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Magnetics as the main performance/size limiter …
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• Very rich circuit functions (inductors, transformers, 
coupled inductors, EMI filter, etc.)

• Very rich design space (material, geometry, shape, 
winding, packaging, loss, thermal, saturation, etc.)

• Lack of precise models (core loss, saturation, B-H 
loop, temperature) -> sub-optimal

• Source: Princeton University, Texas Instruments



Every mm3 of magnetics is $$$ and performance …
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• M. Chen and C. R. Sullivan, “Unified Models for Coupled Inductors 
Applied to Multiphase PWM Converters,” in IEEE Transactions on 
Power Electronics, vol. 36, no. 12, pp. 14155-14174, Dec. 2021.

Vertical Power Delivery and Vertical Magnetics



Other emerging applications need miniaturization …
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Robotics

High efficiency

Miniaturization

High reliability

Biomedical

Renewable Energy

Electric Vehicles

Wide temperature range

[WALL-E]

[Tesla]

Future Computing

[Tesla Dojo]

Vertical power delivery

More Electric Aircraft

Light weight



How to reduce the magnetics size/loss ?
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Option #1: Increasing the switching frequency
• Reduce the energy buffering requirement, reduce the Bmax

• Better materials, better circuits, and better structural design

• A. J. Hanson, J. A. Belk, S. Lim, C. R. Sullivan and D. J. Perreault, 
“Measurements and Performance Factor Comparisons of 
Magnetic Materials at High Frequency,” in TPEL’16.

• R. S. Yang, A. J. Hanson, C. R. Sullivan and D. J. Perreault, 
“Design Flexibility of a Modular Low-Loss High-Frequency 
Inductor Structure,” in TPEL’21.

High Q inductors in the 
5 MHz-10 MHz range



How to reduce the magnetics size/loss ?
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Option #2: Innovations on the geometry - flux and current distribution
• Better magnetic flux …
• Better current distribution …

Flux & current for discrete assembly Flux & current co-optimization / co-design

Magnetic Rubik

Precision EngineeringApproximate Engineering



Better utilization of magnetic materials and conductors

8

Deeper energy cycle Optimal Excitation Waveforms

Optimal current distribution

• Magnetics flux modeling & design (estimation)
• Current distribution modeling & design (accurate)
• Flux and current deep co-design (unexplored)

Optimal flux distribution



Optimizing Flux and Current Distribution
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Fluxes wrap around CurrentsCurrents wrap around Fluxes

• C. R. Sullivan and M. Chen, “Coupled Inductors for Fast-Response High-Density Power Delivery: Discrete 
and Integrated,” 2021 IEEE Custom Integrated Circuits Conference (CICC), Austin, TX, USA, 2021, pp. 1-8.

3D Windings

3D Core

Prof. Charles Sullivan
Dartmouth College



Better utilization of magnetic materials and conductors
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Flux cancellation for dc-bias Flux sharing with multi-winding coupling

10A

11A

Inductive Energy Utilization Ratio (
1

2
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112
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= 33.9%

We have an ocean of energy but only use the waves!
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inductors transformers



Series Coupling, Parallel Coupling, and Matrix Coupling
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• M. Chen and C. R. Sullivan, “Unified Models for Coupled Inductors 
Applied to Multiphase PWM Converters,” in IEEE Transactions on 
Power Electronics, vol. 36, no. 12, pp. 14155-14174, Dec. 2021.

…
others



Matrix Magnetics for Higher Order PWM Converters
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• P. Wang, D. H. Zhou, Y. Elasser, J. Baek and M. Chen, “Matrix Coupled All-in-One Magnetics for PWM Power 
Conversion,” in IEEE Transactions on Power Electronics, vol. 37, no. 12, pp. 15035-15050, Dec. 2022.

Dr. Ping Wang
Princeton PhD’23



Why Coupled Magnetics is a Must?
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➢ Interleaving Ripple Reduction Ratio

𝛤 =
𝑘 + 1 − 𝐷𝑀 𝐷𝑀 − 𝑘

1 − 𝐷 𝐷𝑀2
𝛾 =

1 + 𝛽𝛤

1 + 𝛽
𝛽 =

𝑀ℝ𝐶

ℝ𝐿

➢ Magnetic Coupling ➢ Coupling Ripple Reduction Ratio

Uncoupled, Same Phase Ripple

Reduced Input Output Ripple Reduced Phase Ripple Ripple Reduction from Coupling

• M. Chen and C. R. Sullivan, “Unified Models for Coupled Inductors Applied to Multiphase PWM Converters,” TPEL’21.

about 10x ripple reduction



Models for Multiphase Coupled Magnetics
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• M. Chen and C. R. Sullivan, “Unified Models for Coupled 
Inductors Applied to Multiphase PWM Converters,” TPEL’21.

Differential Mode Common Mode

Reluctance Model

Inductance Dual Model



Trans-Inductor Voltage Regulator (TLVR)
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• M. Chen and C. R. Sullivan, “Unified Models for Coupled 
Inductors Applied to Multiphase PWM Converters,” TPEL’21.

• S. Jiang, X. Li, M. Yazdani, and C. Chung. “Driving 48V 
Technology Innovations Forward – Hybrid Converters and 
Trans-Inductor Voltage Regulator (TLVR).” APEC’20.

• M. Schurmann and M. Ahmed (Texas Instruments) 
Introduction to the Trans-Inductor Voltage Regulator. 

TLVR and Coupled Inductors are Topological Duals

CoupLTLVR



Twisted Core and Lateral Flux Coupled Inductors
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• Y. Dong, J. Zhou, F. C. Lee, M. Xu and S. Wang, “Twisted Core Coupled 
Inductors for Microprocessor Voltage Regulators,” in IEEE Transactions 
on Power Electronics, vol. 23, no. 5, pp. 2536-2545, Sept. 2008. 

• A. M. Naradhipa, F. Zhu and Q. Li, “Ultra-Low-Profile Twisted Core 
Inductor for Vertical Power Delivery Voltage Regulator,” 2024 IEEE 
Applied Power Electronics Conference and Exposition (APEC), Long 
Beach, CA, USA, 2024, pp. 918-924. 

• J. Baek, Y. Elasser and M. Chen, “MIPS: Multiphase Integrated Planar 
Symmetric Coupled Inductor for Ultrathin VRM,” in IEEE Transactions 
on Power Electronics, vol. 38, no. 5, pp. 5609-5614, May 2023.
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• G. C. Knabben, J. Schäfer, et al., “New PCB Winding ”Snake-Core” 
Matrix Transformer for Ultra-Compact Wide DC Input Voltage 
Range Hybrid B+DCM Resonant Server Power Supply,” PEAC’18.

• Y. Elasser, H. Li, P. Wang, et al., “Circuits and magnetics co-design 
for ultra-thin vertical power delivery: A snapshot review,” MRS 
Advances 9, 12–24 (2024).

More Sophisticated Twisted Core Structures

Dr. Youssef Elasser
Princeton PhD’24



• Multilayer core; alternate layers have 
opposite anisotropy orientation.

• Flux swaps layers when it rounds a corner.

• Requires double the total core thickness; 
can be hard to maintain good magnetic properties.
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Columbia/Ferric, 2013

Easy-axis directions

• R. P. Davies, C. Cheng, N. Sturcken, W. E. Bailey 
and K. L. Shepard, “Coupled Inductors With 
Crossed Anisotropy CoZrTa/SiO2  Multilayer 
Cores,” in IEEE Transactions on Magnetics, vol. 
49, no. 7, pp. 4009-4012, July 2013.

Microfabricated Coupled Magnetics



Integrated Planar TVLR Designs

• Tyndall/Dartmouth, 2004

• Intel (Dibene et al, 2010)

• Columbia/IBM (Sturken, 2013)

• Galway (Duffy, 2019)

19

• Pair-wise coupled “tunnel” design.

• Each core has net-zero dc current: avoid saturation 
even with high permeability magnetic materials.

• Inductance density still not high enough (limited 
by lateral winding & flux and wafer thickness)

Hard axis

Easy axis



From 2.5D to 3D to Substrate Embedded Magnetics
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• J. Baek et al., “Vertical Stacked LEGO-PoL CPU Voltage 
Regulator,” in IEEE Transactions on Power Electronics, 
vol. 37, no. 6, pp. 6305-6322, June 2022. 

• B. Choi et al., “CoaxMIL 2.0 – Next Generation Coaxial 
Magnetic Integrated Inductors for Higher Efficiency 
Fully Integrated Voltage Regulator,” 2024 IEEE 74th 
Electronic Components and Technology Conference 
(ECTC), Denver, CO, USA, 2024, pp. 1044-1047.

Power-Via-Magnetics (Microfabricated and Discrete)

Dr. Jaeil Baek
Princeton Postdoc’21



Air Core Coupled Inductors

• Can’t effectively couple more than two 
phases

• Ladder and TLVR relies on high-
permeability core

• Side-by-side loops have weak coupling.

• Stacked or concentric loops 
have a high coupling factor
…but it’s series coupling, not parallel 
coupling.

• Big loops can work.  

• Can we add more loops to get more 
phases? 

21



Two-Phase FIVR Coupled Air Core Designs

Examples:

• A few Intel FIVR designs [34].

• Ding, Fang et al., 2020 ISPSD.

Issues:

• Without a high-perm core, there no flux-
cancellation benefit—no saturation problem to 
avoid.

• Benefit is primarily in fast
response, not in reducing
power loss or size.

22

• Y. Ding, X. Fang, R. Wu and J. K. O. 
Sin, “Fan-Out-Package-Embedded 
Coupled Inductors …,” ISPSD, 2020, 
doi: 10.1109/
ISPSD46842.2020.9170128.



Multiphase Air-Core Coupled Magnetics
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• T. Sen, Y. Elasser and M. Chen, “Origami Inductor: Foldable 3-D Polyhedron Multiphase Air-Coupled Inductors With 
Flux Cancellation and Faster Transient,” TPEL’24.

4-Phase Air-Coupled Inductor



Split Flux Transformer for High/Fractional Turns Ratios
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• Z. Liu, J. Liang and H. Wang, “Optimal Design of Hexagonal 
Matrix Transformer for 48V-1V Switched-Capacitor and 
Series-Resonant Converter,” ECCE-Asia’24.

• M. K. Ranjram, et al., “Variable-Inverter-Rectifier-Transformer: 
A Hybrid Electronic and Magnetic Structure Enabling 
Adjustable High Step-Down Conversion Ratios,” TPEL’18.

1:1/N N:1



Matrix Transformer for Fractional/High Turns Ratios

25

• M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “Single-stage 
high-efficiency 48/1 V sigma converter with integrated 
magnetics,” in ITIE’20.

• A. Figueroa, P. Mazariegos, J. Goicoechea, A. Castro and J. A. Cobos, 
“Low-Profile Direct Power Converter: 350A/48V-1V with Planar 
Matrix Transformer using standard PCB and commercial 
cores,” APEC’24.



Series-Coupled Multi-winding Magnetics
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• Y. Chen, P. Wang, Y. Elasser and M. Chen, “Multicell Reconfigurable Multi-Input Multi-Output Energy Router Architecture,” TPEL’20.
• P. Wang, Y. Chen, J. Yuan, R. C. N. Pilawa-Podgurski and M. Chen, “Differential Power Processing for Ultra-Efficient Data Storage,” TPEL’21.



From Wire Windings to Planar Embedded Windings
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• G. Li and X. Wu, “A high power density 48 V-12 V 
DCX with 3-D PCB winding transformer,” in APEC’20.

• J. A. Cobos, A. Castro, Ó. García-Lorenz, J. Cruz and 
Á. Cobos, “Direct Power Converter – DPx – for High 
Gain and High Current Applications,” APEC’22.

• Z. Li, F. Jin, X. Lou, Y. -H. H. Qiang Li and F. C. Lee, 
“Design and Optimization with Litz Wire Version of 
PCB in Solid-State Transformer,” APEC’24.

Vertical PCB Windings 3D PCB Integrated Windings Planar Litz Windings



Non-Linear Models for Power Magnetics with Circuits
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Balanced Unbalanced

Precise Model for Pinwheel Inductor

• Models for material hysteresis and losses
• Models for non-linear circuit behaviors of 

complex magnetic components

Flux distribution change with operating conditions

Material saturation influence circuit behaviors

Pixelized Magnetics Design and Simulation



Modeling Material Hysteresis with Neural Networks
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Automatic Data 
Acquisition

MagNet Database
Machine Learning 

Methods

Website 
Development

Data Quality 
Control

Equation-based 
Models

http://mag-net.princeton.edu 

Magnetics 
Simulation

MagNet Core Team Members:

Haoran Li D. Serrano T. Guillod

Joseph 
Henry’s 
Magnet
in 1832 at
Princeton

Min Luo

• M. Chen et al., “MagNet 
Challenge for Data-Driven 
Power Magnetics Modeling,” 
in IEEE Open Journal of 
Power Electronics, 2024.

http://mag-net.princeton.edu/


MagNet Engine from University of Sydney
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https://magnet-engine-app.sydney.edu.au/ 

https://magnet-engine-app.sydney.edu.au/


From Steady-State to Transient Models

31

• No good models for magnetics in transient
• Most PFC inductors are sub-optimally designed



3232
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