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• Leveraging Existing Materials in Emerging 
Application

• New Material Development

• Geometries



Market Motivation

• Miniaturization is a driving 
force in electronics design.

– Magnetics are typically the 
largest component in power 
supplies.

• In order to minimize power supply footprints, 
operating frequency has been increasing. 

– Power loss of magnetic components incorporated 
into these designs can cause issues with efficiency 
and heat management.



Semiconductor Development

• “The rapid progress in GaN and SiC power 
semiconductors will lead to a further miniaturization 
of power electronic assemblies and subsystem…

Jungwirth,, H., Schmidhuber, M., Baumann, M., Schmeller, M. 

“A new high frequency ferrite material for GaN applications”, PCIM Europe 2016.

Lidow, Alex. “How to GaN: eGaN® FETS in High Performance Class-D Audio Amplifiers.” EE Web. February 

19. 2014.

• The drastically increased 
frequency requires 
improved ferrite materials 
with lowest losses.”



Frequency of Operation

Gopalakrishna, K. Frequency Characterization of Si, SiC, and GaN MOSFETs using Buck Converter in CCM as 

an application. Wright State University, 2013. 

Operating frequencies are rising as these 
new technologies take hold in the market.



Market Size of GaN and SiC

• Expected to increase to over $1 billion by 
2020, up from just $210 million in 2015.

• “Declining prices will spur faster adoption of 
the technology”

IHS report published in March, 2016

 GaN provides similar 

performance to SiC but 

with greater potential for 

cost reductions due to 

processing advantages. 

 GaN could be priced 

similar to current silicon 

MOSFETs.



Players in the Market
SiC GaN



Leveraging Existing Materials in 
Emerging Application (67)

• Identify what characteristics are desirable for the 
customer’s application

• If necessary, gain capability to measure important 
material characteristics

• Benchmark current “relevant” materials

• Change processing parameters to modify application 
relevant characteristics



Customer Requirements 

Material Characteristics

• Low Losses at Operating 
Frequency

– What frequencies are desirable?

– Are there permeability 
requirements?

• Temperature Stable

– What are the loss requirements 
over temperature?

– What is the typical operating 
temperature?

Geometry Characteristics

• Is the part suitable for their 
design? 

• Are there special shapes or 
features? 

• Cost and availability

– Can the part be made for an 
acceptable price?

– How soon can the part be made?

First step is to evaluate current materials  is an appropriate 
option available or does it require development.



Limitations of Permeability 

• µ’ and µ’’ curves are shown at low flux densities.
– Measured at ≈ 0.1 mT

• Not reliable for power supply designs which operate at higher flux 
densities, but this is currently the only metric available at higher 
frequencies (f > 10 MHz).

Losses (µ’’) 
become 

unacceptable 
above 

50 MHz.



New Measurement Method
• Fair-Rite utilizes the “resonant Q” method developed by MIT to conduct 

measurements.
– This system has been replicated at Fair-Rite with MIT’s assistance.

– Fair-Rite was previously limited to core-loss measurements 1MHz and lower

– Now able to test up to 25MHz

(1) Han, Y; Cheung, G; Li, A; Sullivan, C.R.; Perreault, D.J.; “Evaluation of Magnetic Materials for Very High Frequency Power Applications” 
in Power Electronics, IEEE Transactions on , vol. 27, no.1, pp.425-435



Test Setup



Measurement Enhancements

• Need to measure additional material characteristics

– Power loss under multiple conditions
• Power loss vs. temperature

• Power loss with varying superimposed DC bias

– Permeabilities at the relevant frequency ranges
• Amplitude Permeability (over increasing flux density)

• Incremental Permeability (with superimposed DC bias)

• Needs to be conducive to a production environment

– Test automation required to increase repeatability and 
reduce time/complexity 

– Standard test fixturing for the same reasons



What is “Performance Factor”?

• Represents the maximum flux density at a 
specific power loss density 

– Power loss density used for measurements =  500 mW/CC

• “It is defined as the maximum product of peak 
flux density and frequency as a function of 
frequency at a constant power loss density” 

• “Soft Ferrites: A User’s Guide” © 1992 by Magnetics 
Materials Producers Association



Data from MIT

Fair-Rite’s 67 material 
performs very well at 
higher frequencies.

Hanson, A.J.; Belk, J.A.; Lim, S.; Perreault, D.J.; Sullivan, C.R., "Measurements and performance factor comparisons of magnetic materials at high frequency," 
in Energy Conversion Congress and Exposition (ECCE), 2015 IEEE , vol., no., pp.5657-5666, 20-24 Sept. 2015



Application area will 
dictate the types of 
geometries offered in 
a particular material

For example; 67 
material is currently 
offered in the form of 
toroids, multi-apps, 
and rods



67 Process Optimization (@ 10MHz)

• Picture of lot 64 vs. lot 58 Pv vs. B
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Through process monitoring, 
optimization, and control 

Fair-Rite was able to 
improve the current 67 
material’s performance.
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Performance Factor for Fair-Rite’s HF Materials
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Good performance at frequencies 
> 5MHz 
-Few designs currently operating 
at these frequencies
-Great material for future high 
power density designs

Good performance at frequencies 
< 1MHz
-Increasingly more designs 
moving to this frequency range
-Not a future-proof material as 
frequencies move past 1MHz

No current 
material offering 
to cover this 
middle-ground 
where SiC and 
GaN Mosfets are 
currently 
operating



New Material Development

• Development Process
– Determine what primary and secondary 

characteristics are important for the intended 
application

– Set targets for primary characteristics
– Develop new or modify existing composition to 

achieve target primary characteristics
– Make fine compositional adjustments to enhance 

characteristics
– Optimize processing parameters to further refine 

characteristics while keeping material manufacturable



Powder manufacturing process



Material Development – focuses 

• Cut-off frequency (where u’ and u’’ 
intersect) is one of the first 
characteristics to investigate.
– Generally, when µ’’ is low at low flux 

densities it indicates low power 
losses at higher flux densities.

– Cut-off frequency should be well 
above where the materials is 
intended to operate.

• E.g., if a 20 MHz power material is 
desired then cut-off frequency above 
100 MHz should keep power-loss 
reasonable 

• Once the cut-off frequency is moved 
high enough in frequency, then begin 
the measurement and optimization 
of other characteristics (i.e. power 
loss).
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• Loss factor is the principal loss parameter at low flux density (u’’/u’2)

• Typically lowest loss factor will have lowest core loss

• Higher cut-off frequency typically means lower core loss to higher frequencies

cut-off frequency 8MHz
cut-off frequency 150MHz

cut-off frequency 4MHz

79 material 80 material 67 material



Q vs. Frequency
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Good performance at frequencies 
> 5MHz 
-Few designs currently operating 
at these frequencies
-Great material for future high 
power density designs

Good performance at frequencies 
< 1MHz
-Increasingly more designs 
moving to this frequency range
-Not a future-proof material as 
frequencies move past 1MHz

New 80 material 
in development 
to cover middle-
ground where SiC 
and GaN Mosfets 
are currently 
operating
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Power Loss vs. Temperature
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Power Loss vs. Temperature
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Power Loss vs. Temperature
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HF Power Loss Curves @ 100C
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HF Power Loss Curves @ 100C
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Effects of DC Bias
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Geometries

• Determine which size cores will be optimal for 
identified applications.

– Operating frequency

– Circuit topology

– Power throughput

• Evaluate different shapes for power applications.

– Testing up to this point has primarily been done on toroids.

• Develop tooling for new application geometries



Performance Factor Curves 
for different size toroids

• Optimal operating frequency decreases as core size increases
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Peak Performance Factor Frequency

• Want to operate where performance factor is highest, 
but smaller cores cannot handle as high a power level.

R² = 0.9932
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With the size of 
electronics shrinking, 
operating frequency 

has been increasing in 
order to minimize 

power supply 
footprints. 



Considerations for Core Geometry Selection

• Power handling limited by 
temperature rise due to:
– Copper losses of the windings 

– Power loss of the core

• Core size limited by available 
space on board
– Low profile vs. large volume

• Magnetic shielding to limit EMI

• Cost and manufacturability



Definitions
• le = effective magnetic path length
• Ae = effective magnetic cross sectional area
• Ve = effective magnetic volume = Ae * le
• Amin = minimum magnetic cross section along the magnetic path
• Aw = winding area
• AeAw = product of window area and core area, potential power handling capability
• Lo = air core inductance in nH/turn^2 

➢ This parameter multiplied by the effective reactive permeability and number of turns squared 
provides the inductance. 

• MTL = mean turn length: average wire length when applied to the mid point within a fully wound 
geometry
➢ This combined with the DC and AC resistivity of the conductor gives an indication of winding losses. 

• FPtotal = footprint or total geometric volume, in this case study only the ferrite core was used
• WAE (Winding Area Exposed)= winding area exposed to the ambient environment, beneficial for cooling 

but detrimental for self shielding 

Considerations for Core Geometry Selection

Geometries with largest physical dimension [ A ] in range of 20-30 mm 
and throughput power of 30-60 watts in traditional designs @ 100 
kHz, < 200 mT 

Case study



Core Geometries

• Most cost effective 
– formed using single level tooling  
– thickness ( C dimension ) can be varied during forming
– highest process yields 

• Most uniform cross section throughout the 
magnetic path length 

• Toroids: 
– good self shielding due to geometry
– not convenient for mounting, custom headers would be 

required for surface mount

• EE and UU:
– winding area is large and completely open
– support highest power levels 
– trade off is least self shielding 

• Coilformers are usually used for EE and UU 
geometries and clamps are often used

 

 

 

 



Core Geometries
• Least cost effective 

– formed using multi level tooling
– limited variations at forming
– lower process yields 

• EP and Pot core:
– round center posts 
– very good self shielding
– does not have good heat dissipation 

• EFD :
– offers fairly low profile (compared to EE and 

UU) and has a large winding area
– large  winding area is completely open
– supports higher power levels 
– trade off is less self shielding

• Coilformers and clamps are usually used for 
these geometries 

 

 

 

 



Core Geometries
• Least cost effective 

– formed using multi level tooling
– some degree of height (B dimension) variation 

at forming
– lower process yields  

• All three feature round center posts
• PQ and RM: 

– center posts set back from the outer edge 
– more effective self shielding
– low profile sizes can be accommodated

• ETD/EER:
– usually used for higher power 
– least self shielding of this group 

• Coilformers and clamps are usually used 
for these geometries

 

 

 

 



Core Geometries
• In the middle in terms of cost effectiveness  

– typically formed using multi level tooling, but could be simpler

– some degree of height ( B dimension ) variation at forming

– process yields tend to be higher than other multi level shapes

• Most suited for compact / planar designs 

• pEE and pEI:
– rectangular center post 

– more winding area open to convection cooling 

– little higher power capability than the pEQ and pER

• pEQ and pER:
– center posts set back from the outer edge 

– more effective self shielding

• Most often integrated with multi level winding traces 
into PCB designs  

• Low leakage inductance 

• Relatively large surface area for possible use of heat 
sinks
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Case Study

The higher the ratio, the less wire 
length / unit inductance– reduce 

copper losses.
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The higher this ratio, the higher 
the potential power density to 

geometric volume. 
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As ratio approaches 1, flux 

density along magnetic path 
distributed more homogenously 

– less hot spots.
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Compares the winding area (open to convective 
cooling) to the total geometric volume of the core 

higher cooling potential, but poorer self shielding



Comparison of the Different Geometries

feature T std UU std EE P EP EFD PQ RM
ETD/
EER

pEE pE I
pEER/
pEEQ

pERI/
pEQI

inductance/wire length 2 1 1 3 4 1 2 2 1 4 5 3 4

power to volume density 5 5 5 2 2 3 3 3 4 3 2 3 2

off board height 3 1 2 3 1 4 2 2 2 4 5 3 5

round center post 5 1 1 5 5 1 5 5 5 1 1 5 5

uniform cross section 5 5 5 3 3 5 5 4 5 5 5 4 4

magnetic shielding 4 1 1 5 5 1 3 4 1 2 2 3 3

heat dissipation 4 5 5 1 1 4 4 2 5 4 3 2 4

core standardization no no IEC IEC IEC IEC IEC IEC IEC IEC IEC de facto de facto

totals : 28 19 20 22 21 19 24 22 23 23 23 23 27

rating : 0.80 0.54 0.57 0.63 0.60 0.54 0.69 0.63 0.66 0.66 0.66 0.66 0.77

Rating: 1 to 5, where 1 is least and 5 is best. 
Note: Small ‘p’ indicated planar shape.



Summary of Geometry Comparisons

• Tradeoff of heat dissipation versus magnetic self shielding
• Center posts set back from the outer edge is most desirable for self shielding
• Maximum Lo/MTL is most desirable for lowest AC and DC copper losses
• Low Aw to Ae ratio pushes ratio of overall losses toward the ferrite instead of the 

winding
• Higher frequency operation requires less winding area because less inductance 

required

Planar ER and EQ designs achieve best tradeoff 
for high frequency geometries

Feature Relation Desired Ratio

inductance / length of wire Lo/MTL High 

power-to-volume density AeAw/FPtotal High

uniform cross section Amin/Ae High
magnetic shielding WAE/Footprint Low

heat dissipation WAE/Footprint High



Machining Ferrites
• Often times ferrites are machined for 

evaluation purposes prior to tooling
• This allows for evaluation of new power 

materials in standard power geometries 
without investing in tooling.

• As operating frequencies move up; size 
constraints and EMI concerns are seeing 
the use of more non-standard geometries

• Engineering Required
• Machine stock shapes need to be 

developed in each material. 
• Requires new tooling and sometimes new 

processing parameters

• Cutting rates and techniques need to be 
developed on a material by material basis



New Tooling Required
• Pressing existing geometries 

in different materials isn’t 
always straight forward

– Materials shrink differently 
when fired, meaning that the 
same tooling will result in 
different sizes

– New press tooling, different 
sintering profiles, and/or other 
processing parameters may be 
required to meet dimensional 
specifications and required 
electrical performance



Further evaluation required!

• Need feedback from customers on how these 
shapes perform in their applications:

– Developed an initial version of a “power magnetics” 
kit to help gain feedback from the market.



Ferrites are a Customer-Driven Business

• Customers determine the performance 
characteristics that are important

– Most characteristics can be tweaked to improve 
performance, but there is usually a trade-off 
elsewhere

• Geometries are application specific

– Things such as size constraints, winding and EMI 
concerns are ultimately dictated by the power 
supply designer



Materials Summary

• 79 material (f<1MHz) is currently a production 
material

• 80 material (1-5MHz) is in final stages of 
development
– Initial evaluation samples projected to be available 

Q3-Q4 2017

– Production projected 2018

• 67 material (f>5MHz) is a current production 
material recently optimized for power 
applications



Thank you!

Stay current on our latest developments at 
Fair-Rite.com!


