
Back to transient - how to reduce 

coupled field transient nonlinear models 

for system level simulations

Hanna Baumgartl

Martin Hanke



© CADFEM 2020 

• Process involves interaction of several physical domains:
• Electromagnetic

• Thermal

• Structural (including phase transition, …)

• Large number of process parameters

• Nonlinear, time depending interaction

• Interaction across several process steps

• Known issues: 
• Distortion of the components

• Distortion spread highly sensitive to process parameters, material combinations, ….

• Existing Workflow on field level: 
• Good results, but too slow for systematic variation of parameters

• Far too slow for online monitoring of process parameters

Motivation: Process parameter control for

inductive hardening
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Current Status: Model Structure
Induction Hardening of Metals

Thermal and electromagnetic model sequentially coupled

Empirical material model

Major assumptions: 

Model Structure: 

initial residual 
stresses

system geometry, process parameters @ ti
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heat sources

temperature
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phase fraction 
+ temperature 
over time

MECH
model

temperature + 
heat source 

distribution @ ti

process 
settings

component 
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material 
properties fct. (T)

stress, strain, 
dislocation 
over time

CAD

Implementation: 

 quantitative description of progressive (moving inductor) inductive hardening process possible

 description allows to quantify distortion, improve process development, provide basis for reliability assessment

ANSYS workbench

Source: Hamza Jamil „ Model Order Reduction – Induction Hardening Process”, MORSS 8.9.2020



© CADFEM 2020 

Interaction of physical Domains

Unidirectional coupling

LDREAD

UPGEOM

Bidirectional coupling

Thermal Structural Thermal Electromagnetic
TEMP HGEN 

TEMP
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Field Coupling
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Electromagnetic Analysis Transient Thermal Analysis

Heat Generation 

Distribution

Temperature

Distribution

• Static interaction: actual temperature

distribution gives actual heat generation

• Nonlinear: BH-curve, temperature

dependent, position dependent

• Transient behaviour: last time step is start

for next

• Linear: PDE sytem with constant

coefficients
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System simulation ≠ field simulation

Field level:

• Physics represented through: 

• Spatial discretization

• Large number of distributed results

(nodes/elements)

• 3D

• Coupling:

• On element / node level (Multiphysics

elements)

• On mesh level (Exchange of elemental/nodal

data from domain to domain)

→ Exchange of field data

System level:

• Physics represented through:

• Models: Meta / ROM / Analytical

• Small number of concentrated results

• 0D

• Coupling:

• Through terminals (causal or conservative)

• Averaged or integral data (e.g. remote points

integral current / flow)

→ Exchange of (a few) scalar data
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Characterization of spatially distributed quantities

• Temperatures and heat generation rates

• Approximation through polynomials:

• Average

• Averaged slope

• Averaged curvature

• …

• Example: Deformation

• Linear combination of basis deformations

• Generalization: Any orthogonal 
(orthonormal) basis
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Projection: Determine coefficients

Projection: 

• Coefficient = Scalar product of deflection

u(x,t) with orthonormal basis vector ui

• Continuous Projection:

𝑐𝑖 𝑡 = 𝑢 𝑥, 𝑡 , 𝑢𝑖 𝑥

= න𝑢 𝑥, 𝑡 ∙ 𝑢𝑖 𝑥 𝑑𝑥

=

2.16 *

+1.65 *

+2.07 *

𝑢 𝑥, 𝑡 =෍𝑐𝑖 𝑡 ∙ 𝑢𝑖 𝑥

u(x,t=0.007s)
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Orthonormal systems

• 1D: Orthogonal polynomials:

• Legendre/Chebyshev (bounded)

• Fourier (periodically)

Legendre:

• Defined on an interval [-1,1]

• Defined to construct an orthogonal system:

• 𝑃𝑛, 𝑃𝑚 = ׬
−1

1
𝑃𝑛 𝑥 ∙ 𝑃𝑚 𝑥 𝑑𝑥 = 𝛿𝑛,𝑚

• Norm (length) of each basis vector:

• 𝑃𝑛 𝑥 2 = ׬
−1

1
𝑃𝑛 𝑥 2𝑑𝑥 =

2

2𝑛+1

→Orthonormal basis defined by
𝑃𝑛 𝑥

𝑃𝑛 𝑥
=

𝑃𝑛 𝑥

2
2𝑛 + 1
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Orthonormal systems

• 1D: Orthogonal polynomials:

• Legendre/Chebyshev (bounded)

• Fourier (perodically)

• 2D: Orthogonal polynomials

• Zernike (defined on circle)

• Spherical harmonics (defined on sphere

surface)
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Orthonormal systems

• 1D: Orthogonal polynomials:

• Legendre/Chebyshev (bounded)

• Fourier (perodically)

• 2D: Orthogonal polynomials

• Zernike (defined on circle)

• Spherical harmonics (defined on sphere

surface)

• 3D: Modes:

• Structural eigenmodes

• Derived from orthogonalization (Krylov, SVD, 

MOS, POD,…)
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Which part of the solution is in place?
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Electromagnetic Thermal

Coefficients of temperature distribution:

Orthogonal projection on nodes

Coefficients of distributed heat generation rates: 

Orthogonal projection on elements

TEMP nodal modes

HGEN elemental modes
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Domain behaviour and reduction

System response nonlinear stationary:

• Electromagnetic (periodically transient)

• Teaching: Fitting of computed samples

• Result: Look-up-table, response surface

System response linear dynamic:

• Structural, thermal

• Reduction: Modal, Krylov

• Result: State space models (SSM)
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Which part of the solution is in place?
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EM: nonlinear stat., 

look-up-table

Thermal: Linear 

dynamic, SSM

Coefficients of temperature distribution:

Orthogonal projection on nodes

Coefficients of distributed heat generation rates: 

Orthogonal projection on elements

TEMP nodal modes

HGEN elemental modes
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Resulting workflow
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EM: Nonlinear stat.
Thermal: Linear 

dynamic

2a. Generation of thermal 

coefficients from transient results

2b. Generation of heat generation

coefficients from transient results

Full transient simulations to derive:

- 1. Basis vectors for TEMP and HGEN

2c. Generation of SSM with basis

vectors from step 1 as vectors for

inputs and outputs

3. Generation of look-up-table with

coefficients from step 2a and 2b 

as in- and outputs



© CADFEM 2020 

Temperature Distribution During Heating

Generation of basis vectors
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Transient temperature distribution
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Orthogonalization of snapshots taken over time

Basis vectors Time evolution of coefficients:
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• Wide range of technologically achievable parameters

• Large number of transient simulation results

• Systematic and automatized approach for basis vector generation required

• Method of snapshots:

• Modes constructed based on lagest eigenvalues of covariance matrix

Systematic approach: Method of snapshots

(MOS)
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Source: Master thesis Hamza Jamil „ Model Order Reduction – Induction Hardening Process”
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ROM Generation: Load vectors == modes

Two step reduction process:

• Reduction of field distribution

• DOF characterized by a small set of functions

/ basis vectors

• Reduction of bulk matrices

• Projection onto Krylov Subspace

• Load vectors: Linear combination of basis

vectors

• Description of dynamic relation between linear 

combination of heat generation basis vectors

and temperature basis vectors

ROM

…

𝐹
[𝑀𝑅] [𝐶𝑅] [𝐾𝑅] 𝑉 𝑇+ + =

…
𝑇0 𝑇1 𝑇2 𝑇3

𝐻0 𝐻1 𝐻2 𝐻3
…
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Which part of the solution is in place?
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EM: nonlinear stat., 

look-up-table

Thermal: Linear 

dynamic, SSM

Coefficients of temperature distribution:

Orthogonal projection on nodes

Coefficients of distributed heat generation rates: 

Orthogonal projection on elements

TEMP nodal modes

HGEN elemental modes
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𝑐𝑇3 𝑡 = 1127𝑠 = 𝑇𝐸𝑀𝑃(𝑡 = 1127𝑠),𝑚𝑜𝑑𝑒_3

Determination of TEMP and HGEN coefficients
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Response surface generation

• Inputs:
• Current

• Inductor position

• TEMP coefficients

• Outputs:
• HGEN coefficients

• Approximation Method: Kriging

• Quality of response surface is influenced by:
• Number of Modes

• Number of samples

• Space filling of samples: Parameter spread

• DOE: Based on Energy  → input parameters
derived from technologically achievable design 
spaces
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Temperature field for untrained current value of

12500A @ final time

ROM

Error Norm: 6.86%

FEM

Source: Hamza Jamil „ Model Order Reduction – Induction Hardening Process”, MORSS 8.9.2020
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Which part of the solution is in place?
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EM: nonlinear stat., 

look-up-table

Thermal: Linear 

dynamic, SSM

Coefficients of temperature distribution:

Orthogonal projection on nodes

Coefficients of distributed heat generation rates: 

Orthogonal projection on elements

TEMP nodal modes

HGEN elemental modes
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Setup on system level
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Validation strategy – on system level
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Comparison of coefficients derived from field and system simulation
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Validation strategy – field error norm

• Validation simulation – data not applied for

training

• Compare results from:

• FEM-Solution

• Expanded field data from system simulation with

same reference load scenario

∆𝑇 𝑡 = 𝑛, 𝑥, 𝑦, 𝑧 = ∆𝑇𝑛

= 𝑇𝐹𝐸𝑀 𝑡 = 𝑛, 𝑥, 𝑦, 𝑧 −෍
𝑖
𝑐𝑖 𝑡 = 𝑛 ∙ 𝑇𝑖 𝑥, 𝑦, 𝑧

𝑛𝑜𝑟𝑚𝑒𝑟𝑟𝑜𝑟 = ෍
𝑛
∆𝑇𝑛

2 ∙ 𝑤𝑛𝑜𝑑𝑒(𝑛)

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑛𝑜𝑟𝑚𝑒𝑟𝑟𝑜𝑟 =
𝑛𝑜𝑟𝑚𝑒𝑟𝑟𝑜𝑟

𝑛𝑜𝑟𝑚𝐹𝐸𝑀
∙ 100
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Temperature field for untrained current value of

12500A @ final time

ROM

Error Norm: 6.86%

FEM
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• Goal: Error norm of reduced model below 10% achieved

• A progressive hardening process can be expressed effectively in a reduced system

• Speedup of 500 for 2D testcase (full transient FEM simulation vs. system simulation)

• Extension of method to 3D Models

• Method for appropriate definition of training data to be defined:

• Minimize number of training runs required

• Automatized generation of DOE

Summary and outlook for inductive hardening

workflow:
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• Issue:

• Coupled models

• Nonlinear and transient

• Field quantities

• Solution:

• Partitioning nonlinear and transient behavior: Response surface and state space model

• Transition between field solution and terminals by projection/expansion with basis functions.

• Opportunities:

• Solving a whole new class of system-level problems

Conclusion
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Reduced order models for nonlinear, transient problems with field interaction


