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• Core Loss Measurement TechniqueCore Loss Measurement Technique
• Developing a Core Loss Model

Fitti th M d l t th D t• Fitting the Model to the Data
• Effect of Temperature on Core Loss
• Effect of Duty Cycle on Core Loss
• Effect of DC Bias on Core LossEffect of DC Bias on Core Loss



Powder Core MaterialsPowder Core MaterialsPowder Core MaterialsPowder Core Materials



Core Loss Measurement TechniqueCore Loss Measurement Technique
Sample PreparationSample Preparation

• Toroidal Shape PreferableToroidal Shape Preferable
• Measurement of Physical Dimensions

C l l t M ti Di i• Calculate Magnetic Dimensions
• Selection of Winding

– Even Distribution, full core coverage
– Primary and Secondary 1:1, interleavedy y
– Select wire size and number of turns to 

achieve desired Flux Density based on drive 
capability



Measurement of Measurement of 
Ph i lPh i l

Calculation of Calculation of 
M tiM tiPhysical Physical 

Dimensions Dimensions 
Magnetic Magnetic 

DimensionsDimensions



Photo of Prepared SamplePhoto of Prepared Sample



Core Loss Measurement TechniqueCore Loss Measurement Technique
Test EquipmentTest Equipment

• Function GeneratorFunction Generator
• Power Amplifier

C t S• Current Sensor
• Volt-Amp-Watt meter (or Power Meter)
• Resonating Capacitor (Optional)
• Oscilloscope (Optional)Oscilloscope (Optional)



Photo of Test SetupPhoto of Test Setup



Core Loss Measurement TechniqueCore Loss Measurement Technique
Measuring Core LossMeasuring Core Loss

• Set frequency of Function GeneratorSet frequency of Function Generator
• Set amplitude of Signal
• Verify Undistorted Sinusoidal WaveformVerify Undistorted Sinusoidal Waveform
• Record 

– Current – Optional for transformer windingCurrent  Optional for transformer winding
– Voltage 
– Power Loss
– Frequency
– Other Parameters (Temperature, DC Bias…, etc.)



Measured DataMeasured Data



Measured Data PointsMeasured Data Points



Measured Data and Fitted Steinmetz Measured Data and Fitted Steinmetz 
CoefficientsCoefficients



Development of Core Loss ModelDevelopment of Core Loss Model

from Ferromagnetism by Richard M. from Ferromagnetism by Richard M. BozorthBozorth



Development of Development of CoreCore Loss ModelLoss Model
Representing the Hysteresis Loss CurveRepresenting the Hysteresis Loss Curvep g yp g y



Development of Core Loss ModelDevelopment of Core Loss Model
Combining Hysteresis and Eddy Current LossCombining Hysteresis and Eddy Current Lossg y yg y y



Measured Data and Fitted Steinmetz Measured Data and Fitted Steinmetz 
CoefficientsCoefficients



Measured Data and Fitted Measured Data and Fitted HysHys/Eddy /Eddy 
CoefficientsCoefficients



Measured Data and Fitted Steinmetz Measured Data and Fitted Steinmetz 
CoefficientsCoefficients



Measured Data and Fitted Measured Data and Fitted HysHys/Eddy /Eddy 
CoefficientsCoefficients



Steinmetz ModelSteinmetz Model
• Advantages

– Simple expression - Only 3 coefficients – Easily manipulated
– Can be very accurate over a limited range of Flux Density andCan be very accurate over a limited range of Flux Density and 

frequency
– Multiple sets of coefficients can be used to increase accuracy 

over wider range of Flux Density and Frequencyover wider range of Flux Density and Frequency
– Standard model used to describe Core loss of soft magnetic 

materials

Disadvantages• Disadvantages
– Can not be extrapolated with good accuracy
– Multiple sets of coefficients form non-continuous Core Loss 

equation – not “software friendly”
– Not based on a “physical” model – Difficult to apply coefficients 

for physical factors such as Size, Temperature, DC Bias, and 
Duty Cycle



HysHys/Eddy Model/Eddy Model
• Advantages

– One set of coefficients can be used for all Frequency and Flux 
Density rangesy g

– High Accuracy
– Extrapolation of data allows correlation with low signal testing

For any test point the relative contribution of Hysteresis and– For any test point, the relative contribution of Hysteresis and 
Eddy Current Losses is known.  This enables test points to be 
selected to isolate Core Loss coefficients
Separation of losses allows for intelligent modeling of other– Separation of losses allows for intelligent modeling of other 
variables on losses, such as Size, Temperature, DC Bias and 
Duty Cycle
Has been applied successfully to Iron Powder Sendust HF– Has been applied successfully to Iron Powder, Sendust, HF, 
MPP, FeSi, other Powder Core materials

• Disadvantages
– Equation is more complex - Four coefficients vs. Three
– Not widely used



Core Loss vs. Temperature in Powder CoresCore Loss vs. Temperature in Powder Cores
HypothesisHypothesisHypothesisHypothesis

• Eddy Current Loss
– Eddy Current Loss should decrease with increasing particle resistivity (linearly)
– Most metals increase resistance with increasing temperature
– Eddy Current loss should decrease with increasing temperature

• Hysteresis Loss
– Hysteresis Loss will decrease with a magnetic softening of the material
– Permeability will increase with a magnetic softening of the material
– Permeability vs. temperature graphs are widely available for Powder Core 

Materials
– For most Iron Powder Cores, Permeability increases linearly with increasing 

temperaturep
– For most Iron Powder Cores, Hysteresis Loss should decrease with increasing 

temperature
– For Other Powder Materials, Hysteresis Loss should inversely follow the 

Permeability vs Temperature relationshipPermeability vs. Temperature relationship



Permeability vs. TemperaturePermeability vs. Temperature
MixMix--26 Iron Powder Core26 Iron Powder CoreMixMix 26 Iron Powder Core26 Iron Powder Core



Permeability vs. TemperaturePermeability vs. Temperature
125 perm125 perm SendustSendust Powder CorePowder Core125 perm 125 perm SendustSendust Powder CorePowder Core



Core Loss vs. Temperature ProcedureCore Loss vs. Temperature Procedure

• Pick a measurement point where Eddy Current Loss 
dominates the Total Lossdominates the Total Loss

• Show the effect of temperature on the Eddy Current 
Loss. 

• Pick a measurement point where Hysteresis Loss 
dominates

• Show the effect of temperature on the Hysteresis Loss• Show the effect of temperature on the Hysteresis Loss
• Model the temperature effect for each
• Verify Model applies to entire Core Loss rangeVerify Model applies to entire Core Loss range



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Eddy Current LossEddy Current Loss –– Iron Powder CoreIron Powder CoreEddy Current Loss Eddy Current Loss Iron Powder CoreIron Powder Core



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Eddy Current LossEddy Current Loss –– Iron Powder CoreIron Powder CoreEddy Current Loss Eddy Current Loss Iron Powder CoreIron Powder Core



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Hysteresis LossHysteresis Loss –– Iron Powder CoreIron Powder CoreHysteresis Loss Hysteresis Loss Iron Powder CoreIron Powder Core



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Hysteresis LossHysteresis Loss –– Iron Powder CoreIron Powder CoreHysteresis Loss Hysteresis Loss Iron Powder CoreIron Powder Core



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Eddy Current LossEddy Current Loss –– SendustSendust CoreCoreEddy Current Loss Eddy Current Loss SendustSendust CoreCore



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Eddy Current LossEddy Current Loss –– SendustSendust CoreCoreEddy Current Loss Eddy Current Loss SendustSendust CoreCore



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Hysteresis LossHysteresis Loss –– SendustSendust CoreCoreHysteresis Loss Hysteresis Loss SendustSendust CoreCore



Core Loss vs. Temperature ResultsCore Loss vs. Temperature Results
Hysteresis LossHysteresis Loss –– SendustSendust CoreCoreHysteresis Loss Hysteresis Loss SendustSendust CoreCore



Core Loss vs. Core Loss vs. TemperatureTemperature
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• Adding coefficients th and te and the variable of T allowsAdding coefficients th and te and the variable of T allows 
the model to predict Core Loss vs. Flux Density, 
frequency, and temperature



Core Loss vs. Duty CycleCore Loss vs. Duty Cycle
HypothesisHypothesisHypothesisHypothesis
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• For a given swing in Flux Density, the domain walls will rotate/flip from one 

state to another, regardless of the time to make the transition.
• Since the work is the same, regardless of the speed of transition, the 

Hysteresis Loss should be independent of Duty Cycle.y p y y
• Eddy Current Loss

• Eddy Currents are generated in response to a changing flux.  The faster the 
change, the higher the current that is generated.

• For a given swing in Flux Density a change that is twice as fast will haveFor a given swing in Flux Density, a change that is twice as fast will have 
twice the generated Eddy Currents



Core Loss vs. Duty CycleCore Loss vs. Duty Cycley yy y
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• Duty Cycle term assumes that the losses of sinusoidal• Duty Cycle term assumes that the losses of sinusoidal 
measurements correlate well when D=0.5

• The relative contribution of increased losses due to duty 
cycle are dependent on the relative contribution of Eddy 
Current Losses

• Duty Cycle relationship needs to be verified by• Duty Cycle relationship needs to be verified by 
measurement



Core Loss vs. Duty CycleCore Loss vs. Duty Cycle
Edd C t M lti li D t C lEdd C t M lti li D t C lEddy Current Multiplier vs. Duty CycleEddy Current Multiplier vs. Duty Cycle
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Core Loss vs. DC BiasCore Loss vs. DC Bias
HypothesisHypothesisHypothesisHypothesis

• Eddy Current Loss
– Eddy Current Loss is dependent on changing Flux Density and Electrical 

Resistance of the magnetic material.
– DC Bias does not impact the Electrical Resistance of the magnetic material.
– Eddy Current Loss will be independent of DC Bias

• Hysteresis Loss
– Hysteresis Loss is dependent on the relative ease/difficulty of Domain Wall 

movementmovement
– As a material is Biased, the domains walls are shifted to a more stressed position
– Additional shifting of the domain walls will become more difficult as the biasing 

level increases
– Hysteresis Loss should increase significantly with DC Bias
– Hysteresis Loss coefficients a, b and c will likely be impacted differently by DC 

Bias



Core Loss vs. DC Bias ResultsCore Loss vs. DC Bias Results
Preliminary Test ResultsPreliminary Test ResultsPreliminary Test ResultsPreliminary Test Results



SummarySummary

• Core Loss technique discussed
– Sample preparationSample preparation
– Testing Procedure
– Recording of results

Fitti f M d l– Fitting of Models

• Applied different Core Loss models to the data
• Discussed the merits of different Core Loss modelsDiscussed the merits of different Core Loss models
• Discussed application of the Hys/Eddy Current Core 

Loss model to describe the effect the variables such as 
Temperature, Duty Cycle and  DC Bias had on Core 
Loss



Future WorkFuture Work

• Evaluate Alternate methods of Core Loss evalulation
– Resonant Decayy
– Square Wave Testing

• Verify Core Loss vs. Duty Cycle Relationship
F th i ti t C L DC Bi d l• Further investigate Core Loss vs. DC Bias – develop 
relationship

• Develop single Core Loss model that incorporates Flux p g p
Density, frequency, Temperature, Bias, Duty Cycle, 
Geometry




