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Introduction Multi Air Gap (MAG) Inductor
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► High Frequency MAG Inductor  – Application Details

■ Google Little Box – 2kW 1-Φ PV Inverter

• 135 W/in3 (8.2 kW/dm3 )
• 96.3%  Efficiency @ 2kW / 95 % CEC Efficiency

• Active Power Buffer (Smart Capacitor)

• Triangular Current Mode Modulation 
• Switching Frequency: 230 kHz – 1 MHz

• Min./Max. Pk-Pk Ripple: 8 A / 30 A 
• Ipk = 25 A

▲ High Frequency MAG Inductor
Dimensions – 14.5 x 14.5 x 22 mm3

135 W/in3

▲ Dimensions – 8.9cm x 8.8cm x 3.1cm 

▲ Inductor Current and Frequency Variation of TCM
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► High Frequency MAG Inductor – Construction Details

■ Multi-Airgap Inductor with Multi-Layer Foil Winding Arrangement Minim. Prox. Effect
■ Very High Filling Factor / Low High Frequency Losses
■ Magnetically Shielded Construction Minimizing EMI
■ Intellectual Property of F. Zajc / Fraza

• L = 10.5 μH
• 20 μm Copper Foils / 4 Parallel / 2 x 8 Turns
• 25 Stacked 0.6mm Thick Ferrite Plates
• 80 μm Air Gap Between Plates 
• DMR51 Core Material (Similar to N59 and 3F4)
• Terminals in No-Leakage Flux Area
• 20mΩ Winding Resistance / Q≈600

■ Literature: Prof. Sullivan [1-2], F. Zajc [3-4]

▲ Dimensions – 14.5 x 14.5 x 22 mm3
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► High Frequency MAG Inductor  – Mystery Losses
■ Power Loss of HF Inductor Sign. Higher Then Anticipated
• Exp. Testing of 7 μH Prelim. Inductor Design 
• 50 x 0.3 mm Thick Stacked Plates

■ Up To A Factor 10 Higher Core Loss (!)
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* Measurement Results From Fraunhofer IZM
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► “Mystery Losses” in MAG Inductor

(A) Mech. Tolerance & Assembly Imperfections Causes Flux Crowding

(B) Residual Pressure Applied to Ferrite as a Consequence of Assembly / Construction

(C) Mech. Stress Induced During Abrasive Machining of Ferrite

 Ferrite Prop. Altered in Surface Layer
 Excess Loss in MAG Structure (Core Composed of Thin Plates)

► Main Focus of Today’s Talk: 
Quantification of Surface Loss in MnZn Ferrite

■ Exp. Results Obtained For FERROXCUBE’s 3F4 Ferrite (μi = 900, 1 -2 MHz, Bs = 350  mT)
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► Hypothesis - Increase In Magnetic Loss Caused By Machining Of Ferrite
■ Cutting of Thin Plates From Ferrite Rod W/ Diamond Saw
• Abrasive Machining Introduces Mech. Stress in Surface
• Ferrite Properties in Surface Altered  Increase of Loss Factor

▲ Dimension Of Specimen: 7 mm x 6.4 mm x 1 mm

Linear Feed 
Fixture

▲ Linear Precision Saw With Diamond Blade. 
Blade: Ø 125 x 0.60 x 12.7 mm, 
Settings: 5000 RPM, Manual Feed

Diamond Cutoff Blade
Lubricant Dispenser
(Cooling Liquid)

Machined 
Core
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► Hypothesis - Increase In Magnetic Loss Caused By Machining Of Ferrite
■ Cutting of Thin Plates From Ferrite Rod W/ Diamond Saw
• Abrasive Machining Introduces Mech. Stress in Surface
• Ferrite Properties in Surface Altered  Increase of Loss Factor

▲ SEM Image of Surface Condition of MnZn Ferrite (3F4)
After Machining

30 μm

▲ Dimension Of Specimen: 7 mm x 6.4 mm x 1 mm
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► Subsurface Condition Of Machined Ferrite (1)
■ Focused Ion Beam (FIB) Prep. of Ferrite Sample And Scanning Electron Microscopy (SEM)

■ Are These Cavities and Cracks 5 μm – 10 μm Below the Surface Causing All the Trouble?

5 μm5 μm

▲ FIB-SEM Images Revealing Subsurface Condition of Machined MnZn Ferrite (3F4)
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► Subsurface Condition Of Machined Ferrite (2)
■ Polishing of Plate Surface With Decreasing Grain Size
• 2400 SiC  4000 SiC  Colloidal Silica SiO2  & Polishing Cloth
• Approx. 500 μm Of Surface Removed  Bulk Material Exposed

■ Bulk Ferrite Also Exhibits Cavities Result of Imperfect Sintering Process
Note: This Is NOT Vendor But Technology/Process Specific Since Cavities in the Bulk Have Been Observed Ferrite Samples 
Provided by Various Vendors

▲ SEM Images of MnZn Ferrite (3F4) After 
Removing 500 μm Thick Layer at Surface

30 μm
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Brief Literature Overview 
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► Mech. Stress Alters Ferrite Properties – Literature Overview (1) 

1960 1980 19901970

[1] 1964 E. Stern & D. Temme
• BH-Loop of Garnet and NiZn Ferrite 

Altered by Compressive Stress
• Machining Changes BH Curve in Surface

[2] 1970 J. E. Knowles
• Grinding Distorts (μ,T) - Relationship of Ferrite
• Grinding Causes Grain Deformation and

Introd. Mech. Stress in Surface 
• High μ Materials More Sensitive
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► Mech. Stress Alters Ferrite Properties – Literature Overview (2)

1960 1980 19901970

[3] 1974 E.C. Snelling
• Measurement of μ, tan δ, Hc on Spec. 

Shaped Ferrite Specimens
• Compressive & Tensile Stress Directly

Applied To Specimen
• Same Findings As Knowles

[4] 1974 J. E. Knowles
• Compressive Stress Reduces μ

• Loss-Factor ୲ୟ୬ ఋ ఓ⁄ ൌ ఓᇲᇲ
ఓᇲ మൗ 		Increased

In Surface Layer
• Coercive Force Higher In Surface Layer



18/54

► Mech. Stress Alters Ferrite Properties – Literature Overview (3)

1960 1980 19901970

[6-7] 1987/1988 S. Chandrasekar Et Al.
• Comp. of Grinding and Lapping of Ferrites
• Lapping Causes Greater Residual Stress Than Grinding
• Etching Does Not Introduce Stress But Surface Too Rough

[5] 1984 E. Klokholm & H. L. Wolfe
• «Magnetically Dead» Surface Layer Thickness

Estim. by Magnetostrictive Resp.
• MnZn / NiZn Ferrite Exhibit 40 μm / 95 μm 

Thick Dead Layer
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► For Good Electrical Performance Ferrite Must Be Treated As Careful As 
RAW Eggs
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Surface Loss
Test Setup Electrical vs. Thermometric 

Measurement of Core Loss
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Electrical
Surface Loss 
Measurement
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► Electrical Measurement Of Surface Loss In A Nutshell
■ Survey of Core Loss Test Methods – Prof. Sullivan [9] / Bruce Carsten [10]
• Virginia Tech 2-Winding Resonant Method (Dr. Mingkai Mu) 
• In-Phase Meas. of Voltage And Current
• Qvar Compensation  Precise Power Instrumentation 

■ Quantifying Surface Loss By Means of Subtraction Measurements
• Electrical Loss Meas. of MAG Sample And Solid Ferrite 

▲ Stack Of 1mm Plates ▲ Solid Sample

௖ܲ௢௥௘ ൅ ௌܲ௨௥௙௔௖௘	 ௖ܲ௢௥௘

– =

ௌܲ௨௥௙௔௖௘	
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■ FEM Opt. Dimensions W/ Large Core Cross Section Comp. To Sample and Tapered Center Limb
 Min. Loss In Test Circuit

■ Inductance of Setup Lm = 50 .. 60 μH (Depends on Installed Sample)

▲ FEM Simulation of Flux Density Distribution 
in Test Circuit And Sample 

► Test Fixture / Magnetic Circuit 
■ Impress Hom. Sinusoidal Flux Density Of Desired Ampl. and Frequ. in Sample
■ E-Type Fixture For Swift Installation of Different Samples
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► Downside Of Electrical Surface Loss Test Method

■ Meas. of Total Power Loss In Setup  Loss in Sample + Test Circuit + Res. Capacitor

■ Back-Of-The-Envelope Calc. For (15 x 1mm Plate) MAG Sample and
“Mid-Range” Operating Point: 125 mT / 400 kHz 

Surface Loss of MAG Sample ≈ 1.90 W

Core Loss of MAG Sample      ≈ 1.25 W

Test Circuit Core Loss ≈ 3.75 W

Resonance Capacitor Loss ≈ 1.20 W

■ For High Accuracy and Precision A «Direct» Sample Loss Meas. Approach Is Desired

▲ Stack Of 1mm Plates

 W 8.10 ≈ ܜܗܜࡼ
 .૛૜	≈ ܜܗܜࡼ/	܍܋܉܎ܚܝܛࡼ ૝%

Prest

Psurface
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Thermometric 
Surface Loss 
Measurement
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► Thermometric Measurement / Temperature Rise Monitoring (1)
■ Power Dissipation in Ferrite Results in Temperature Change 
• Thermal Behavior Modelled W/ RC Circuit
• Cth ≈ 4 J/K , Max. Rth W/ Insulation & Air Gap Lattice

Polystrene

MAG 
Sample

Air Gap
Lattice

■ Temperature Rise (NOT Steady-State) Measurement
• ΔT = 1.5°C - 5°C Suffices  Change of Ferrite Prop. Negligible
• Meas. Time Only a Few Sec. Up To 150 Sec
• Temp. Rise Core Loss Method Published By V. Loyau Et Al. in 2009 [11-12], H. Shimoji Et Al. 

in 2011 [13]
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► Thermometric Measurement / Temperature Rise Monitoring (2)
■ Temp. Rise Monitoring W/ Infrared Camera (Microbolometer)
• Attachment of Sensor On Ferrite Sample Impractical
• Thermographic Meas. Allows to Verify Hom. Flux Density in Sample

• FLIR A655sc W/ Close-Up Lens 
• Differential Temp. Meas. Accuracy ± 0.2°C 

▲ Temp. Rise Monitoring of Ferrite Sample W/ Infrared Camera


