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COMSOL Transformer: A Complete Guide to Designing, Simulating, and
Optimizing Power Transformers

Power transformers are the heart of modern electrical grids and electronic devices. They step voltage up or down,
isolate circuits, and shape the flow of electric energy across the globe. Designing a transformer that meets
performance, reliability, and cost targets requires a deep understanding of electromagnetic theory, thermal

behavior, and mechanical constraints. Traditionally, engineers relied on hand calculations, empirical formulas, and
physical prototypes—an expensive and time consuming process. Today, advanced multiphysics simulation tools like
COMSOL Multiphysicsallow engineers to model transformers comprehensively, from magnetic flux distribution to
thermal gradients and mechanical stresses, all within a single, unified environment.

In this article, we explore how COMSOL can be used to build accurate transformer models, the typical workflow for
a transformer simulation, advanced multiphysics coupling, optimization strategies, and real world case studies.
Whether you're a seasoned transformer designer or just starting with COMSOL, this guide will help you harness
the full power of the software to deliver high performance transformers faster and more efficiently.

Why Use COMSOL for Transformer Design?

COMSOL Multiphysics is a leading finite element analysis (FEA) platform that supports a wide array of physics
modules—electromagnetics, heat transfer, structural mechanics, acoustics, and more. For transformer design, the
following advantages stand out:

* Integrated Multiphysics Environment: Simulate coupled electromagnetic, thermal, and structural phenomena
without exporting data to other tools.

¢ High Quality Mesh Generation: Fine control over mesh density in critical regions such as the core, windings,
and insulation.

e Parametric and Optimization Modules: Automate design sweeps, sensitivity analysis, and objective based
optimization.

e User Friendly GUI and Scripting: Drag and drop interface for beginners, while a powerful scripting language
(COMSOL Script) allows advanced users to automate complex workflows.

e Extensive Material Library and Customization: Pre defined magnetic core materials, copper, and insulation
properties, plus the ability to define custom material models.

¢ Robust Validation Tools: Built in tools for mesh convergence studies, result comparison, and exporting data for
experimental validation.

These features enable engineers to predict key performance metrics—core loss, copper loss, voltage regulation,
harmonic distortion, and thermal hotspots—before a single prototype is built.

Transformers 101: Key Concepts for Modeling

Before diving into the COMSOL workflow, it's essential to understand the core physics that govern transformer
operation:

* Magnetic Flux Density (B): Determines core saturation and influences core loss.



e Eddy Currents: Induced currents in conductive cores that cause heating.

e Hysteresis Loss: Energy lost during magnetic field reversal.

Resistive (Copper) Loss: I2R losses in windings.

Leakage Flux: Flux that does not link both windings, affecting voltage regulation.

e Thermal Gradients: Temperature rise due to core and copper losses, impacting insulation life.
¢ Mechanical Stresses: Result from magnetic forces and thermal expansion.

COMSOLs Magnetic Fields (mf) physics interface handles B, H, and eddy currents; the Heat Transfer in Solids
interface deals with temperature rise; and the Structural Mechanicsinterface  addresses mechanical stresses.
Coupling these interfaces yields a comprehensive transformer model.

Step by Step COMSOL Workflow for Transformer Simulation

1. Define the Design Goals and Constraints

Start by clarifying the transformer’s specifications: power rating, turns ratio, operating frequency, insulation class,
and permissible temperature rise. These parameters dictate material choices, core geometry, and simulation
settings.

2. Create the Geometry
Use COMSOLs built in CAD tools or import a CAD file (STEP, IGES, or STL). For a typical transformer:

e Core: Rectangular or toroidal cross section, defined by length, width, and thickness.

* Windings: Cylindrical or rectangular slots with specified wire diameter, pitch, and number of turns.

« Insulation: Layered around windings and core to prevent short circuits.
When geometry is complex (e.g., multi layer windings), consider usingParametric Sweepto  generate  variations
automatically.

3. Assign Materials

COMSOLs Material Browser includes common transformer materials:
¢ Magnetic Core: Silicon steel, amorphous alloy, or ferrite, each with distinct permeability (1) and loss curves.
e Conductors: Copper or aluminum, with conductivity values and temperature dependence.

« Insulation: Polyimide, PTFE, or epoxy, defined by dielectric strength and thermal conductivity.
« Ambient: Air or oil, with appropriate thermal properties.

For specialized cores, you can define a custom Magnetic Material model using B-H curves or a Compositematerial

that blends multiple constituents.

4. Set Up Physics Interfaces
1. Magnetic Fields (mf):

Specify Excitation—either a voltage source for the primary winding or a current source for the secondary.
2. Define Boundary Conditions—magnetic insulation at outer boundaries and continuity across interfaces.
3. Enable Eddy Current and Hysteresis Loss models for the core.

e Apply Heat Source terms from core loss (Hysteresis + Eddy) and copper loss (I2R).
e Set Convection or Radiation boundaries to model cooling.

Include Magneto Mechanical Coupling to capture Lorentz forces.
¢ Apply Fixed Constraints at mounting points.



5. Mesh the Model

Mesh density is crucial for capturing steep gradients in magnetic flux and temperature. Use Physics Based Mesh
controls:

¢ Fine mesh in core, windings, and insulation.
e Coarser mesh in bulk air or olil.
¢ Use Boundary Layer Mesh near interfaces to capture skin depth effects.

Run a Mesh Convergence Study to ensure results are independent of mesh size.

6. Run the Simulation
Select a solver strategy:
* Time Dependent for transient studies (e.g., switching transients).

e Frequency Domain for steady state operation at a particular frequency.
« Stationary for DC bias and low frequency analysis.

Use Multiphysics Coupling to let magnetic fields drive heat transfer, which in turn influences material properties.

7. Post Process Results

Key outputs to evaluate:

¢ Flux Density Distribution (B H curves): Identify core saturation zones.

e Core Loss Map: Visualize eddy current and hysteresis losses.

« Temperature Profile: Verify temperature rise stays within insulation limits.

* Voltage Regulation: Ratio of secondary to primary voltage under load.

e Harmonic Spectrum: Assess distortion due to non linear magnetic properties.
¢ Mechanical Stress: Identify peak stresses in core and windings.

Export data to CSV or MATLAB for further analysis.

8. Design Iteration and Optimization

Once baseline results are satisfactory, refine the design using COMSOL's Optimization module:

¢ Objective Function: Minimize core loss, maximize voltage regulation, or reduce temperature rise.
< Design Variables: Core dimensions, number of turns, winding pitch, or material selection.
e Constraints: Physical limits (e.g., maximum flux density, temperature, or mechanical stress).

Run a Genetic Algorithm or Gradient Based Optimizatioto explore the design space efficiently. The optimizer
automatically updates the geometry, re meshes, and re solves the model.

Advanced Multiphysics Coupling for Transformers

Thermo Magnetic Coupling

Core loss increases with temperature, and temperature affects magnetic permeability. By linking the Heat Transfer
and Magnetic Fields interfaces, COMSOL captures this feedback loop. The core’s temperature dependent
permeability can be defined using a Temperature Dependent Materiamodel.

Electro Mechanical Coupling

During load transients, the transformer experiences magneto static forces that can induce vibrations. Coupling the
Structural Mechanicsinterface with the magnetic field allows simulation of stress distribution, potential fatigue, and
acoustic noise.



Acoustic Coupling

Transformers often produce audible noise due to magnetostriction and mechanical vibrations. COMSOL's Acoustic-
Structure Interaction interface can predict sound pressure levels, aiding in acoustic design and mitigation.

Fluid—Structure Interaction (Cooling Systems)

For oil filled transformers, simulate the flow of oil to assess natural convection and cooling effectiveness. COMSOL's
Laminar or Turbulent Flowmodels, coupled with the thermal interface, provide insights into temperature distribution
and pressure drop.

Case Studies

Case Study 1: 500 /kVA, 13.8 /kV Transformer

Using COMSOL, an engineering team modeled a 500 kVA transformer with a silicon steel core and copper
windings. They performed a parametric sweep of core thickness and found that increasing core width reduced
saturation but increased copper losses. The optimizer suggested a 5 % increase in core width and a 2 % reduction
in copper wire diameter, achieving a 12 /% reduction in total losses while maintaining temperature within limits.

Case Study 2: High Frequency Power Converter Transformer

For a 2 kW, 400 Hz power converter, the team used COMSOLs frequency domain solver to analyze skin depth
effects. By modeling the windings with a multi layer copper configuration, they achieved a 30 % reduction in copper
loss compared to a single layer design. Thermal analysis confirmed the temperature rise remained below 80 /°C.

Case Study 3: Acoustic Noise Reduction in Distribution Transformers

An acoustic study coupled the magnetic, structural, and acoustic interfaces. The simulation identified resonant
frequencies in the core that amplified sound pressure levels. By adding a damping layer and adjusting the core
geometry, the team reduced the sound pressure level by 8 /dB, meeting regulatory standards.

Tips for New COMSOL Users in Transformer Design
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