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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 satellite design
facilities is addresed and the need for an automatesigle process suppbis explained.

The suggested method is to use graph grammars as a new repregesftatiésign. A design compileacts 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 relation to the
syntax and the semantic of a satellite are presented. Particular sections of the design grammar are discussed and the implemented solutio
are explained. The transfer of common design procedures to a rule-based design process is explained. The resulting satellite design proce:
is exemplified through the condegl design of a small satellite.

The applied method is analysed in respect to the required automation of the design process. Its advantages and disadvantages are discuss
and compared to the current situation in satellite design.

0 2004 Elsevier SAS. All rights reserved.

Zusammenfassung

Die vorliegende Arbeit beschreidie Verwendung einer Entwurfsgrammatik fur den 8¢mentwurf. Einleitendvird die gegenwartige
Situation im Satellitenentwurf angesprochen und die Notwendigkeit eines automatisiert ablaufenden Entwurfsprozesses dargelegt.

Zur Verbesserung des Satellitenentwurfs vdie Verwendung von Entwurfsgrammatiken zur Stallung des Entwurfsprozesses und der
Entwurfskomponenten eines Sateliteorgeschlagen. Dabei dient eint&arfscompiler als Front-End furie Abarbeitung der Satellitenent-
wurfssprache und zur automatischen Ansteuerung der verwendeten Analyseprogramme und Visualisierungswerkzeuge.

In diesem Zusammenhang wird die Definition von Vokabular und Regelwerk anhand einer Entwurfsgrammatik fir Satelliten dargestellt.
Dazu werden einige wichtige Kernpunkte der Grammatik und der verwendeten Entwurfsmethodik im Detail erlautert. Der Entwurfsprozess
wird anhand eines einfachen Satellitenentwurfs dargestellt und die speziellen Vor- und Nachteile des Satellitenentwurfs mit einer graphen-
basierten Entwurfssprache diskutiert.

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction all parts of the system and the increasingly hard constraints

on cost and time during the design and production phases.
Therefore, specialised domain-dependent tools were de-

veloped in the past to support the specific design processes

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

U This articl h A 2003. : o : :

, This article was presented at the German Aerospace Congress 2003. oo automobiles, .. .). However, it is desirable to intro-
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E-mail addressschaefer@isd.uni-stuttgart.de (J. Schaefer). duce a more generic representation of the applied processes

One of the main difficulties of the general engineering de-
sign process lies in the compleelationship between almost
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“inEiE is a promising solution to this problem as shown in [4,25].

‘ Design grammars for various engineering design domains
are shown for space stations [16], aircrafts [18], power py-
lons [24], multi-body systems [13] and automotive struc-
tures [14]. Further utilisation of grammars are described

r g

in [6,15].
Design grammars are derived from formal languages as
Fig. 1. Exemplary satellite design [27]. used in the field of computer science [29] (e.g. Ada, Basic,

C++) or biology (e.g. L-Systems [22]). Generally, grammars
which contains all the required elements of the general sys-comprise a set of ‘vocabulary’, ‘rules’ and ‘axioms’. The vo-
tem engineering design process. A promising methodology cabulary serves as the symbols of the grammar while the
is presented in this paper witthe specific application to  rules describe how the voaalary can be combined in a
satellite design. ‘sentence’. The axioms define a starting condition for the

Recent optimisations of the satellite design process led construction of a sentence which is build by the sequential
to the installation of centralised concurrent design environ- execution of one axiom and several rules. A ‘language’ is
ments (see [1,7,8,19,30]). Usually, the core component of defined by the set of all possible sentences of a grammar.
these facilities is an integrated design model with fast and  In contrast to the common definition of formal languages
flexible access to all design parameters. Additional programswhich concatenate their vocalny linearly in the sentences,
for computation, visualisation and simulation are separated engineering design grammars are able to model the topo-
from the design model and the required data is imported andlogical ring structures and complex networks that are found
exported manually. in engineering objects (e.g. structural frames). In addition,

The discussion of the geneeattevaluation results and the  they also provide means to magerarchical information
decision which modifications should be made for improve- about functional affiliations odependencies in the design
ments still heavily depends on human interaction. That is to (e.qg. functional trees, requirement networks). Therefore, the
say that the feedback loop between the evaluation of a designsentences’ formed by engineering design grammars are rep-

and the necessary modifications is not closed in the processresented by a ‘graph’ data structure which is referred to later
ing chain of these common design tools. Additionally, not as the ‘design graph’.

all of the possible options for design modifications can be
analysgd b_ecause the _amount of design iterations is Ilmltedz_l_ Vocabulary
by design time constraints.
The situation can be improved if the processing chain is i ,
closed by a feedback loop of the evaluation results into the . 1€ vocabulary of a design grammar defines the func-
synthesis phase of the design process (see [24] and Fig. 7). tional, geometrical and phy_spal prp_pertles ofa d_eS|gn com-
A completely closed future processing chain requires the PONent. Every vocabulary is identified by an unique name
inclusion of means for decision making which translate the 2nd can be instantiated in several ‘nodes'’in the design graph.
evaluation results into specific actions for the synthesis of AN excerptof a vocabulary definition is shown in Fig. 2.
the design. Since most modification decisions are based on  1h€ vocabulary definition can comprise parameters, vari-
known design rules or experience that can be formulated in @Ples and operations that describe their mutual dependency
an ‘if-then’ construct, the application of design grammars as (€-9- €quations, often also calleonstraints). Parameters are
The storage of the design components and the means for

synthesis, analysis and decision making in one combined e ~
representation form allows a closed processing chain for the Hafie O

design. This is an unavoidable requirement for an automated Do e
exploration of the design space which allows the analysis of ~ Variables & Parameters foor fae: RIP EIRP. Ty P Croe
multiple modification options (‘trade-offs’) during the de- EIRP =P - Gipen *Lign

Equations Gpeat =Dy * Ny
Dy=Auy -4 -7l i2

sign in an acceptable time frame.

Radio_in (£, . RIP | Tyy)
Interfaces to Radio_out ( f,,. . EIRP)

2. Design grammar approach other Nodes Transmitter ( Pogpe)

Receiver (C,.,, Tay)

The design methods that are used in engineering today
miss the capability for an unified representation of the design Gaomatry -
components, the rules for decision making and the meth- \_ W,
ods for analysis (as explained in Section 1). The applica-
tion of graph grammars as design language representation Fig. 2. Vocabulary definition [27].
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are determined by the given operations during analysis of e Deletion of nodes from the design graph (nodes located

the design. in quadrant ‘Q1").
Both parameters and variables can be exchanged between ¢ Addition of nodes to the design graph (nodes located in
nodes through ‘interfaces’ (sometimes also called ‘ports’). guadrant ‘Q3’).

An interface specification in the vocabulary definition con- ¢ Creation and removement of connections between nodes
tains the variables or parameters that are to be transferred.  (in quadrants ‘Q3’ and ‘Q4’).

They are marked with a pUb“C qualifier thatis used to iden- 4 Modification of nodes’ parameters (|n quadrants ‘Q3’
tify them in this interface. Two nodes in the design graph and ‘Q4").

can be connected if they both provide interfaces with the

same specification. During the analysis of a design the re-  Fig, 4 shows an exemplary rule definition. The rule can be
quired operations are sorted in the necessary order, executegyecuted when the nodes specified in the conditional part are
and the result is stored in the associated variables. found in the design graph (nodes ‘1’ to '6"). Furthermore, the

In addition, the vocabulary definition can contain a de- qges should be connected so that node ‘2’ is linked to the
scription of the geometrical properties of the componentthat .,,4es ‘1 *3' and ‘4’ and the node ‘5’ is linked to node ‘6'.

can be parametrised by its defined parameters or variables. During rule execution the following operations are per-
During the visualisation of a design those nodes that containformed

geometrical information areaborated according to their pa-
rameters and computed variables and aligned against each1 Node ‘2’ and all connections to it are removed
other (_see Section 2.7). The_ resgltm_g geometrical represen- 2 The connection between node ‘5' and node ‘6’ is re-
tation is transferred to the visualisation program for further

. . o . moved.
processing (e.g. visualisation, meshing). 3. Anew node ‘7' is created

4. Node ‘7’ is connected to nodes ‘4’, ‘5" and ‘6’.

2.2. Rules 5. Node ‘1" and node ‘3’ are connected.

The rules of a design grammar define the permitted or
required connections betweerveel nodes. The definition
of a rule consists of two major parts:

By this definition the conditional refinement and exten-
sion of a design can be specified in a simple and generic
way. A rule definition can be focused on a specialised design
1. The conditional part, which has to be found in the design step and. includes pnly those dependencies on other_com—

ponents in the design that arbsalutely necessary for its

graph before the rule can be executed. tion. Theref itis ind dent of th Il desi
2. The generative part, which defines the state after execy-SXecution. Therelore, 1 1S independent ot the overall design
tion of the rule. context (e.g. a rule adding a battery can be used for satellite

design, space-station design and in other domains).

The conditional part consists of a required topology of nodes
that has to be found in the design graph before the rule can
be executed. Additionally, requirements for the values of
parameters and variables of the nodes contained in the con-
ditional part can be set.

The outcome of a rule execution is specified in its generative
part. Just as in the conditional part additional specifications | ¢: 3 p————5)
for the contained nodes can be set.

As shown in Fig. 3 a rule is defined by four fields. The
guadrants denoted as ‘Q1’ and ‘Q2’ specify the conditional
part of the rule while the quadrants denoted as ‘Q3’ and ‘Q4’
define the generative part.

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

_~ Q2 Q4 e

conditional part F— -4+ - — generative part

| a1 s |~

Fig. 3. Rule definition scheme [26]. Fig. 4. Rule definition example [26].
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2.3. Axiom design concepts. In combination with the vocabulary defin-
ition this represents the engineering semantics of a design

At the beginning of a design process an initial state of the grammar.
design graph has to be set to allow the sub-sequent execu- A more detailed discussion of engineering design gram-
tion of rules, since those depend on an existing design graphmars and the applied definition of syntax and semantics can
for the evaluation of their conditional parts. Therefore, an be found in [2,4].
initial state of the design graph can be defined in so called
‘axioms’. One of these axioms has to be executed at the be-2.7. Component alignment
ginning of the design process.

From an engineer’s point of view, an axiom describesthe ~ The mutual alignment of components can be defined in
requirements or environment for the design object that are the design graph by the utilisation of special alignment vec-
preset and cannot be changed during the design process (e.gors in the interfaces as shown in Fig. 5 for a box and a panel.
mission objectives, orbit parameters, payload components). Each component defines two vectors and the mounting po-

sition in its local reference frame and denotes them in the
2.4, Programs interface specification with standardised qualifiers as ‘nor-
mal vector’, ‘plane vector’ and ‘position’.

For an easy design process it is useful to collect rulesand  An exemplary assembly is shown as an exploded view
axioms to represent common égspatterns. A sequence of in Fig. 5. The alignment vectors are denoted with ‘E’ for
several rules is called a ‘program’ or ‘production system’ the plane vector and ‘N’ for the normal vector. The locale
which can be led by an axiom optionally. reference frames are denotedth ‘x’, 'y’ and ‘z’ for the

In a design grammar programs are used for the set-up ofcorresponding axis.
known system concepts during the design process (e.g. an During the alignment the components are aligned in the
energy supply program collects the rules for addition of bat- global reference frame so that:
teries, solar panels and control units).

o the positions are matched;
2.5. Design graph o the normal vectors are anti-parallel to each other;
o the plane vectors are parallel to each other.

The expansion of components is described in the rules of
a design grammar which are executed step by step during theThe exemplary assembly after the alignment is shown in
design process. Thereby they extend or detail the current deFig. 6.
sign state by adding or replacing nodes in the design graph.
The design graph itself represents only the current state of
design without storage of the previous design state history.

2.6. Syntax and semantics

A general syntax definition of a grammar is given by the
specification of interfaces between the vocabulary. In gen-
eral, any two nodes with the same interface specification
can be connected. However, in some rare cases it is required
to define a direction of an interface (e.g. electrical connec-
tors, lego bricks) and to restrict the possible connections in
that way that only interfaces with reverse direction to each
other can be connected. Thane, interfaces can be tagged
as ‘male’, ‘female’ and ‘neutral’ implying that ‘neutral’ in- Fig. 5. Component alignment (exploded view).
terfaces can be connected to interfaces of any type while
‘female’ interfaces can only be connected to ‘male’ inter-
faces and vice versa.

The amount of possible connections is furthermore re-
duced by the rules which specify the set of allowed connec-
tions. That is to say that the rules of a design grammar al-
ready contain statements about those combinations of design
components that make sense for the desired design object.
The knowledge about which cdimations are permitted or
desired has to be provided in the grammar definition before
the design starts and will reflect in most cases well known Fig. 6. Component alignment (assembled).
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Fig. 7. Design processing chain.

The alignment vectors spéieid in a mounting interface
can be parametrised by using variables of the vocabulary. | [
Thus it is possible to place a mounting position or orienta- ||
tion depending on the overall dimension of a component or
other dynamic properties. However, the amount of interfaces
of a vocabulary is specified in the vocabulary definition.
Therefore, the number of possible mounting interfaces is de- |
fined prior to the design execution and cannot be changed |-+
during the design process. This is a constraint for the geo- | -
metrical configuration of components which can be solved
by the introduction of functional configuration vocabulary
(see Section 3.6).

2.8. Design compiler e

The definition and execution of design grammars can -
be performed in a design compiler which acts as a front-
end to the required computation and visualisation programs.
The associated processing chain is shown in Fig. 7. Dur-
ing the design process a design grammar is interpreted by
the design compiler which constructs the design graph by
the execution of the chosen programs of the grammar. Theand the ‘Solution Path Generator’ [23,24,32]. The graphical
design analysis is started either by user command or au-outputis generated in a CAD environment and converted af-
tomatically (e.g. when variables are queried in rule con- terwards to ‘VRML for the sake of easy presentation. Addi-
straints) and is performed by the activation of application tional programs for calculations in the field of computational
specific plugins. These plugins generate the required out-fluid dynamics or structural dynamics are available and can
put files by exporting their associated data from the design be attached to the design compiler through a flexible plugin
graph and start the external analysis tools (e.g. Mathemat-methodology.
ica). After completion of the computation they import the  An automated design process can be performed by the ex-
result data back into the design graph. The design com-ecution of a design program until no more modifications are
piler ‘43" (see [3,9]) is used for the design grammar pre- appjied to the graph. All necessary calculations during the
sented in this paper. A screenshot of the design compiler yegign cycles are triggered automatically by the design com-
is shown in Fig. 8. The figure shows the design compiler ;0. "This allows the design of complex objects with huge
gnwronment with a wsughsgﬂon_of .the design gr.aph. N computational needs in an automated process without per-
Its center an_d a geometric V|sua!|sat|0n of the d¢s'9” N & nanent user interaction for starting the computations (resp.
separated window. In two sub-windows on the right hand for data import and export).le exemplary satellite design

side a list of the available programs (lower window) and A .
. . X : presented in this paper contains several thousands of equa-
the rules contained in the active program (upper window) . . . .
tions which are solved symbolically by Mathematica.

are shown. The design process is performed by the con- " : o
trols shown on the left hand side of the design graph win- ' addition to the manual start of a design process ‘43
dow. In addition to the execution of programs from the °fférs the option for a design variation by an evolution-
program list it is possible to launch specific analyses by &7 @lgorithm which allows an almost automated explo-
hand (e.g. graphics generation, FE computation). As de-ration of the design space [4]. During an evolutionary de-
scribed in the processing chain (see Fig. 7) these analyse$ign process the design is modified within a preset set of
are performed by special plugins which are dynamically parameters and rules. The fitness of one design process is
loaded by the design compiler (e.g. uStation [21], Ansys [5], determined by a fitness value which has to be defined by
VRML [17]). the vocabulary. Therefore, ¢hdesired fitness function can

The external programs used for symbolic and numeri- be defined dynamically to fit the needs of the specific design
cal computation of the variables include ‘Mathematica’ [20] domain.

Fig. 8. Design compiler 43 [9,27].
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3. Satellite design grammar ::> (l. Requirements (extemal)]
- . - Mission Architecture |t tveree. 1@

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

The utilisation of design requirements. Q ----------- -[3 f"sjg:jmz?ts (internal)
The establishment of system budgets.

The geometrical design configuration.

The representation on system or sub-system level.

Fig. 9. Satellite design cycle [27].

The capabilities of the developed design grammar are graph. Steps two and three represent the actual design itera-

demonstrated by the semi-automated design of a micro-t";nsdam_j are repeated(ljmtllr?ll the requwerr:lents are fuIﬁIIzd.
satellite (shown in Fig. 1). The design process ends when no more changes are made to

the design graph and the design proceeds to step four which
summarises the developed design to a representation on sys-

3.1. Design process . . -
tem level. The corresponding loop is shown in Fig. 9.

The top-down strategy implies that the sub-system design
process is based on the reaction on previously established-2- Sub-system concepts and components
requirements. This strategy was chosen to follow the design ) ) ) .
philosophy that is used in satellite design today: ‘design as _ Inside the satellite design grammar the available satel-
response on requirementst.reflects the activities during  lite components are modeled in the vocabulary definition.
the early design phases as described in [10-12,31]. In thisEvery component is defined by one vocabulary that con-
context the common term of ‘requirements’ is refined to ‘in- t@ins the necessary parametefeir functional dependen-
ternal’ requirements and ‘external’ requirements. cies and the interfaces to other components. Fig. 2 shows
The external requirements are assumed to be set beforéin excerpt of the vocabulary definition of a duplex antenna
the design process starts, for instance as a result from previWhile Figs. 10-13 show the geometries of some components
ous mission analysis, mission objectives or general precon-Which are used in satellites.
ditions that cannot be changed during the design process. The different components are connected by standard in-
These external requirements are defined in an axiom of thetérfaces which allow the easy replacement of one component
design grammar and set before the execution of any otherby another component of the same type (e.g. exchange of
design rule. patch antenna with cassegrain antenna). The interface spec-
The internal requirements are those that emerge from thelfications themselves are a major design subject as they de-
sub-system needs during the advancing system design (e.gt€rmine the generality of the design grammar.
electrical power, data storage, . .. ). They are determined dur-  Sub-systems are created and modified by their specific
ing the design process and stored in the system budgetsfule-set which is assembled as a ‘program’ in the design
Therefore, the system budgets are of vital importance for
the design on system level as they allow the feedback of
needs between the several sub-systems. In general only one
sub-system depends on the outcome of one specific system
budget which is aggregated from the needs of all other sub-
systems.
The typical design process performed in the satellite de-
sign grammar can be separated into the following stages: Fig. 10. Patch antenna. Fig. 11. Solar generator wing.

Set-up of the external requirements.

Response on requirements by the sub-systems.
Determination of the internal requirements.
Design representation on system level.

PR

The first step is performed by the axiom of the grammar Fig. 12. Spherical tank.  Fig. 13. Cassegrain an-
that creates the necessary requirements nodes in the design tenna.
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grammar as general and simple as possible to allow a vast
variety of different designs with the same rule-set.

Therefore, the decision awhich stage in the design
process the design is refined into a deeper system level has
to be chosen carefully in accadce with the desired de-
sign phase. In the present satellite design grammar, which is
intended for a preliminary system design, the defined com-
ponents are among others: generic boxes, antennas, solar
panels, thrusters, tanks, panels and beams. It is however
straightforward to increase the achievable design detail by
additional refinement rules.

grammar. Each program is designed for an unique sub-
system concept and its activation depends on an initial con-3-4. System budgets
dition that is given by the existence of the specific require-
ment for a sub-system of thate (e.g. electrical power need During the design process various values have to be sum-
triggers creation of an electrical power supply sub-system). Mmarised in the so-called ‘system budgets’ as a system level
After creation of a sub-system its modification is triggered representation of the components® values (e.g. energy con-
by changes in the parameters of the associated requiremengUmption, mass, moments of inertia). Several of those sys-
The sub-system programs can add and remove component{M budgets have to be established and maintained during
or modify their parameters to fit the requirements. As an the design process for the evaluation of the satellite design
outcome of this the created components can set additional re{€-9. electrical power, data handling, mechanical properties).
quirements to other subsystems by specifying system budget Therefore, a simple and generic procedure for the auto-
items in their interfaces (e.gletrical power equirement). ~ Mated collection of the budget items and their aggregation
As an example, Fig. 14 shows two different concepts O the required budget was developed.
for the placement of solar cells (e.g. body mounted or de- The fundamental problem V‘_’h"e e§tabllshmg the budgets
ployed) on the satellite strugte. The required components S that the number Qf budget |tem_s is not fixed during the
are added by a program that elaborates the chosen concepﬂes'gn process. The_zlr amount can increase and decrease dur-
when it is activated. In this way sub-system concepts can INd the design iterations when new components are added to
be traded against each other without impact on the imple- O removed from the design. Therefore, it is impossible to
mentation of other sub-systems. To analyse the effect of aS€t UP @ static topology inside the design graph to aggregate
conceptual change it is only required to exchange the cor- the budget items. The implemented solution to this problem

responding program in the program sequence of the designis the set-up f':md maintenance of linked lists in the design
compiler. graph. Each list represents one type of budget and consists

of nodes that are instantiated from a small set of special vo-
cabulary (see Fig. 15).

The budget list is terminated by two special nodes. The
) ) ) first node is the ‘terminator’ node (denoted with ‘0’ in
~ During the development of the satellite design grammar rig 15) which has to provide safe default values for the pa-
it turned out to be more efficient to model the components gmeters contained in the budget to avoid an empty budget
at most on the level of sub-system components instead ongng to ensure that the budget aggregation method can op-
assembly level or part level. That is because a more de-grate. The last node is the ‘budget’ node that contains the
tailed modeling of the components results in an increased gyerall budget obtained from the budget items (denoted with
complexity of the sub-system topologies which are hard to «_: iy Fig. 15).
handle as a whole by simple and generic rules. New budget items are connected to the budget by insert-

Smaller portions of the sub-systems can still be found and jng a new node in the list that is connected to its predecessor
modified by simple rules. However, the complete network of

all nodes forming the higher-level sub-system usually is very Terminator Node Aggregation Nodes Budget Node

Fig. 14. Different energy supply concepts.

3.3. Level of design detail

complex and not fixed with respect to the various configura- A% v /
tions of its components. Therefore, it would be necessary to

define the desired rules for all possible combinations of com- o e 9 8 e
ponents in a sub-system if it is to be manipulated as a whole.

By this, the required amount of rules in a grammar is signif- 0 0 0

icantly increased. In addition, the rule definitions would be T X 2T

very specialised and complex and therefore result in a very System Nodes

specific and fixed design grammar. This is in contradiction
to the suggested approach to formulate the rules of a design Fig. 15. Budget list [27].
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and successor in the list as well as to the node represent-
ing the budget item. These interconnecting nodes are called
‘aggregation’ nodes and denoted wiffi"in Fig. 15. In ad-
dition to the establishment oh¢ list structure these nodes
contain the budget specific method of parameter aggregation
that is needed to obtain the overall budget. Required trans-
formations between the system node parameter set and the
budget parameter set (e.g. reference frame transformations)
are performed in the aggregation node before inclusion in
the budget.

The budget item nodes are connected to the aggregation
nodes by a bus specific standard interface which is used
to identify those nodes that are to be added to the budget.
Every node in the design graph that offers this specific inter-
face, except the aggregation nodes themselves, are inserted
in the budget list. Thereby it is possible to specify a desired
connection of a node to a specific bus only by defining the

: L%

" -

Fig. 16. Enumeration of components [27].

During the enumeration process, the structural parts are cre-
ated by the sub-systems as components of a specific sub-

corresponding interface in the node’s vocabulary. This al- et
lows a better modularisation of the vocabulary as the designSYStem concept. New parts can be added and existing parts
can be modified and deleted during the design process. This

components don't need knowledge about the budget aggre- . ; NI .
gation method and can specify the required parameters inProcess is called the ‘enumeration’ since all the required
their local reference system structural parts are added toet design graph, independent

The establishment and maintenance of the budget list iSof their relative position in the satellite configuration. The
controlled by a set of rules that have to be executed sequen—!iSt of stru_ctural parts used in the exemplary satellite design
tially after every change of the system design. This rule se- ° S:It]r?t\alvgo”r]wfliqg.r;t?c;n rocess begins after the enumeration
guence removes eventually unconnected aggregation nOdeSprobIem is sgolved aspthe parts r?ave to be assembled in a
'Cnrzzrtt;ﬁg Ezggg ;T:tn;i;?nzr:r?alfr: arr:((j)gsnerally FEMOVeS Of ¢atellite configuration. This procedure is part of the ‘config-
The vocabula?r and rules for a t?ud et.can be formulated uration problem’ and is often also called ‘packaging’. The
as a fixed templa{e For every systerr? budget this templatethree dimensional configuration of a satellite involves com-

) ) - plex analysis of body intersections and comprises a large
has to be implemented by adding the budget specific set of 3ty of possible combinations. The complexity of the

parameters and the aggregation method in the vocabularys,nfigyration problem scales up with the ‘density’ of a satel-

and by using this budget specific vocabulary in the imple- | e, with the ratio of the satellite size to the number and

mentation of the rule-set. the size of the parts. Therefore, the configuration problem is
Therefore, the vocabulary and rules of the budgets are en-gmijtted in the present satellite design grammar and remains

capsulated in a sub-grammar inside the design grammar. Asgpject of future extension of either the specific design gram-
a consequence thereof, the implementations of the systemmgar or the generic design compiler.

budgets and the system components are functionally sep-

arated from each other. They are only connected through3 6. Configuration layers

the common interface specification between the budget item

nodes and the aggregation nodes. For most parts of the de- To allow an assembly of the satellite without the auto-
sign process this budget sub-grammar is not even linked to amated configuration of the parts inside the design grammar
specific project or engineering domain and can be re-used inso-called ‘configuration layers’ were introduced. They are
other design grammar projects. instantiated from an unique vocabulary into the design graph
and serve as geometrical interfaces between structural parts.
In the special case of the satellite design grammar they link
the components of the secondary structure (parts created
from sub-systems) to the parts of the primary structure (parts
The creation process for a geetrical representation of  created by the main structure of the satellite). By this means

3.5. Satelliteconfiguration

a design can be split up into two stages: it is possible to mount several secondary structural parts on
one primary structural partin a predetermined way as shown
1. The creation of the structural parts, the so-calk=l- in Fig. 17.
meration problerh Configuration layers have neegmetrical representation

2. The part assembly into a satellite configuration, the so- and the number and position of the various mounting ports
called ‘configuration problern is given in their vocabulary definition. However, it is con-
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more, the satellite configuration was derived from a config-

uration proposal for the ‘European Student Earth Orbiter’
Secondary Structure (ESEO). A list of the used components is shown in Fig. 16
and the top-panel configuration layer is shown in Fig. 17.

In the first design step the requirement for a cubical
shape was detected and elaborated by the set-up of the pri-
mary structure (see Fig. 18). The launch adapter is already
Configuration Layer mounted at the bottom panel of the primary structure (the
side panels are not shown for a better visibility of the interior
space). The next figure (Fig. 18hows the state after elab-
oration and integration of the propulsion sub-system. Five
i cylindrical tanks are mounted inside the satellite and one
central thruster is mounted below the bottom panel. The ex-
ternal requirements for the communication sub-system are
fulfilled in the third design step. Fig. 20 shows the satellite
after integration of two antennas on the top-panel and two
Fig. 17. Configuration layer [27]. transceiver boxes inside the satellite.

At this state of the design all external requirements have
been fulfilled. However, the installed sub-systems need elec-
trical power as well as control lines and control software.
These needs have been aggregated in the electrical power
budget, the data budget and the software budget which serve
3.7. Exemplary satellite design as internal requirements for the on-board data handling sub-

system and the electrical power supply sub-system that are

An exemplary design and integration sequence is shownadded during the next design steps.
in Figs. 18-20 and in Figs. 21-22. The design begins by set-  Fig. 21 shows the satellite after integration of a computer
ting of the external requirements that demand: box as a response on the requirements for the storage and

processing of data by software. In the last design step the re-
e a cubical shape made of beams and panels as primaryquirement for electrical power is fulfilled by the addition of

Primary Structure

ceivable that in future extensions their definition is imported
from a packaging algorithm external to the design grammar.

structure; two solar panel wings and a box that contains the necessary
e two antennas for the communication sub-system; batteries and power control unit (see Fig. 22). The satellite
e a propulsion sub-system for an orbit manoeuvre; is closed with a panel on the front side to show the planned
e a micro-satellite launch on the ASAPS5 platform. lookout of the primary structure.

In this state the design process is stopped as the basic

The conceptual settings were to use a central thruster withprinciples have been shown. The next steps, which are left
cylindrical tanks in the propulsion sub-system, deployable out here, would show the creation of the attitude determi-

solar arrays for the electrical power supply and a combina- nation and control sub-system as a response on the pointing

tion of a single-patch antenna with a multiple-patch antenna requirements of the antennas, which would add the thrusters,

in the communication sub-system. a reaction wheel and the sensors shown in Figs. 16 and 17.
The design steps are executed so that new structural part@\fter that the existing sub-systems probably have to be
are mounted on the satellite after every design step. Further-scaled up or down until the changed mass properties, electri-

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].

cal power requirements or control requirements are fulfilled. = The level of detail that is provided by the present satellite
The design process stops when no more changes are madéesign grammar is sufficient for a feasibility study and offers
to the design. the option to continue the design process with a deeper level
of detall in later design phases.
Due to the generality of the approach it is possible to eas-
4. Conclusions ily exchange vocabulary and rules between different design
projects. Therefore, existing design knowledge from parts

A satellite design grammar was developed and a simple Of one engineering design can be transferred and be re-used
satellite is designed in an automated process (except for then the context of another engineering domain (e.g. environ-
packaging). The automated exploration of a given design mental control systems of trains, cars and space stations).
space is possible by the implementation of various competi- This mechanism does not only allow the spin-off of available
tive sub-system concepts and the application of evolutionary t€chnology but also its merger and thus eventually extends
algorithms [4]. the available de3|gn.space poew_ously unrefachable areas.

The design space is limited by the provided components Bécause of the possible separation of function and geometry
and sub-system concepts as the design grammar can only usgS Powerful option can be used on both the conceptual and
the knowledge that is previously included in its vocabulary the productlevel. _ _
and rule definitions. On the other hand, this is an advantage ' this respect the design grammars have also shown their
when specific design concepts should be used and evaluate§aPaPilities to store, retrieve, reuse and adapt the coded de-
with respect to their implementation by given ‘off the shelf’  SI9n knowledge in an efficient way and qualifies therefore as
components. In this case only the component vocabulary has€ Pasic core technology of a successful future engineering
to be replaced by more specific vocabulary without effect on d€sign knowledge magament methodology.
the general design procedure.

The introduction of ‘configuration layers’ allows the flex-
ible and modular geometrical configuration of satellites.
Therefore, it is possible toxecu'[e. the (_1e3|gn grammar _m [1] J.A. Aguilar, The aerospace corporation’s concept design center, 8th
completely automated mode o@figuration layers can ei- INCOSE Symposium, Vancouver, 1998.
ther be defined statically by hand in the design grammar [2] R. Alber, Formale Sprachen zur rechnergestiitzten Entwurfssynthese,
vocabulary or could be generated dynamically by an external ~ DGLR Jahrbuch 2002, Deutsche Gsghatft fur Luft- und Raum-

. . . fahrt, Bonn, 2002.
conflguratlon program. Theiere, the common functional [3] R. Alber, S. Rudolph, “43” — a generic approach for engineering design

design space is enlarged by a variety of geometrical con- grammars, in: Proceedings AAAI Spg Symposium ‘Computational
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