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1. Objective

2. Theoretical Basics
e Gaussian Process

* Visualization of the Adaptive Gaussian Process
3. Practical FEA Example

- Electromagnetic Actuator

« Characteristic Diagram F=f(i,s) and Psi=f(i,s)

« System Simulation using Characteristic Diagrams
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Objective

Simulation of a Real Product or Process

. Relationships or work principles are unknown
. Up to now only measurement data exist
. What should be modeled?

Complex Finite Element Model

. Long computing time: hours or days

. Control: loops of simulations

. Test scenarios: many simulations required
. Technical feasibility of system simulation?

Current Solutions

. Model reduction to network elements

. Mathematically describable relationships only

. Search for suitable model structures and parameters
. Parameter validation required

. Time-consuming and cost-intensive

Kamusella/ Pham
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Parameters

Measurement or
Simulation Data
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Gaussian Process

= Polynomial f(x) of pt" order for global adaptation

» Stochastic process Z(x) for local adaptation

Y (x)= f, *b,x, thb,x +..*tb x

2
+h,x, th,x, *..%b, X,

+ + 2+ o+ P
b . x *Tb ,x tT..tb X

np “'n
+ Z(X)
Correlation Function R(x) n
= Multivariate Gaussian distribution (normal distribution) R ()(_ X ) = Z sz ()(_ - X. )2
l J l J
» Interpolation between calculated points k=1

» Interactions between individual parameters

Kamusella / Pham
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Visualization of the Adaptive Gaussian Process

Y = (X-5)2-15-¢ ¥ +5

284

175

Original Test Function
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Approximation Loops
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Approximation Loops Stop-Criterion:
Expected Improvement < (Y2 Ymin)/100

Loop 2 Loop 3: Automatic Stop
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Example: Electromagnetic Actuator

. Using the program FEMM and LUA script the parameterized
model of a static pot magnet has been created (2D-axisymmetric).

. By means of OptiY the characteristic diagrams f(i,s) and Psi(i,s)
can be identified for F (force) and Psi (coupling flux).

. It is shown how exported C code can be implemented in a
SimulationX model as an electro-mechanical converter.

@10,2
@10 1
i i -
j . Ty
El_ — o
_ F F 1
#i Restspalt Tﬂ 25
J= R s
ﬂ_ Eingabe.txt Magnet_cc.LUA  Ergebnis
smana smmna 3”
- . =z | & w i2ai O 20
Dl _Psi Psi 25
!
#s * “ﬁ“| ! @ 21 L -
—I_ @40 )
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Identification of Characteristics

92,19

1. Optimal Setup of the Gaussian Process: -

49.1

. Full Factory Design = Basic Grid — (4x4) +1
. Covariance Function — Square Exponential
. Approximation Order — 2

0.0z 24,55

4,995e-005
a1

#i
#s
\ 001

007513
92,19

P 005638
72 57

003762
0.0z 46,95

1.0z

- 001886
- 21,33

o .0001077
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Identification of Characteristics

92,19

2. Adaptive Gaussian Process - 7365

. In addition to the basic grid further scan points are

49.1

calculated within larger confidence intervals.
«  The previous optimal setup of the Gaussian process . S
ensures a stable convergence of the adaptive process. 1.0z 4 a5e 005

2.02

Ps=i

0.0z
1.02
2.0z
3.0z
I| 00001077
4.0z m.01

1001 L5l =1 251
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Identification of Characteristics

92,19

FIeL

3. Fine Tuning of the Approximation Order (AO): F
. AO = 2 ensures a stable convergence of the adaptive
Gaussian process.

49.1

«  Caused ripples in the identified response surfaces. oo s
*  The reduction to AO = 1 proved to be advantageous. 1-”: A e
#i
Vﬁ
M7E1Z
Psi
005624
003755
0.0z
001876

1.02
2.02
202

II '2 l?gE'DDE
2 e 15 TE1

001

Kamusella/ Pham

_ www.optiy.eu
Folie 11/19 402 1001



TECHNISCHE
@ UNIVERSITAT
DRESDEN

Multidisciplinary Analysis and Optimization

-------------------------------------------------------- A e |
double Cowvariance(deunble xl1[],double xZ[].double p[]] double Fldouble i, double =]
{ {
double Co, T; double plE];
W=0; double x1[Z];

forlint i = 0; i<&; it+] {
M=+ [(x=l[i]l-=2[i]l)l*(=l[i]l-=2[il1*plil*plil;

double xEZ[Z];

double v = —-46_ T2TZ056;

v = 10 SE6SGEE2Tpomal i, 1]
v = v SE05147VFpoml=,1];
plo]l = 0. 161295212;

]
Co = axpl(-T;
return Co;

} pll] = 0925202124,
R ; =1[0] = i;
1. Code-Export (C-Code) and Creation of a DLL-File: e L
«  GNU C compiler gcc in cygwin ¥ ¥Tled-98sETtCovaniance lxl il p)

. Only marginal changes of the C source code
needed (Currently still float — double)

. Process can be automated using DOS batch
commands:

R T e P PP PP - :::z[n:u] = 10.01;

: I m2[l] = 4.08;

. goo-3 -mno-cygwin —-shared —o Magnet B3M.dll Magnet R3M.c ' w = w-l04f 20105 *Covariance (=l x2,p);
: - - : return )

#=2[1] = o.0g;
o = w-§hEd S5FFFCowvariance(xl,xE,pl;
=2[0] = 2.01;
#=2[1] = o.0g;
o = g EMETTOMEE2*Flowvariance(xl, xE,pl;

! xl[1]

. The DLL file has to be saved in a folder for SimulationX
External functions:
Extras->Options->Directories->External Functions

Kamusella / Pham Www.optiy.eu
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System Simulation based on the Characteristics

2.1. External Function in User-Defined Element Type:

. Use of SimulationX TypeDesigner to define a custom converter type.

. Integration of external functions as local types in the user-defined element type.
. Definition of a function of type ‘External’ with name and comment.

Y— Furkton 1] || e
F_ExtFck
anschiisse Kaommentar | M arme | I T
_ External Function for F F_EutFit Komrmentar:
Basistypen I Exkernal Function For F
komponenten e
Lokale Tvpen IExtern j =3 |
Imnpork
" Bearbeiten. .. | ableituna. .. |
Bckivity Groups
Yerhalte
rhaEn Prokecked O
Modelica Code Partieler Tvp [
Final
Dakument akion = =
. "Edit" opens a special SimulationX TypeDesigner for functions.
Kamusella / Pham WWW.Optiy.eU
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System Simulation based on the Characteristics

2.2. Definition of an interface to the external function:

¥ SimulationX TypeDesigner {(Funktion) - Modell2.F_RSM.F_FExtFct

Argumente
Definieren Sie die Eingabe- und Ausgabeparameter,

allgemein L Ausgabeparameter = 2T I
- s
Argurnente K.ommenkar | I ame .
. Shom i Kornentar:
" Luftspalt [romm] s ILuFtspaIt [mm]
Import 4 Koppelfiuss F_ Output Ty
Allgernein S— : I Real j R |
Dimenzion | Typ | Attibute | - )
Argumente Skalar Feal input Physikalische GréGe:
SRR % Skalar Feal ifput I,ﬁ, Abmessungen j
RIS F_Output Skalar Feal autput Bimerion:
Irnpork I
Skalar j
Aufrufkonvention Externe Bibliokhek: Deklarationsgleichung:
bilgelzlie sl Magnet_RSM,dI Durchsuchen, .. | I Imm j
Dokurnentation T -
Aufrufkarrention: ;‘:l:::'tat ""I:“E'”able
(Ol e
iR In-fOukput?  Input
- PASCAL | WINZZ-APT
Furkkionsaufrufs Attribute. .. |

I F_oukpuk=Fii, =)

P8 | Weiker Fertigstellen Abbrechen I HilFe I
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System Simulation based on the Characteristics

3.1. Electromechanical Converter (mechanical side):

NN+ || BES| e A

Algorithus -
Allgernein

------ R_Spule (Spulenwiderstand)

------ s [LuFtspalt)

Basistypen (RS i {Strom)

| F (Kraft)

Fomponenten Psi (Koppelfluss)

Lokale Typer  [RENEES u_ind {Induzierte Spannung)

------ UR [Spannung an F_Spule)

------ U {Spannung an Spule)

ey G = &, ctrl {Mechanischer Anschluss (translatarisch))
...... ® (weg)

Yerhaltem | i v [Geschwindigkeit)

------ a (Beschleurigund)

------ F (Externe Kraft)

Dokurnentation = &, ctr2 {Mechanischer Anschluss (translatarisch))
...... ® (weg)

------ v (Geschwindighkeit)

------ a (Beschleunigunag)

------ F (Externe Kraft)

[+ &, pinl (Elekkrischer Anschluss)

[+ &, pin2 (Elektrischer Anschluss)

= F_ExtFek (External Function Far F)

------ i (Skeam)

e 2 s (LUFkspalt)

L T F_OukpuUE (Kraft) 1| 2

B Psi_ExtFect (External Funckion For Psi) algorithmus | Gleichungen |

S enter your algorithm here

= 1= ctrl.x—-ctri.x;

F F ExtFot(i,s'm—>mem']
ctrl.F = F:

ctr2.F :=—ctri.F;

Anschlisse

LTy O T o e

Impoark

Modelica Code

Kamusella / Pham
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System Simulation based on the Characteristics

3.1. Electromechanical Converter (electrical side):

MRS || WS e AL

Gleichungen -
Allgermein

------ R_Spule {Spulerwiderstand)

------ s (LuFtspalt)

------ i {Strom)

------ F (kraft)

------ Psi (Koppelfluss)

Lokale Typern RIS u_ind {Induzierte Spannung)

------ uR. {Spannung an R_Spule)

------ u (Spannung an Spule)

= Sy, ctrl {Mechanischer Anschluss (translatorisch))

------ x (Wed)

verhalten | L. v (meschwindigkeit)

------ a (Beschleunigung)

------ F (Externe kKraft)

Cokurmentation = Wy, ctrz {Mechanischer Anschluss (translatorisch))

------ x (Weg)

------ v {Geschwindigkeit)

------ a (Beschleunigung)

------ F (Externe kKraft)

- iy, pinl {Elektrischer Anschluss)

- Wy, pinZ {Elektrischer Anschluss)
F_ExtFek (External Function far F)
Psi_ExtFct (External Function For Psi)

------ i (Skram)

------ s (Luftspalt) 4 LI

£

e Psi_Output (Koppelfluss) Algorithmus  Gleichungen

J4 enter wyour equations here

u = pinl.v — pinz.w:

P=i = P3i ExtFet(i,s'm—>mm']);
u_ind der (F=i):

uk = B _Zpule * 1i;

1 = u ind + ukR:

Fomponenten

Irnpork pinl.i i

pin2.i -pinl.i;

L e e O Y e

Modelica Code
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System Simulation based on the Characteristics

4.1. Network model of an electromagnetic actuator for the Braille blind embossing

Papier
Vorspannung

Feder

Madel

Walze

—
Papier g § ( y /H'
Riickholfeder - - Wirbel_aussen kKern
RN iSEr_alssern
R 1;9.5 —r/:‘:;\\J Luftspalt
19 — - L Spulenstreufeld
= 1“|8 Anker-Masse Nade|bewegung \““// ! NLI"_I'I'IEIQ
Prigenadel Prasgung Yarschub “J ~ |_‘ | I
o Wirbelstrom_innen Spule
x
4% — [ : 7=
\C 7 aii
— Spannung Eisen_innen 1 rull_el
Elektro-Magnet ] JL (3 Il"
;_ wMax
*»=0 M adel x0=015 biz 2mm x — W':l
1 _IL Skrom iGrenz Uiarenz
+
o [y
iMa * L | s
Schalber hetz
Magnek
* o
‘ | ! | Fix]
Kamusella / Pham B&H_ B&H_ l I
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System Simulation based on the Characteristics

4.2. Network model of an electromagnetic actuator based on the characteristic diagrams:

. The characteristic diagrams using response surfaces of a FE calculation vary accurately
reflect the transmission behavior even for a complicated converter geometry.

. All model parameters except the converter geometry can be varied in simulations.

Madel Feder Yorspannung

M B F - Magnet_ESM
Q—.—W’—{:ﬂ. W M u_ind - Magnet_RSM
—+ A M- Magnet RSM
- sl
/H- Sl 1004 2- - :
Magnet_R.5M ] ] i i .
e Kern ] E i !
40 3 1 ]
. ] . I
%EE% ] o4 I .
301 . . . !
. 1 17 ] [
ZE R B B |
1  -1004 7 1
UGrEnz rull_edl ] ] iy !
“ 103 ] :
& I|| ] . !
- I ] ] E e :
1] o - . - 5
;@-T Iarenz Hetz ot a u'uu=12'5 0.0025
Skram T St . .
L |f
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Conclusion

Modeling and simulation of a real product or process is infeasible because of unknown
relationships or time-consuming computations. Current solutions for solving this problem
apply model reduction to network elements, which is very time- and cost-intensive

The new approach in OptiY® allows a fast and simple extraction of a mathematical
surrogate model from measurement data or complex FEA. The adaptive process can
suggest new sampling points for the measurement or model calculation to build the
surrogate model more accurately.

The exported C code can be included as an external function in appropriately designed
element types of SimulationX models.

The surrogate model of complex components can be used as part of a complex system
model.

The advantages of network-based system simulation can be combined with the
advantages of the FEA and the measurement of real objects throughout the design
process.
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