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UNLOCKING PRECISION IN ELECTROMAGNETIC DESIGN WITH THE COMSOL
TRANSFORMER

In the world of electrical engineering, the transformer remains a cornerstone of power distribution,
signal processing, and countless industrial  applications.  As demands for efficiency, miniaturization,
and reliability grow, traditional design methodologies often fall short. This is where multiphysics
simulation software has become indispensable. Among the most powerful tools available today is
the COMSOL Multiphysics platform. When engineers and researchers talk about modeling a Comsol
Transformer, they are referring to a sophisticated, multi-faceted simulation approach that goes far
beyond simple equivalent circuits. This article explores the depth of transformer modeling within the
COMSOL environment, breaking down the physics, the practical workflows, and the immense value it
brings to modern design.

WHAT IS A COMSOL TRANSFORMER SIMULATION?

A COMSOL Transformer model is not a physical object but a virtual representation of a transformer
created  within  the  COMSOL  Multiphysics  software.  It  allows  engineers  to  simulate  the
electromagnetic,  thermal,  and  mechanical  behavior  of  a  transformer  under  various  operating
conditions.  Unlike  analytical  calculations  that  rely  on  assumptions  and  simplifications,  a  COMSOL
transformer simulation solves complex partial differential equations using the Finite Element Method
(FEM). This provides a highly accurate, spatially resolved picture of what is happening inside the
device.
The  core  value  of  this  approach  lies  in  its  ability  to  couple  multiple  physical  phenomena.  A
transformer is  inherently  a  multiphysics  device.  An alternating current  in  the primary winding
generates  a  time-varying  magnetic  field  in  the  core.  This  field  induces  voltage  in  the  secondary
winding but also creates eddy currents in the core and windings, leading to ohmic losses and heat
generation. The heat, in turn, changes the material properties of the copper and steel, affecting the
electrical  performance.  A COMSOL transformer simulation can capture all  of  these interactions
simultaneously.

Beyond the Equivalent Circuit
For  decades,  transformer  analysis  relied  on  the  equivalent  circuit  model  with  parameters  like
leakage reactance, magnetizing inductance, and winding resistance. While useful for system-level
studies,  this  approach  provides  no  insight  into  the  internal  distribution  of  fields,  hotspots,  or

mechanical  forces.  A  COMSOL  transformer  model,  on  the  other  hand,  offers  a  full  3D  or
axisymmetric  view.  It  reveals  where  the  magnetic  flux  density  is  highest,  where  current  crowding
occurs, and how the temperature gradient develops across the core and windings. This level of
detail is critical for optimizing design and preventing failure.

KEY FEATURES OF COMSOL FOR TRANSFORMER MODELING

COMSOL  Multiphysics  is  uniquely  suited  for  transformer  simulation  due  to  several  built-in
capabilities. Understanding these features helps engineers leverage the software to its full potential.

The AC/DC Module
The heart  of  any COMSOL transformer  simulation is  the AC/DC Module.  This  module  provides
dedicated physics interfaces for  electromagnetic field modeling.  The Magnetic Fields  interface is
used to solve for the magnetic vector potential, from which all relevant quantities like flux density,
field  intensity,  and  induced  currents  are  derived.  For  transformers,  the  Magnetic  and  Electric
Fields interface is often preferred as it directly incorporates the coupling between the coil currents
and the induced electric field.
Within  this  framework,  engineers  can  define  coil  features  with  a  specified  number  of  turns,  wire
cross-section, and excitation. The software automatically accounts for the induced voltage due to
the  changing  magnetic  flux.  This  is  a  significant  advantage  over  generic  FEM  codes  where  such
couplings  must  be  manually  implemented.

Material Modeling and Non-Linearity
Transformer cores are made of ferromagnetic materials, such as silicon steel or ferrites. These
materials  exhibit  non-linear  B-H  curves  and  often  have  significant  hysteresis.  In  a  COMSOL
transformer model, the B-H curve can be imported from manufacturer data or approximated using
analytical  models  like  the  Frohlich-Kennelly  equation.  The  solver  handles  the  non-linearity
iteratively, ensuring accurate prediction of the magnetizing current and core losses at different flux
densities.
For high-frequency designs, such as those used in switch-mode power supplies, the Hysteresis
model becomes crucial. COMSOL supports the Jiles-Atherton model for hysteresis, allowing users to
simulate core losses more accurately than with the simple Steinmetz equation.

https://everybodystreet.com/


2

2 Comsol Transformer 2023-11-26

Multiphysics Couplings
The  true  strength  of  the  platform lies  in  its  seamless  multiphysics  couplings.  For  a  COMSOL
transformer,  the  most  common  coupling  is  between  electromagnetics  and  heat  transfer.  The
Electromagnetic Heating multiphysics interface automatically couples the AC/DC Module with the
Heat Transfer Module. The resistive losses computed in the windings and the magnetic losses in the
core become heat sources in the thermal model. The temperature distribution, in turn, updates the
electrical  conductivity  of  the copper and the magnetic  properties of  the core,  creating a fully
bidirectional coupling.
Additionally, Electromagnetic Forces can be computed. At high fault currents, the Lorentz forces
acting on the windings can be immense.  By coupling the electromagnetic  simulation with the
Structural Mechanics Module, engineers can predict deformation, stress, and even acoustic noise
emitted by the transformer.

STEP-BY-STEP APPROACH TO BUILDING A COMSOL TRANSFORMER MODEL

Creating  a  reliable  COMSOL  transformer  simulation  requires  a  structured  workflow.  While  every
project  has  unique  requirements,  the  following  steps  provide  a  general  framework.

Define the Geometry: Start by building the 2D axisymmetric or 3D geometry. For low-1.
frequency power transformers, a 2D axisymmetric model is often sufficient and
computationally efficient. Include the core, primary and secondary windings, the core window,
and any essential insulation or structural components.
Assign Materials: Assign material properties to each domain. Use a non-linear B-H curve for2.
the core. Specify the conductivity of the copper windings. Consider using a lamination model
for the core to account for the reduced eddy current path in laminated steel.
Set Up Physics: Add the Magnetic Fields interface. Define the coils using the Coil feature.3.
For a single-phase transformer, you might define a primary coil with a specified current or
voltage excitation and a secondary coil connected to a load (e.g., a resistor). Activate the
Induced Voltage check box to allow the secondary current to be determined by the load and
the induced EMF.
Create the Mesh: Mesh quality is critical for accurate results. Use a fine mesh in the air gap4.
and around the winding edges where field gradients are high. A boundary layer mesh is
advisable on conductor surfaces to capture the skin effect at higher frequencies.
Run the Study: For steady-state AC operation, use a Frequency Domain study. For5.
transient events like inrush current or lightning impulse, use a Time Dependent study. The
solver will iteratively handle non-linear materials.
Analyze Results: Use the built-in post-processing tools to plot magnetic flux density, current6.
density, temperature distribution, and losses. Compute derived quantities like inductance,
impedance, and efficiency. Validate the results against analytical expectations or
measurements.

COMMON APPLICATIONS AND USE CASES

The versatility of the COMSOL transformer model means it  is  used across a wide spectrum of
industries. Here are some prominent applications.

Power Transformer Design and
Optimization
Manufacturers of large power transformers use COMSOL to optimize core and winding designs. By
simulating the leakage field,  they can minimize stray losses in the tank walls and structural  parts.
Thermal simulations help design efficient cooling ducts and oil flow paths to prevent hotspots. The
ability to simulate short-circuit conditions is invaluable for ensuring mechanical integrity.

High-Frequency Transformer for Power
Electronics
In modern switch-mode power supplies and DC-DC converters, transformers operate at frequencies
from  tens  of  kilohertz  to  several  megahertz.  At  these  frequencies,  the  skin  effect  and  proximity
effect  dominate.  A  COMSOL  transformer  model  accurately  captures  these  high-frequency  losses,
allowing engineers to choose the right Litz  wire configuration or core geometry.  The software also
facilitates the simulation of parasitic capacitance, which is critical for resonant converter designs.

Current and Voltage Transformers
For instrument transformers used in metering and protection, accuracy is paramount. Simulation
helps  analyze  how saturation  affects  the  ratio  error  and  phase  displacement.  By  varying  the  core
material properties and air gaps, engineers can design transformers that maintain accuracy over a
wide current range.

Wireless Power Transfer Systems
While not  a traditional  transformer in the physical  sense,  a wireless power transfer  system is
essentially  a  loosely  coupled  transformer.  The  COMSOL  transformer  simulation  framework  is
perfectly  suited  for  analyzing  the  coupling  coefficient  between  two  coils,  the  effect  of  ferrite
shielding,  and  the  resulting  power  transfer  efficiency  in  an  air  or  medium  environment.

ADVANTAGES OF USING COMSOL FOR TRANSFORMER ANALYSIS

What  sets  the  COMSOL  transformer  simulation  apart  from  other  FEM  tools?  Several  distinct
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advantages make it a top choice for engineers.

Integrated Multiphysics: The ability to seamlessly couple electromagnetics with heat
transfer, structural mechanics, and even acoustics in a single environment is unmatched. This
avoids the error-prone process of manually transferring data between separate tools.
User-Friendly Interface: COMSOL's graphical user interface is intuitive. The model builder
tree organizes all aspects of the simulation logically, making it easier for new users to learn
and for experts to manage complex models.
Flexibility in Coil Modeling: The built-in Coil feature simplifies the process of defining multi-
turn windings. Users can specify the number of turns, wire gauge, and excitation type
(current, voltage, or circuit) without manually meshing each individual wire turn.
Robust Solvers: The software includes powerful solvers for non-linear, time-dependent, and
frequency-domain problems. The iterative solvers are optimized for large 3D models, making it
possible to simulate full transformer geometries with fine meshes.
Parameterization and Optimization: COMSOL allows users to define parameters for
geometry, material properties, and operating conditions. Combined with the built-in
optimization module or LiveLink for MATLAB, engineers can automatically search for the best
design that meets performance targets.

CHALLENGES AND BEST PRACTICES IN COMSOL TRANSFORMER MODELING

Despite  its  power,  building  a  high-fidelity  COMSOL  transformer  model  is  not  without  challenges.
Being  aware  of  these  can  help  users  avoid  common  pitfalls.

Computational Cost
Fully  detailed  3D  models  can  be  very  computationally  demanding.  The  skin  effect  at  high
frequencies requires a very fine mesh on the conductor surfaces, leading to millions of degrees of
freedom. A best practice is to start with a 2D axisymmetric model for initial design exploration and
move  to  3D  only  when  necessary,  such  as  when  studying  3D  leakage  effects  or  tank  wall  losses.

Using impedance boundary conditions can also reduce the mesh size at high frequencies.

Material Data Accuracy
The  accuracy  of  any  simulation  is  limited  by  the  quality  of  the  input  data.  For  a  COMSOL
transformer, the B-H curve, core loss data, and thermal properties of materials must be accurate.
Using generic material libraries may lead to significant errors. It is always best to import measured
manufacturer data whenever possible.

Convergence of Non-Linear Solvers
Non-linear  core materials  can cause convergence difficulties,  especially  at  high flux densities  near
saturation. Starting the simulation with a good initial guess, using a continuation sweep (gradually
increasing the voltage), or refining the mesh in the core can help. The automatic Newton solver in
COMSOL is robust, but manual tuning of solver parameters may be required for challenging models.

Time-Domain Simulations
Simulating transient events like inrush current or a lightning impulse in a COMSOL transformer
model requires careful setup. The time step must be small enough to capture the fast dynamics but
large enough to keep the simulation time manageable. Using a dedicated time-dependent solver
with adaptive time stepping is recommended.

CONCLUSION

The ability  to  create  a  detailed,  multiphysics  model  of  a  transformer  in  COMSOL Multiphysics
represents  a  significant  leap  forward  in  design  capability.  It  moves  engineering  beyond  simple
approximations  and  into  the  realm  of  high-fidelity  virtual  prototyping.  A  carefully  constructed
Comsol  Transformer  simulation  allows  for  the  optimization  of  efficiency,  the  mitigation  of  thermal
and  mechanical  stress,  and  a  deeper  understanding  of  the  complex  field  interactions  within  the
device.  Whether  you  are  designing  a  massive  power  grid  transformer  or  a  tiny


