EXx A\
REPUBLIQUE O N E R
FRANCAISE
Liberté

Egalité THE FRENCH AEROSPACE LAB

Fraternité

Time Schemes for Solving Maxwell’s Equations in a
Mesh Hybridization Strategy.

X. Ferrieres'*, V. Mouysset', S. Pernet
*xavier.ferrieres@onera.fr

JOSO 2025 18-20 mars
ONERA

Ce document est la propriété de 'ONERA. Il ne peut étre communiqué a des tiers et/ou reproduit sans I'autorisation préalable écrite de 'TONERA, et son contenu ne peut étre divulgué.
This document and the information contained herein is proprietary information of ONERA and shall not be disclosed or reproduced without the prior authorization of ONERA


mailto:xavier.ferrieres@onera.fr

Context and issues

context : Efficient calculation of electromagnetic field values in complex structures or
objects in order to qualify them. Efficient = fast and accurate
Issues :

- accurately take into account the geometric curvature of objects;
- take into account local refinements in a multi-scale domain ;
- processing of large calculation scenes.
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Maxwell-TD : multi-domains/multi-methods approach

software architecture

One file to define the computational sub-domains and the hybridizations between
them
Concerning each sub-domain, we give

e a number of processus to parallal implementation ;

e a numerical method ;

o two files to define geometric and physical parameters.
concerning each Hybridization, we give

e 2 sub-domains;

o atype of Hybridization.

2-level parallelism inside each sub-domain and between different sub-domains by
using openMP/MPI.

EX
¢ ONERA 11
FRANCARE. —_— 18/03/2025 X. Ferrieres JOSO 2025 2

THE FRENCH AEROSPACE LAB



Maxwell-TD

software architecture

o MPI -> exchange between sub-domains ;
e OPEN/MP -> only for calculation loops.

proc 0 comm( proc 1
proc 0 proc 0
proc 1 proc 1
roc 2
L proc 2
proc3

comm 1
comm1
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Maxwell-TD

mesh efficiency : cartesian meshes

Process :
e defines a cartesian grid (xmin, xmax, nx) x (ymin, ymax, ny) x (zmin, zmax, nz) ;
e projection of a point cloud representing the objects, inside the grid ;
o determination meshes of the objects by the boundary cells of the point cloud.
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Maxwell-TD

mesh efficiency : NST meshes

Process :

o define triangular meshes of the boundaries of sub-domains inside the computational
domain;

e generate volumic meshes of the sub-domains by using GMSH ;
e cement all the sub-domains to obain the global mesh.
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Maxwell-TD

mesh efficiency : hybrid ST/NST meshes : principle

+ Fast and Automatic ST-UNST Meshing Strategy

1) Triangular surface mesh for considered object

2) Cartesian mesh adapted to 3D computational domain

8) UNST tetrahedral volume mesh between the surface
meshes of: the object and the Cartesian/global abject area
boundary

4) Merging of ST and NST meshes

[ L ——
[N p——

Hybride STAUNST grid with generation steps

Cell hybridization interface
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Maxwell-TD

Numerical scheme

Several scheme are available inside Maxwell-TD

FDTD : Yee’s method used on cartesian meshes;

FVTD-NST : Finite volume on unstructured meshes;;

FVTD-ST : Finite volume on cartesian meshes;

FEM : Finite element method on cartesian meshes;

DG : Discontinus Galerkin method on unstructured meshes;
MIT : Time EFIE on triangular meshes ;

CDO : Compatible Discrete Operator on unstructured meshes ;
SD : Spectral difference method on cartesian meshes;

TLM : Transmission Line Method for cables.
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Maxwell-TD

Hybrid strategy : In progress ...

Two kinds of hybridations
e For EMC : Cables with Fields ;
e Between sub-domains in a calculation scene.
Concerning sub-domains several aspects have been studied
e By matrices of impedance ;
e Disjoints sub-domains;
e Hybridation on mesh.
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Hybridization inside Maxwell-TD
Numerical Aspects for FEM-DG Hybridization

General formulation for DG method
e Computational domain Q approximated by partition 7, defined by cells K

 we search a solution (E, H) € HY(;,) x H(74), with
HY(14) = {v € L*(Q) ; VK € Ty, vic € HL(K)}, so that V(p, 9) € H(75,) x H(75) :

VK €h [ €0E - pdx= [V xH @dx+c [o[Hxn] ¢dx
VK € th  [cwOH - dx = — [, VX E- 9 dx + 6k [, [E x n] -4 dx

At the bounds of cell K we put down a jump term
e [Ex n]=(E —E)xnand[Hx n] = (H —H) x n, when we have K’ so that
0K = K' N IC, with E’ et H' fields inside K’ ;
e [Ex n]=—-Exnand[H x n] =—H x n, when 8IC C 6Q.
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Hybridization inside Maxwell-TD
Numerical Aspects for FEM-DG Hybridization

General formulation for the FEM method
e Computational domain Q with a boundary 69
o Search (E, H) € Hy(rot, Q) x L?(Q) so that ¥(¢, %) € Ho(rot, Q) x L*(Q) :

/s@tE-tde:/H-chpdx+/ H:- ¢ x ndx
Q

6Q
/Z;LatH-v,bdx——/VxE-‘(/de
Q Q

e On 99, n x E = 0 with n the outgoing normal at 892
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Hybrid FEM-GD approach

The hybrid formulation

search (Ei(t,-), Hi(¢,-)
(

€ He(Q1) x H(rot, Q1) and (Ex(t, -), Ha(t, -)) € HY(74) x HY(T),
so that V(¢1, ¥1) € He (

)
Ql) X H(rot, Ql) and V((pz,‘t/)z) S Hl('Th) x H? ’Th)

/EatEl-(pldX:/ H1-V><(p1dX+/H1-(p1><I11d$+0£/(H2—H1)><I11-(p1dS
0 931

r r

/ uatH1-¢1dx:—/ V><E1-1[;1dx+ﬁ/(E27E1)><n1-1//1ds
Q1 931 r

Vi € ‘rh,/ € 0:Ez - podx = / V x H2-<p2dx+'y;g/ [H2 x nkc] -<p2d5+'y/(H1 — H2) X n - pads
K K BK\T r

VICET[,,/[J‘atHQ"(IJQdX:*/VXE2'1,J2dX+6}C/ [[Ez><mc]]-‘LIJQdS+5/(E17E2)><n2-'(/12d5
K K K\ r
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Hybrid FEM-GD approach

Numerical study

€a = ||ElG g + 10, + EG.cq, + [IHI ..o,
Then this energy do not increase in time and its derivative in time must be equal to 0.

atc‘,’Q:(l—i—,B—a)/Hl-(El><n1)ds+a/H2><n1-E1ds+ﬁ/E2><n1-H1ds
r r r
—|—(1—'y+5)/H2><n2-E2ds+'y/H1><n2~E2ds+5/E1><n2-H2ds
r

r r

Then, by using n; = —n», to preserve the energy we must have the conditions :

l1—-a+ =0

1—-49+6=0

a+6=0

B+v=0
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Numerical example : validation of the hybridization principle

Propagative mode inside a curved guide for a long duration of observation

¢ the guide is divided into two parts on which a FEM and a DG scheme is applied
respectively

e a comparison between hybrid FEM/DG and DG methods is done
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Hybrid TLM-3D approach

Numerical study : Mathematical problem

.

oE

+oE+J=VxH
o]
;Lr,—ai—f:—VxE

&

E(t=0,)=H(t=0,)=0 onQ
vt €]0.T,nx E(t,x) =0 Yre ol

On Q, Vkel{l, . H}

Lk?+Rka = ar E Up
OnQy, Vke{l,..N}:
Vi Al
e Enk g e SR
kg TORY ot

L(t=0,)=V.(t=0,)=0 on Q, Yk {l, ,H}
+ boundaries conditions on JU,,, ¥m € {1, ..., M}
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Hybrid TLM-3D approach

Numerical study : Constraints to have a well-posed hybrid problem

The problem can be rewritten

Uu-rl = Un

- =AU"+F",
At

Ap Ag

A Ay

0 -vVx LR r/aa?

operators (ny 0 ) nd ( v2 ClG

=il 0 -, O ; ;
operators Ve *‘0 a and ‘/-'[‘] o) respectively. If we assume that these operators satisfy

with U = (E", H*Y2, =12 ymyand A = ( ) where Ag and A; are the discrete operators that approximate the differential

). respectively. The discrete operators Ag; and Aje approximate the coupling

<AIEE~ f} = _<A£ilsE)‘

The hybrid TLM-3D problem is a well-posed problem
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Hybrid TLM-3D approach

Validation
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New work in Maxwell-TD : Hybrid FVTD ST/NST method

SER of buried objects located inside a soil (L-M. Mazzolo thesis)
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New work in Maxwell-TD
Hybrid ST/NST finite volume approach : idea

Evaluation of RCS of PEC sphere (radius: 0.5m) using :
1. Purely Cartesian grid

Equivalent mesh size:
de=dy=dz=004m

Tetrahedral call edges

202717 hexahedral oells

59 % 59 x 64 hexahedral cells 21 983 totrahodral colls

Numerical modeling strategy

Evaluation of RCS of PEC sphere (radius: 0.5m)

STmesh
L

[ scheme FOTD | FVIDST

[cPutime [ omiz2s | om3tss

Schimu providing solution closest to analytical:
FVTD-UN:

IST scheme but with higher computational time

U

( Hybridization of ST meshes with UNST meshes
assoclated with hybridization methods
(FDTD/FVTD-UNST or FVTD-ST/UNST) i
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New work in Maxwell-TD
Hybrid ST/NST finite volume approach : Exchange principle

Hybrid method and Plane wave introduction

FVTD-ST HYBRID FVTD-UNST N=2
[dtsr tgiona1 = min(drr, dtgnsr) [dtunsr |
— m

+  Solving 30 Maxwell equations
«  Solving 1D Maxwell's equations to evaluate -

i all s ot source-related fields 3 digp! 4
gapar | g fonn a
H Transfert at » + 1/2 H dtyg
Atgosat | = 412 o = . gAYV
mpi i f
, dtyp < dtyp and dtyp = (2N - 1) + dityp s
dt & with N an integer
H Enel s
U gnen [ Temetatnir
mpi
an
cPUt cPu2 m
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New work in Maxwell-TD

Hybrid ST/NST finite volume approach : defintion of sub-domains

Several zones

aig
r
A\
/ \ - -
y \ r | axet orea
’ soal diel 1 N H
X H
N 1
N —
soll cael 2
RN
@ Cartesian cells soul dlied®
3 Unetructured cetis
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New work in Maxwell-TD

Hybrid ST/NST finite volume approach : time exchanges

FVTD-ST HYBRID FVTD-UNST
[tgtapar = max(etsr. dtywsr] | [ tunsr |
E" o —_ E™ o ——
¢ ciasst T H : / 2/ <
| ! H Class i
i aiid E o : i i1 E
: otobat | 1
H 5 Transfer atn + 1/2 H i
Hr/2 3q . yra2 -
H mpi |
' 1 E ‘ T E
| di, ; i} a, / Class i
classi i T H | T H
Eﬂ*l -.v‘_ _li_ Transferatn + 1 E’”‘l -.l_ i_
mpi
CPU2

Each scheme use the same number of classes with the same timestep
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New work in Maxwell-TD

Hybrid ST/NST finite volume approach : Evaluating time classes

FVTD.ST FVTD-UNST
o /
Neells — Ndt — dinay, dt, 1 = Neells — Ndi — dt;éx. dt.; (1
- | min(dti, diim)
FVTD.ST A

N FVTD-UNST

& Y
Local lime step 7 \ Local time step

M,r cell classes definition My sr cell classes definition
Each class £ di; = 3% Vdtl, (1<t < e

Each class i dey =30 el |15 05 Myp)

At = 35V

dtyg, = 3OWT V]

i

et = max(dter, dt Ca
ENTHET '| hytrid =0 (rr UN.W')}"

-
[ dtnsr = A

FVTO-UNST
Mep = Mysy  ditgr = dtyypria e iy SRR Mysr = Msy  dbtywst = dtnyuria
L - -
Redelining cell classes Ayt > Absy Alyyprig > d[ww‘ Redefining cell classes
Cell allacation Cell aliocation
Passibility of empty cell classes

Fussibility of empry celf closses
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New work in Maxwell-TD
Hybrid ST/NST finite volume approach : first application

Point PO point P1
T T
T T T
0.05~
E g
2 B
4 g
005 o
2 I I ! 1 I I ! !
1e08 2008 3e08 4e08 Se08 Te08 2008 3008 1e08 Se0%
Time (s) Time (s}

FVTD NST | FVID ST | Hybride |
2304s 724s 7ls |
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New

Numerical scheme in Maxwell-TD

Compatible Operator Discrete method (V. Ritzenthaler thesis)

Context : FDTD generalization. Possibility to introduce curved geometry and local
refinements in FDTD.

Mathematical model :
#B-CURLE =0, -E, (He)i,s = f eli(x) £i(x) dx.

D=H
&D + CURL™H = —J, H=H,-:B. 1
(lel 1)r'.,l i / Hh.,‘(x} h,;(X} dx.

Physical models : perfectly metallic, dielectric
Meshes : unstructured meshes with local refinements

Advantage : good approach to take into account complex structure with a low
computational cost

weak point of the method : local matrix to inverse (MUMPS solver)
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New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : Topological Law

Relations D-VxH=-J
EHE -V xH=—] de conservation
{ua‘H +VUxE=0

g

T m
—
\{
Q
(=)}
s
Sl
_|
(l=xtl
o

Topological Laws

with ROT operator a matrix those termes are 0, 1 and -1 £
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CDO scheme : Topological equations

location of unknowns
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New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : constitutive relations

D =¢k Rz(D) = HcRe(E)
u=lg 7T > R:(H)=H,:Rx(B)
I
¥+ROTE‘:U
c - = n
(HE)e:.&z o /E g“fl -ge:' e e € E H H,-B
c @fﬂl En e .
H Lol b aeOTE
- = —4& £, fi,heEF =
( o l)fl_fz ‘/r.‘“' =h R 1. 12 E = H B
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New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : shape basis functions for cartesian cell

cart

lre  sixepat, [{[7'ns  sizepft,

and £ (x) = {

0 sinon, 0 sinon,
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New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : shape function for polyhedric cell

Le(u)(x) =3 ul(x) Lo(v)(x} = wtix)

ezE feF

ec(f') ®f’)é¢(f)

5
Ly, = l‘—lef(f)af\w(g -5 )
& J

v, f' € Fe,

E(¢) @ e\ Eele) '
Loclp, = —Fc(e Seer + | Id — g-= Ve, e' € E,
b= e + (1= A EE) BT v
8c(f) = [ec(f)|Te(n), f = \f (t)|nr @ &= le|re et f=|f|n;.
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New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : shape functions fo tetraedric cell

Liu)(x) =Y we (x) L)(x) =3 vt (x)

ecE fEF

U,

T — If‘ e X ele - Vi
oo = ( () X Tete) 0 tro() = 1, 22O
e ((@e — Te(e)) X Te(e)) el
Ex
ONERA [
R - 18/03/2025 X. Ferrieres JOSO 2025 %,s"t%

Pt
F

THE FRENCH AEROSPACE LAB




New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : Example on local refine

ment

4.1, Mesh with a local-refinement

E: (Vim?)

time (5)

10-%

gre 7 Numorieal sohitions of the CDO mothod st point (0.4,0.4,0.4)

1
—FDTD-160
<= CDO-;0
< CDO-o
+ CDO-6

0.8 1 12
time (5)

14 16
a07F

ONERA
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New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : Application to SER of sphere

Results for A/10 and X\ /20 cell’s size in the mesh

0
4 — Do — CDO
& —20F —— FDTD — FDTD
Q - =~ Analytic - =~ Analytic
554
—40 |- i
—60 1 L L 1 L L L
0 0.5 1 1.5 2 0.5 1 1.5 2
frequency (Hz) -10° frequency (Hz) -10%
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New Numerical scheme in Maxwell-TD

Compatible Operator Discrete method : Hybrid mesh

REbuBLIQUE ONERA

NGAISE

THE FRENCH AEROSPACE LAB

18/03/2025 X. Ferrieres JOSO 2025



New Numerical scheme in Maxwell-TD
Compatible Operator Discrete method : Hybrid mesh (point 1)

{ -=- CDO

-4~ FDTD-1
» - FDTD-2
- «- FDTD-3

=05

E. (V/m)
-

I L
0.2 0.4 0.6 0.8 1
time (s)

1077
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New Numerical scheme in Maxwell-TD
Compatible Operator Discrete method : Hybrid mesh (point 2)

CPU time comparison CDO : 30mn, FDTD-3 : more than 2h

T T T
0 } R—‘x
) 2&‘0{“: - - CDO
T el ~ 4+~ FVTD
5 el ~ 4~ FDTD-1
& —05| i +- FDTD-2
Tl _ a- FDTD-3
i
it
Ak
s
L
it
il ¥
! | L L
02 0.4 0.6 0.8 1
time (s) 107
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Conclusions and outlook

Conclusions

On numerical scheme : Maxwell-TD

- allows us to introduce easily several scheme;
capitalize on the development;;

possibility to share some physical models (wires, aperture, dispersive material, ...)
with low development ;

- implementation for schema hybridization simplified

On the solution mesh proposed

- enables a mesh solution with a lot of cartesian cells ;

- allows to introduce locally unstructured cells in the mesh to take into account curved
geometries ;

e authorizes to use and to couple several mesh zones in a global computational
domain.
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Conclusions and outlook

outlook

Several possibilities
Priority works for me

¢ In progress TAMI and DIAANE research projets ;

e In progress (V. Mouysset) study of a block structured mesher;

¢ Define an efficient multi-mesh strategy with a maximum of cartesian zones;

o Development for each existing method in Maxwell-TD of a version for cartesian mesh ;
o Make hybridation studies for FVTD-FDTD, CDO-FDTD, CDO-FVTD, CDO-TLM;

o Make hybridations between scheme with low order and scheme with high order like
FVTD-GD, FEM-FDTD, SD-FVTD (idea : reduce dispersive and dissipative error
without increasing the CPU time)
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