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Goal: Model and Simulate Large Systems
(upto 104..10° differential equations)

» Large multi-body systems with elastic bodies and contacts
 Large electrical circuits and power electronics
» Large thermo-fluid systems

Available algorithms for Modelica tools
reaching their limits

|

New algorithms are needed that move the limits!

4 4Mogram



Chart 3 Otter, EImqvist: Transformation of Differential Algebraic Array Equations to Index One Form

How to reach the Goal?

— more efficient code generation + simulation.

Today: Transform ODAE (Overdetermined Differential Algebraic Equation System)
from Pantelides algorithm to ODE form: x = f(x, t).
Drawbacks:
> Every evaluation of f(..) may require solution of algebraic equations
— bad for implicit integrators (which solve algebraic equations in f(..)).
» Sparsity of original equations might get lost
— bad for large systems.

— see next slides

 Start with solving the base problems above, afterwards more need to be done.
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Differential Algebraic Array Equations
eg I'n =TI + ns

v

Removal of
non-structural singularities

remove equation: -L2.n.i - V.n.i = 0 (redundant)

‘, » add equation  : L2.n.v =0 (arbitrary value)
] ] N » replace equation: -R1.p.i-R2.p.i-L1.n.i=0
Transformation algorithms on with:  -L1.p.i+12.p.i=0
array equa’[ions (Pantelides, B|_T) to make constraint structural
r, =r; +ns » details: see paper
€.9. 32 = El T nb: = no scalarization of equations
' =TI + ns j
" Transformation to special index 1 form | " hoalgebraic equations solved
of = no dynamic state selection
2 - partial static state selection
fd(x,x,t)] a; (partial static e lection)
= is regular = gparseness is kep
fc (X' t) % £ = BDF iteration matrix can be scaled,
\ 0X Yy so that it is regular for h - 0

v

[DAE integrator with sparse matrix support ]

= algebraic equations only solved by
DAE integrator (not in model, as of today)
= array equations intact (no scalarization)

#7 /G\M Og ram = sparse matrix handling
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Symbolic Transformation of
Array Equations
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Example: Array equations of a sliding mass

»
c=1
parameters: c,d,m,n,g
unknowns: s,r,v,f,u
springDamperParallel 7 %
waorld
prismatic paintMass S
r
— > Ir=Nns N n
V=T Pantelides algorithm:
mv=fFf+ mg+u Determine, how often every equation must be differentiated
O=n-f until the highest derivative variables can be
. uniquely assigned to the highest derivative equations
———~ u=—(cs+ds)n AHEl 8559 J q

ldea: Assign array variables to array equations

— No scalar equation contains scalar s — array equation must be scalarized

— Scalar equation has no scalar unknown — array unknown f must be scalarized

— |dea does not work
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1. (Conceptually) scalarize using incidence of original array equations

2. Apply Pantelides scalarized, highest ~ unknowns assigned
derivative equations  (incidence) variables

Uy =—(cs+ds)ny  ug,uyu; U
U, = —(cs+ds)n, uq,uyuz U
Uz =—(cs+ds)ns uq,uyu; Uz

3. Sort highest derivative equations (BLT)
— array elements are in the same algebraic loop (= BLT block)

BLT block unknowns
u; = —(cs +ds)ng
U, = —(cs +ds)n, Uq, U, Us
uz = —(cs + ds) ny

4. (Conceptually) transform back to arrays

BLT block solve for
u=—(cs +ds)n u
F =ns
V=F o
mv=f+mg+u STV
O=n-f

ﬁ AM Oogram 5. Analytically differentiate array equations
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Transformation
to Special Index 1 DAE Form
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Example: Multi-Body Systems

q=v Target equations
. B of
M(q,t)v+ G'(q,t)A =h(q,v,t) f,(%,%0)] 0 a—; |
0=g(q,t) f.(x,t) ] = of. | 18 regular
G= 6_g M=M">0 a
S aq : :
Pantelides algorithm
. \L 0 [fd (X) X, t)
=V Tl f(xt
Mv + G"A =h(q,v,t) o) q—v+GT,
0 — g(ql t) S . T 4 :
0=g=Gq+g®(qt) _|MV+G A —h(qv,0)
0=8=G64+g%(qq,1t) g(q,t)
q=v L g=Gv+gW(q0)

g )
D=2 _-Gg+s@

gW =g =6Gq+g s
ot X = [q; V; Mg Rinel, A i= Ay

(Gear/Gupta/Leimkuhler 1985; Gear 1988)

Can be generalized to any DAE (where Pantelides algorithm can be applied,

details see paper)
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Variant of dummy derivative method — Index 1 DAE
(Mattsson/Soderlind 1993)

Example: BLT Block 1 solve for
u=-—(cs+ds)n u
Result of Pantelides algorithm: BLT Block 2
BLT Block 2.1
BLT blocks solve for r = ns ST
u=—(cs+ds)n u ’ [fd (x,x,t)
.. BLT Block 2.2
r =ns . . fC (X, t)
V=1t S v f r=ns
. ;r; ) — )
mv=f+mg+u i v=r
O=n-f BLT Block 2.3
I =ns$
V=F
mv=1f+mg+u .
0=n-f x = [s;5]
r:=ns
Ir:=ns
: : : : V:i=r
With tearing on every BLT block, constraint equations ‘s g
are explicitly solved (here) and are local equations: . ._ =
u:=—(cs+ds)n
4#7 ’G‘M()gram f:=mv—mg—u
DLR
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Tearing
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Tearing with retained solution space
(EImqvist/Otter 1999 (unpublished), Bender/Fineman/Gilbert/Tarjan 2016)

Observation:
Zg i= ge(zelzt)\ (Ze,i» 9e,i) NOdes of a
0= S e, : _
9(2) solve explicitly 0= g,(zc, 2¢) Directed Acyclic Graph,

So no cycles

Example:
Z Z Z
Zq =f1(Z4-) fl:Zlﬁll‘ fl:Zl 4 fl:Zlﬁll‘ fl:Zl
Z2 = fz(Z1,Zs) Ze Ze Ze
z3 = f3(22,21) cycles? faizo—> fizo—> | PlziZl—>
z4 = fa(z3,25) ces?
cylces” Fat Za fa: 25
Try all combinations of variables

that can be explicitly solved for and check cycles? [
whether a cycle is present (with Depth First Search).
Faster search with incremental cycle detection (Bender et al. 2016)

4 4Mogram
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Conclusions and Future Work

» Several new algorithms developed to improve symbolic processing of
Modelica tools (should allow to support larger Modelica models)

» Test implementation and evaluation of the algorithms in Modia Modia
(= domain specific extension of the Julia programming language; o Ioo
see companion paper ,Innovations for future Modelica®). Ju 1d

» Tests/evaluation with large, difficult models not yet done.
Will be performed in the near future.

« Initialization of index 1 DAESs not discussed:
Could be performed with all equations from Pantelides algorithm (as today).
Evaluation of a new method to handle Dirac impulses in any DAE:
x(t, — €) — changes discontinuously to x(t, + €) — Dirac impulses in x(t,)

* Modia, including the implementations of the algorithms, to become available
from https://github.com/modiasim under MIT license.
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https://github.com/modiasim
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