1999 SCS European Simulation Symposium, Erlangen, Germany, October 26-28 1999.

A COMPOSABLE SIMULATION ENVIRONMENT FOR MECHATRONIC
SYSTEMS

Antonio Diaz-Calderon, Christiaan J. J. Parépl%radeep K. Khosla
Department of Electrical and Computer Engineering
Institute for Complex Engineered Systems
Carnegie Mellon University
Pittsburgh, PA 15213, USA
E-mail: cjp@cmu.edu

KEYWORDS algebraic loops or index problems) or conversely may require
multiple simulation components for a single physical compo-
Composable simulation, design verification, linear graphs"€nt (describing its behavior in multiple energy domains for
CAD, mechatronic systems. Instance). Raising the level of user interaction to composition
of system components rather than composition of simulation
models will result in a significant reduction of effort in creat-
ABSTRACT ing and modifying system-level simulations and will reduce
the simulation and modeling expertise required of the user.

We present a software environment for composable simulation

of mechatronic systems. By composable simulation we meaf® address the composable simulation problem outlined
the ability to automatically generate simulations from individ- 2P0Ve, we developed a methodology based on a system graph

ual component models through manipulation of the corre/€Presentation. The system graph is a linear graph which cap-
sponding physical components in a CAD system. This form ofUres the topology of the energy flow in the system. We have
virtual prototyping will reduce the design cycle significantly €xtended the system graph to include signal components by
by providing immediate feedback to the designer with mini-combining the linear graph with block diagrams, resulting in a

mal intervention of simulation and modeling specialists. unified system graph representation. The system graph is used
to generate the set of differential-algebraic equations that

describe the system behavior including the information tech-

INTRODUCTION nology components.

The work presented in this paper is the result of an ongoin
effort to develop a framework fazomposable simulatiorBy %ELATED WORK

composable simulation we mean the ability to generate sys- ) ) ) )
tem-level simulations automatically by simply organizing the Te rélationship between physical systems and linear graphs

system components in a CAD system. A system componelwas fir_st recogni;ed by Trent (Trent 1995) and b)_/ Br_annin
can be either a physical component (electrical motor, gearboBrannin 1966). Linear graph theory has been used in different
etc.) or an information technology component (embedde§ndineering domains, including, systems theory (Roe 1966;

controller or other software component). Each of these systefi0€Nig 1967), analysis of rigid body dynamics (McPhee et al.

components has one or more simulation models associate®26): and on the analysis of multi-energy domain engineer-

with it describing its dynamics in multiple energy domains, N9 Systéms (Muegge 1996). The system graph approach that
across energy domains, and possibly at multiple levels of/€ @re developing builds on linear graph theory.

accuracy (with varying computational requirements). When

these system components are combined into a complete syaother graph representation is bond graphs (Karnopp et al.
tem, our framework will automatically combine a selection of 1990)- Bond graphs are energy-based system descriptions in
the associated component models into a system-level simul¥Nich energy elements are connected by energy conserving
tion. The user interaction occurs thus at the level of composilUnction structures. Similar to our approach, bond graphs

tion of system componentather tharsimulation components define a minimal set of g_enerallzed elements that_ can be used
as in most traditional simulation environments (Matlab/Sim-{0 model system behavior across energy domains. Connec-

ulink, Easy5, etc.). These traditional simulation environmentdions between elements are made through power bonds which

do not consider the mapping from system components to sinf€Present the power flow in the system. Although bond graphs
ulation models. This mapping is not one-to-one. The System(_wnh appropriate extensions) can be used to represent mecha-

level simulation model is not simply a concatenation of indi- 'ONic systems, we have chosen linear graphs because they can
vidual component models, but may require combining multi-P& more easily adapted to model 3D rigid body mechanics,

ple system components into one simulation model (to avoi@nd reflect the topology of the physical system directly.

1. Corresponding author.
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Figure 1: Through and across measurements on a general Figure 2: n-terminal component.
two-terminal element and its terminal graph.

Based on the type of relationship between the terminal vari-
Composition of simulation models can also be accomplishe@pbles, one can distinguish three classes of elements: passive
by combining fundamental building blocks described in a highelements (that can be further divided into dissipative and non-
level object-oriented modeling language (Cellier 1993; EIm-djssipative elements), generators, and transducers. A dissipa-
qvist and Bruck 1995). The object-oriented approach facilitive element is one which cannot supply energy to the system
tates model reuse and simplifies maintenance. Using thesghile a non-dissipative element, does not dissipate energy but
modeling languages, software executables can be generatggh store it for later recovery. These elements can be divided
automatically from individual sub-models and the interactiongn two categories:delay elements which store energy by
between them. means of their through variables, aadcumulatorelements

which store energy by means of their across variables. The
A different approach to composability of simulation models issecond class of components contains the generators or drivers.
presented in (Diaz-Calderon et al. 1998). In this work a soft-A driver forces an across or through quantity to follow a pre-
ware architecture that supports the integration of simulatiorscribed function of time. The third class of elements, the trans-
modules is defined: composition is achieved by connectingjucers (also referred to as couplers), transmits energy from
software components through a well defined interface. Thene part of the system to another. An ideal transducer is a
arrangement of components defines the system to be executgéinsducer that can neither store nor dissipate energy, i.e.,
by the simulation engine. there is no energy loss in the component.

To compose simulation models directly from 3D mechanicalinteractions between different energy domains, cannot be
systems, in (Diaz-Calderon et al. 1999a) we present a methogescribed with a two-terminal element. It is necessary to intro-
ology that derives the system graph of a 3D mechanical sysjuce elements that have more than two terminals-termi-
tem directly from the geometry. This system graph is themal elements. Within this category we find the transducer
used to derive the dynamic equations for the 3D mechanismalements defined previously. The system graph associated
(Diaz-Calderon et al. 1999b). with an n-terminal element will be derived from measure-
ments taken between pairs of terminals. However as is shown
MODELING OF MECHATRONIC SYSTEMS by (Roe 1966), we only need—1  across measurements to
completely determine the across variables between any pair of
Linear graph theory is a branch of mathematics that studieterminals. This number corresponds to the number of
the algebraic and topological properties of topological strucbranches in a tree selected in the graph: the terminal graph of
tures known as graphs. In this context, a physical system ca@®hn-terminal element is the trée of n—1 edges connecting
be regarded as a collection of components and terminal point§€ n vertices corresponding to tireterminals of the system
(Trent 1955). Between any two terminals, a pair of orientedcomponent. To illustrate this case consider the electric trans-
measurements can be taken, nanaljossandthroughmea-  former (a 3-terminal system component) shown in Figure 2.
surements, as shown in Figure 1. The variables associatddvo across measurements will completely determine the
with this pair of measurements are calkedminal variables  device giving a terminal graph with two edges.
The mathematical relations between the terminal variables

define the component’s physical characteristics and are calld summary, there exists an isomorphism between a linear
terminal equations graph and a physical system provided that one can define pairs

of across and through variables. For a system composed of

The graph representation of the component is a directed edgélbsystems, theystem graphs the union of all terminal
that joins two the terminal points. This graph representation igraphs for all the components of the system.

calledterminal graphof the component, and tteystem graph

is the collection of terminal graphs connected at the appropriTab|e 1 shows the terminal variables associated with different
ate nodes. In a mechatronic system, the system graph may B&ergy domains. The derivatives of across or through variables

non-connected, due to the presence of processes in differe@fe across or through variables as well. For example, velocity
energy domains. and acceleration are across variables while the derivatives of

force and torque are also through variables.
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Table 1: Through and across variables for various energy based orschematic-diagramsn this approach, the modeling
domains is performed at the component level and the interaction
Type of Through Variable Across variable between components is defined by connections betweren
system Name Symbol Name Symbol minals The system editor is based on the concepnhotieling

General x(t) y(1) layerseach of which represents a different energy domain of

the system. The modeling layer for the mechanical energy
: : domain is implemented in a CAD system. When a component
Hydraulic || Fluid flow | g(t) Pressure|  p(t) is brought into the system editor, its constituting models are

Electrical Current i(t) \oltage v(t)

Force f(t) Displace.- r(t) , included in their respective modeling layers. It is then the task
Mechanical Torqué ¢ mpem of the user to identify the interactions between components.
v 6(t) Interactions are classified as: 1) terminal connections, 2) edge

. . . . associations, and 3) mechanical interactions. Terminal con-
The algebraic properties of a linear graph determine two sets . - . . :
. : .. nections and edge associations arise from the interconnection
of constraint equationsthe e— v+ p fundamental circuit

equations and the— p _cut-set equations of a system ggaph of elements in non-mechanical modeling layers. On the other

with e edges.v vertices andp connected components (1), hand, mechanical interactions such as rigid connections, pris-

oo . : matic joints or revolute joints arise from the interconnection of
whereA andB are the incidence and circuit matrices respec- S :
tively. two rigid bodies.

Terminal connections represent the interaction between com-
Xc(t) = _BTXT(t) and y1(t) = -Acyc(t) @) ponents within the non-mechanical energy domains. Interac-
tions are non-causal which means that the terminals involved
Together these equations form a systena tifiearly indepen-  in the connection do not have predefined direction. A terminal
dent equations ir2e  unknowns. To find a unique solution toconnection between two terminals indicates that both termi-
this system, we add the independent equations that are nals are mapped to a single node in the system graph.
derived from the relationships between the across and through
variables for the components in the system graph. In general,he process of generating the system graph, is a two step pro-
for an n-terminal component, there will be terminal equa- cess. First, the terminal graphs of the individual components
tions. are instantiated to create a disconnected graphmnyitompo-
nents, where, is the number of terminal graphs in the sys-
Components in a mechatronic system are represented by otg@m. Second, the information provided by the terminal
or more edges in the system graph connecting well definedonnections is used to reduce the graph to a nonconnected
interface points. The subset of edges of the system graph thgtaph with np <n. components, wherg is the number of
represent a system component is calledninal graphThe  energy domains involved in the design (Diaz-Calderon et al.
model of a system component includes both the terminal999b).
equations and the associated terminal graph. The terminal
graph provides the topological structure of the system compoEdge associations arise from the energy exchange between
nent while the terminal equations provide the mathematicaglifferent energy domains. They occur when system variables
model of the basic operation of the system component. in the terminal equations of a component are associated with
other edges in the terminal graph.
In order to include software components as well as other types
of low-power devices in the system graph modeling approachylechanical interactions are handled differently due to the dif-
it is necessary to extend our view of the modeling elementgerence in dimensionality of the terminal variables involved.
presented so far to include the use of signalsignalrepre-  The generation of the system graph involves a direct transla-
sents the flow of some system variable value at a very lowion of the kinematic information into the linear graph repre-
power level. In (Diaz-Calderon et al. 1999c), we present arsentation (Diaz-Calderon et al. 1999a). In general, the result
extension to the linear graph representation to accept the mo@f the first stage is an extended system graph that includes all

eling of low power components. kinematic information including fixed joints and redundant
joints. However, to avoid structural singularities and indexing
FRAMEWORK FOR COMPOSABLE SIMU- problems, we simplify this initial system graph by lumping all

rigidly connected bodies into a single composite body. Com-
posite bodies are identified by performing a depth-first tra-

versal on the extended system graph. The algorithm explores

The framework for composable simulatic_)n is based on the SYS3) paths created by rigid connections and collects all bodies
tem graph representation of mechatronic systems. The syste lbng the path into a single composite body (Diaz-Calderon et
graph for a mechatronic system is constructed with the help o 1. 1999b)

a system editothat is tightly integrated with a CAD system.
The approach to building a system in the system editor is

LATION
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The terminal equations plus any independent seé abn-
straint equations unambiguously define the dynamics of the Housing\
system. However, before these equations can be numerically Gimbal
solved they must be expressed in state space form in which the fing
derivatives of a stat& are expressed as explicit functions of Camera
the states and time:

Pitch
connector (b)

Yaw
. connector (b)
X = f(x 1) (2 Yaw
connector (a)
Expressing the equations of the system in this form implies _
using the smallest possible number of equations (equal to the Z')trfgector @ |
order of the system) and expressing the high order derivatives ~Y

as a function of low order derivatives of state variables, in_. R a
. Figure 3: Missile seeker
each equation.

Shaft (a)

This can be accomplished in the following way. Let us divideBased on the selection of primary and secondary variables, we
the system variables into two groups: primary variables ang¢an obtain dynamic equations of the form (5) by selecting a
secondary variables—one of each for every edge. Assumieee on the system graph such that the following two condi-
now that in the terminal equation of an edge, the highest ordetions are satisfied: 1) the highest order derivatives of as many
derivative of the primary variablp is expressed as a function primary variables as possible appear in the terminal equations
of the secondary variablg, as functions of secondary variables and low order derivatives
of primary variables, and 2) the terminal equations contain as
few derivatives of secondary variables as possible. The tree
that satisfies these two conditions is callatbamal treeof the
system graph. An algorithm to automatically derive the nor-

On the other hand, assume that in the constraint equations tlflﬁaj tree of a system graph is presented in (DiaZ_Ca|deron et
secondary variables are expressed as a function of the primagy. 1999p).

variables:

o™ = f(s) @3)

Once the state space form of the dynamic equations is found,

s=9p (4) the system of equations is augmented with the equations

derived from the signal domain which may include references

Then, by substituting the constraint equations (4) into the terl0 software components. This new system of equations com-

minal equations (3), we get a minimal set of dynamic equaPletely describes the mechatronic system. The equations are
tions of the form: then sorted into Block Triangular Form (BLT) to obtain a

computational order of evaluation of the equations and soft-
n) ware components (Diaz-Calderon et al. 1999c).
p " = f(a(p) ®)
o ) . EXAMPLE
which is exactly the desired state-space representation.

i . - ) _ To illustrate the concepts presented in this paper we have
The final step in the derivation of our approach is the selectioRg|acted the design of a missile seeker shown in Figure 3.
of the primary and secondary variables. According to equation
(1) the dependent variables in the constraint equations are thg,e topological information of this design is specified in the
through variables in the branches of the tree and the acro§§ystem Editoras shown in Figure 4 where nodes represent

variables in the chords of the cotree: components and edges between components represent physi-
cal connections established between components. The compo-
Y1 = -AcYc nents in the system are port-based objects (Diaz-Calderon et
(6) al. 1998) that have a well defined interface that prescribes
their interaction with the environment. In addition to the inter-
face, each component includes its mathematical model from
From equations (4) and (6), we can identify primary variableswvhich the terminal graphs are instantiated.
with the set of v— p across variables associated with the
branches of a forest and the set &f— v+ p through vari-
ables associated with the chords of a coforest. Similarly, the
dependent variables in equation (6) are identifieceassdary
variablesof the system graph.

Xe = —Byxt
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Figure 4: System editor: missile seeker input graph

Synthesis of the System Graph. access to the CAD models to automatically derive these prop-

erties. This implies that changes in the geometry will be auto-

Terminal connections derived from the system description arenatically propagated to changes in the simulation model.

used to reduce the electrical system graph to a connected

graph with np<n, =1 Geometric analysis on the seeker shows it contains 9 bodies
(not counting the screws for the sake of clarity): housing, gim-

The generation of the mechanical system graph involves bal ring, camera, pitch connector (2) yaw connector (2), shaft

direct translation of the kinematic information into the linear (2). The kinematic analysis of the system reveals the kine-

graph representation. The result of this stage is a mechanicalatic constraints among the bodies (Table 2). Based on these

system graph that includes all kinematic information includ-constraints, the bodies that can be combined to form compos-

ing fixed joints and redundant joints. However, to avoid struc-tes are identified.

tural singularities and indexing problems, we simplify this

initial mechanical system graph by lumping all rigidly con- Table 2: Kinematic description for the seeker system

nected bodies into a single composite body. Type of joint Reference body Secondary body
FIXED housing pitch connector (a)
Composite bodies are identified by performing a depth-firs FIXED housing pitch connector (b)
traversal on the extended system graph starting from the nol€REVOLUTE* || pitch connector (a) gimbal ring
representing the center of mass of a body (Diaz-Calderon €T REVOLUTE pitch connector (b) gimbal ring
al. 1999b). Once composite bodies have been identified, the FIXED gimbal ring yaw connector (a)
mechanical system graph is topologically modified such thal REVOLUTE* || yaw connector (a) shaft (a)
composite bodies are combined into single bodies and redun-— FIXED gimbal ring yaw connector (b)
dant joints are removed. In this context, redundant joints are. REVOUTE yaw connector (b) shaft (b)
joints that duplicate already existing kinematic constraints; fo FIXED shaft (a) camera
instance, co-linear revolute joints. FIXED shaft (b) camera

Redundant joints need to be removed from the representatiorhe application of the process outlined above vyields a

to prevent us from interpreting the result as an overconstraineghechanical system graph with only three bodies.

system. Possibly overconstrained systems can be recogniz

in the system graph as kinematic loops. Our work on geometinally, collecting the system graphs for the electrical and
ric and kinematic analysis (Sinha et al. 1998) allows us tamechanical subsystems into a single graph yields a non-con-

ed

determine whether a kinematic loop contains a redundant joiniected system graph (Figure 5).

or whether it results in an overconstrained system.

Combining bodies joined by fixed joints requires the system to
extract and combine inertial parameters. This step involves
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N8 no are first written in causal form derived from the normal forest
u, () u(0) as indicated in Equation (7). The last equation in (7) repre-
“ el5 B . .
v,() 1\ \a1g / [e1e v(t) y sents the equations of motion generated by Dynaflex wiklere
e is the inertia matrix of the syster¥, is the vector of centrifu-
T gal and coriolis terms is the vector of gravity terms, arfe
Tm, () m, () ) =
n1io is the vector of external forces such as friction forces or other

a(t) B non-rigid body effects.

n7

d. .
gii18(t) = Ta(Bg.i1g Vig)

%ilg,(t) = fp(él3v i15 V15) )

1= M(©)O + G(0) +V(, ©) +F(©, ©)

The dynamic equations are augmented using the coupling
) equations defined by the associations indicated in the system
Figure 5: System graph of the seeker design editor to complete the definition of the system of ODEs. This
system is then transformed into six first order differential
equations to which the equations derived from the signal
The next step in our derivation is to write the system of equadomain are appended. This last step yields the dynamic equa-
tions from the system graph. To write a system of differentiaftions that describe the behawor of the seeker including the
equations in state space form, we proceed to find the norm&entrollers from the signal domain.

forest (i.e., a normal tree in each connected component of the ] ) )
system graph). This is accomplished by assigning penaltgrhe sygtem of ODEs is 'then sorted into BLT form and inte-
weights to the edges of the system graph and then computifgf@t€d in time to obtain the response of the system. In
the minimum cost spanning tree (Aho et al. 1987) on eacli'9ure 5, the mpgt reference S|gnal to the system is repre-
connected component (Diaz-Calderon et al. 1999b). For thgented byu(t) while the sensor is represented by the edge
electrical system graph the weights are assigned based on tfPeledB(t) . The mechanical system receives input torques
form of the terminal equation associated with the edges whicifat are generated by the transducer represent@mh{iy

are shown in Table 3.

Synthesis of Dynamic Equations.

SUMMARY
Table 3: Terminal equations for the electrical components in the

k . . : .
seexer The composable simulation approach to modeling and simula-

Component || Edge Terminal equation tion of mechatronic systems such as the one presented in this
Via(t) = K ég(t)+R i (1) paper offer new and promising_ possibili_ties in the_ design
Bitch mator 18 18 My 18°18 arena. Despite the advances in modeling and simulation
d. included in many simulation environments, the task of creat-
* Liggii1s(t) : : : - , -
ing a simulation model for a mechatronic system still requires
_ . ) significant expertise. As a solution to this problem, we have
Vaw motor 15 vas(t) = kmpel3(t) * Rysis(t) presented a framework for composa_ble simula’Fion in which
PRI CAD compone_nt models are automat_lcally_combm_ed tq create
15dt 15 system-level simulation models and in which the inertial and
Controlled 17 V,A{t) = E.(t) kinematic properties of the design are automatically derived
voltage driver 7 a from the CAD model.
voltage cmer|| 18 Vae(t) = Eg(®)
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