In ad-
dition to the establishment of the list structure these node
contain the budget specific method of parameter aggreg
that is needed to obtain the overall budget. Required tr
formations between the system node parameter set an
budget parameter set (e.g. reference frame transformat
are performed in the aggregation node before inclusio
the budget.

The budget item nodes are connected to the aggreg
nodes by a bus specific standard interface which is u
to identify those nodes that are to be added to the bud
Every node in the design graph that offers this specific in
face, except the aggregation nodes themselves, are ins
in the budget list. Thereby it is possible to specify a des
connection of a node to a specific bus only by defining
corresponding interface in the node’s vocabulary. This
lows a better modularisation of the vocabulary as the de
components don’t need knowledge about the budget ag
gation method and can specify the required paramete
their local reference system.

The establishment and maintenance of the budget li
controlled by a set of rules that have to be executed seq
tially after every change of the system design. This rule
quence removes eventually unconnected aggregation n
inserts new budget items in the list and generally remove
creates the budget list’s terminating node.

The vocabulary and rules for a budget can be formula
as a fixed template. For every system budget this temp
has to be implemented by adding the budget specific s
parameters and the aggregation method in the vocab
and by using this budget specific vocabulary in the imp
mentation of the rule-set.

Therefore, the vocabulary and rules of the budgets are
capsulated in a sub-grammar inside the design gramma
a consequence thereof, the implementations of the sy
budgets and the system components are functionally
arated from each other. They are only connected thro
the common interface specification between the budget
nodes and the aggregation nodes. For most parts of th
sign process this budget sub-grammar is not even linked
specific project or engineering domain and can be re-use
other design grammar projects.

3.5. Satelliteconfiguration

The creation process for a geometrical representation o
a design can be split up into two stages:

1. The creation of the structural parts, the so-called ‘enu-
meration problem’.

2. The part assembly into a satellite configuration, the
called ‘configuration problem’.
-

e
)

.

d

-

-

,

-

-

Fig. 16. Enumeration of components [27].

During the enumeration process, the structural parts are
ated by the sub-systems as components of a specific
system concept. New parts can be added and existing
can be modified and deleted during the design process.
process is called the ‘enumeration’ since all the requ
structural parts are added to the design graph, independe
of their relative position in the satellite configuration. T
list of structural parts used in the exemplary satellite des
is shown in Fig. 16.

The configuration process begins after the enumera
problem is solved as the parts have to be assembled
satellite configuration. This procedure is part of the ‘con
uration problem’ and is often also called ‘packaging’. T
three dimensional configuration of a satellite involves co
plex analysis of body intersections and comprises a la
quantity of possible combinations. The complexity of t
configuration problem scales up with the ‘density’ of a sa
lite, i.e. with the ratio of the satellite size to the number a
the size of the parts. Therefore, the configuration proble
omitted in the present satellite design grammar and rem
subject of future extension of either the specific design gr
mar or the generic design compiler.

3.6. Configuration layers

To allow an assembly of the satellite without the au
mated configuration of the parts inside the design gram
so-called ‘configuration layers’ were introduced. They
instantiated from an unique vocabulary into the design gr
and serve as geometrical interfaces between structural p
In the special case of the satellite design grammar they
the components of the secondary structure (parts cre
from sub-systems) to the parts of the primary structure (p
created by the main structure of the satellite). By this me
it is possible to mount several secondary structural part
one primary structural part in a predetermined way as sh
in Fig. 17.

Configuration layers have no geometrical representatio
and the number and position of the various mounting p
is given in their vocabulary definition. However, it is co
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Fig. 17. Configuration layer [27].

ceivable that in future extensions their definition is impor
from a packaging algorithm external to the design gramm

3.7. Exemplary satellite design

An exemplary design and integration sequence is sh
in Figs. 18–20 and in Figs. 21–22. The design begins by
ting of the external requirements that demand:

• a cubical shape made of beams and panels as pri
structure;

• two antennas for the communication sub-system;
• a propulsion sub-system for an orbit manoeuvre;
• a micro-satellite launch on the ASAP5 platform.

The conceptual settings were to use a central thruster
cylindrical tanks in the propulsion sub-system, deploya
solar arrays for the electrical power supply and a comb
tion of a single-patch antenna with a multiple-patch ante
in the communication sub-system.

The design steps are executed so that new structural
are mounted on the satellite after every design step. Fur
s
-

more, the satellite configuration was derived from a con
uration proposal for the ‘European Student Earth Orbi
(ESEO). A list of the used components is shown in Fig.
and the top-panel configuration layer is shown in Fig. 17

In the first design step the requirement for a cub
shape was detected and elaborated by the set-up of th
mary structure (see Fig. 18). The launch adapter is alre
mounted at the bottom panel of the primary structure
side panels are not shown for a better visibility of the inte
space). The next figure (Fig. 19)shows the state after ela
oration and integration of the propulsion sub-system. F
cylindrical tanks are mounted inside the satellite and
central thruster is mounted below the bottom panel. The
ternal requirements for the communication sub-system
fulfilled in the third design step. Fig. 20 shows the satel
after integration of two antennas on the top-panel and
transceiver boxes inside the satellite.

At this state of the design all external requirements h
been fulfilled. However, the installed sub-systems need e
trical power as well as control lines and control softwa
These needs have been aggregated in the electrical p
budget, the data budget and the software budget which s
as internal requirements for the on-board data handling
system and the electrical power supply sub-system tha
added during the next design steps.

Fig. 21 shows the satellite after integration of a compu
box as a response on the requirements for the storage
processing of data by software. In the last design step th
quirement for electrical power is fulfilled by the addition
two solar panel wings and a box that contains the neces
batteries and power control unit (see Fig. 22). The sate
is closed with a panel on the front side to show the plan
lookout of the primary structure.

In this state the design process is stopped as the b
principles have been shown. The next steps, which are
out here, would show the creation of the attitude deter
nation and control sub-system as a response on the poi
requirements of the antennas, which would add the thrus
a reaction wheel and the sensors shown in Figs. 16 an
After that the existing sub-systems probably have to
scaled up or down until the changed mass properties, ele
Fig. 18. Design step 1 [27]. Fig. 19. Design step 2 [27]. Fig. 20. Design step 3 [27].
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Fig. 21. Design step 4 [27]. Fig. 22. Design step 5 [27].
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The design process stops when no more changes are
to the design.

4. Conclusions

A satellite design grammar was developed and a sim
satellite is designed in an automated process (except fo
packaging). The automated exploration of a given de
space is possible by the implementation of various comp
tive sub-system concepts and the application of evolution
algorithms [4].

The design space is limited by the provided compone
and sub-system concepts as the design grammar can on
the knowledge that is previously included in its vocabul
and rule definitions. On the other hand, this is an advan
when specific design concepts should be used and eval
with respect to their implementation by given ‘off the she
components. In this case only the component vocabulary
to be replaced by more specific vocabulary without effec
the general design procedure.

The introduction of ‘configuration layers’ allows the fle
ible and modular geometrical configuration of satellit
Therefore, it is possible to execute the design grammar
completely automated mode. Configuration layers can e
ther be defined statically by hand in the design gram
vocabulary or could be generated dynamically by an exte
configuration program. Therefore, the common functiona
design space is enlarged by a variety of geometrical c
figurations which allows a more general exploration of
design space.

The application of the design grammar allows a fle
ble variation of multiple satellite designs in the concept
design phase of a satellite project. Because of the open f
end philosophy of the design compiler a found design
be transferred to external design environments or sim
tion architectures. The rule based design approach allow
documentation of the decision tree during the design pro
and the repetition of the design process at any time.
e

e

d

-

The level of detail that is provided by the present sate
design grammar is sufficient for a feasibility study and off
the option to continue the design process with a deeper
of detail in later design phases.

Due to the generality of the approach it is possible to e
ily exchange vocabulary and rules between different de
projects. Therefore, existing design knowledge from p
of one engineering design can be transferred and be re-
in the context of another engineering domain (e.g. envir
mental control systems of trains, cars and space stati
This mechanism does not only allow the spin-off of availa
technology but also its merger and thus eventually exte
the available design space topreviously unreachable area
Because of the possible separation of function and geom
this powerful option can be used on both the conceptual
the product level.

In this respect the design grammars have also shown
capabilities to store, retrieve, reuse and adapt the code
sign knowledge in an efficient way and qualifies therefore
the basic core technology of a successful future enginee
design knowledge management methodology.
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