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Abstract - New measurement methods to characterize 
transformer core loss and copper loss in high frequency 
switching mode power supplies are proposed.  Experimental 
results for a planar transformer used in a DC/DC converter 
are presented.  A time-domain finite element analysis transient 
solver is adopted to verify the measurement results.  In 
addition, a detailed error analysis on each of the error sources 
of the proposed measurement methods is provided. 
Key Words - core loss measurement, copper loss measurement, 
planar magnetics, loss characterization 

I. INTRODUCTION 
Measurement methods are widely used for transformer 

core loss and copper loss characterization due to the 
potential for higher accuracy in comparison to simple 
conventional analytical methods.  Unfortunately, no 
measurement methods are available that can measure the 
transformer core loss and copper loss under the actual 
operation conditions in switching mode power supplies 
(SMPS). 

The existing measurement methods determine 
transformer core loss under sinusoidal excitation using an 
impedance or network analyzer [1],[2]. However, the pulse 
width modulation (PWM) waveforms in SMPS are not 
sinusoidal, but are rectangular.  In addition, converters such 
as the flyback and asymmetrical half-bridge (AHB) contain 
a DC bias in the magnetizing current, but these methods 
cannot account for the DC bias.  Furthermore, due to the 
highly non-linear nature of the B-H property of ferrite 
materials, Fourier analysis can yield completely erroneous 
results.  Therefore, the impedance or network analyzer 
method cannot be applied to accurately determine the core 
loss in high frequency switching converters.  

In [3] and [4], two measurement setups were designed to 
experimentally determine transformer core loss.  In [3], sine 
waveforms were used to obtain the core loss curves for the 
ferrite materials.  In addition, no core loss results for 
switching converters are provided.  In [4], a method is 
proposed to measure transformer core loss for a SMPS 
using a waveform generator and a power amplifier.  
Unfortunately, using these techniques, the core loss cannot 
be determined if the transformer under test operates with a 
DC bias in the magnetizing current.  It is also noted that an 
error analysis of the proposed methods was not conducted 
and the corresponding measurement accuracy was not 
provided. Therefore, if these techniques are used, the user 
cannot interpret the accuracy of their results. To overcome 
the limitations of the existing methods, an improved method 

to determine transformer core loss in high frequency SMPS 
is proposed, which is suitable for core loss measurement 
under PWM excitation, with or without a DC bias. 

In [5], a method is proposed to calculate transformer 
copper loss by measuring winding AC resistance for each 
harmonic in the PWM current.  The method uses sinusoidal 
waveforms in the measurement and not the rectangular 
PWM waveforms under the transformer operating 
conditions.  The drawback to this technique is that it does 
not replicate the field pattern within the transformer. In 
addition, the measurements are time-consuming.  Another 
disadvantage of this method is that the results only provide 
information about winding self-resistance.  When both the 
primary and secondary windings have current flowing 
through them at the same time, the field interaction due to 
proximity effect induces a mutual resistance between them, 
which can significantly reduce the total transformer copper 
loss.  Therefore, an “in-component” measurement scheme 
for transformer AC winding resistance is proposed. The 
method uses the PWM current waveforms, so, the mutual 
resistance between windings is inherently included, which 
yields increased accuracy. 

In section II, the core loss measurement method is 
proposed. In section III, the proposed copper loss 
measurement method is presented. The experimental 
verification is provided in section IV. In section V, a 
detailed error analysis is presented for each method.  The 
conclusions are presented in section VI.  

II. PROPOSED CORE LOSS MEASUREMENT METHOD 
The proposed transformer core loss measurement test 

setup is shown in Figure 1.  With the secondary side open-
circuit, the averaged core loss PCore over one switching 
period T can be determined from the primary voltage vpri(t) 
and the magnetizing current iM(t) using (1). 

∫ ⋅=
T

dttitv
T

P MpriCore 0
)()(1

 (1)

Due to the leakage inductance and resistance associated 
with the primary winding, the winding voltage cannot be 
measured directly. However, the secondary side voltage 
vsec(t) can be measured and reflected back to the primary 
side using the turns ratio. Since the secondary winding is 
open circuit, the only primary terminal current is the 
magnetizing current, which is sensed using a resistor RSense.  
By measuring the secondary voltage and the voltage across 
a sensing resistor, we can obtain the averaged core loss over 
one switching period T using (2). 
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Figure 1 Proposed core loss measurement test setup 

Using a digital oscilloscope with channel math 
capabilities, (2) can be evaluated directly using the 
oscilloscope. In (2), NP and Ns are the primary and 
secondary winding turns; v1i and v2i are the ith sample of the 
measured voltage values of the secondary side and current 
sensing resistor; N is the number of the samples in one 
switching period. 
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The practical implementation issues of the measurement 
setup are explained as follows: 
1) Power Source 

A PWM waveform generator (function generator) and 
an RF power amplifier (3MHz bandwidth) are used to 
provide the PWM voltage source to the transformer. 
2) Current Sensing Device 

A low-inductive metal film resistor is used to measure 
the magnetizing current.  In order to minimize the distortion 
on the waveform and at the same time to reduce the phase-
shift error, ten 10Ω±1% metal film resistors were connected 
in parallel. The impedance characteristic of the resistor 
combination is flat up to 5MHz. 
3) DC Bias Current 

An optional auxiliary winding can be introduced to 
provide the equivalent DC magnetomotive force to the core 
for transformers that operate with a DC bias component in 
the magnetizing current.  A 2mH inductor was connected in 
the auxiliary circuit to reduce the high frequency AC ripple.  
In addition, two auxiliary windings with the same number of 
turns were connected with opposite polarities to eliminate 
the AC voltage from the primary winding.  The second 
auxiliary winding is connected into the same transformer as 
the one under test. 

In order to ensure the measurement of the transformer 
core loss is accurate and to eliminate error from a variety of 
sources, three key steps are proposed in the following sub-
sections. 

A. Calibration of the Winding Turns Ratio  
The proposed core loss measurement method has two-

ports.  Due to the non-ideal magnetic coupling, parasitic air 
flux and the winding terminations, the primary and 
secondary winding terminal voltage ratio can vary slightly 

from the designed turns ratio.  In order to minimize this 
error, the winding turns ratio should be calibrated.  For the 
turns ratio calibration, a sinusoidal wave can be used to 
simplify the process.  The turns ratio result can be applied to 
the rectangular PWM waveforms under test.  The terminal 
voltages (peak or peak-to-peak value) of the primary and 
secondary windings are measured and the actual turns ratio 
is calculated using (3), which is then used in (2). The 
calibration should be conducted over a range of frequencies. 

SeciRatioTurns VVN /Pr=−  (3)

B. Current Sensing Resistance Calibration  
Some error will be introduced into the core loss 

measurement due to the tolerance and the associated 
inductance of the current sense resistor.  A good approach is 
to calibrate the resistor’s frequency response using the 
impedance analyzer to ensure its frequency response 
remains flat for several harmonics of the switching 
frequency. 

C. Averaging Data 
Averaging should be adopted for the data processing.  

The core loss for each operating condition should be tested 
ten times and then the values should be averaged. 

III. PROPOSED COPPER LOSS MEASUREMENT METHOD 
The objective of transformer copper loss measurement is 

to obtain an equivalent AC resistance for each winding 
under the actual operating conditions.  To proceed, it is 
important to clarify the following two concepts: 

1) We need to define the current wave shape used in the 
measurement under the SMPS operating conditions. By 
analyzing the SMPS circuits, the currents flowing through 
the windings can usually be well approximated as a 
rectangular wave shape (unipolar or bipolar) of the 
corresponding duty ratio by neglecting the small ripple [6]. 
Therefore, a rectangular PWM current can be used in 
measuring the transformer copper loss.  In this paper, a 
bipolar rectangular PWM waveform is used.  

2) A transformer is a multi-winding structure, so, the 
field interaction between the primary and secondary 
windings induces a mutual resistance.  Fortunately, we don’t 
need to obtain the mutual resistance information.  What we 
need is an equivalent AC resistance of each winding under 
the operating condition, which includes the mutual 
resistance information.                                   

The proposed transformer winding AC resistance 
measurement scheme is shown in Figure 2.  By applying the 
rectangular PWM voltage in the primary side from the 
waveform generator and power amplifier, the corresponding 
magnetic field is established within the transformer and a 
PWM voltage is induced in the secondary side.  If a resistive 
load is connected on the secondary side, a rectangular 
current will flow through the load resistor and the secondary 
winding equivalent AC resistance. The secondary side 
current iSec can be obtained by measuring the voltage across 
the load resistor.  An auxiliary winding is added to measure 
the secondary winding terminal voltage. This winding can 
be easily added externally around the core since it does not 
carry any current.  The two voltages are then measured 

2004 35th Annual IEEE Power Electronics Specialists Conference Aachen, Germany, 2004

1696



using a digital oscilloscope.  Then the averaged power of 
the secondary winding PSec and the power of the load 
resistor PLoad can be calculated over one switching period.  
Therefore, the secondary winding equivalent AC resistance 
can then be calculated using (4), where  NSec and NAux are the 
the secondary and auxiliary winding turns; v1i and v2i are the 
ith  sample of the voltage values; and N is the number of the 
samples in one switching period. 
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Figure 2  Proposed copper loss measurement test setup 
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By defining the corresponding functions in the digital 
oscilloscope, the power of the measured winding and the 
RMS current value over one switching period can be 
obtained easily and used in the winding resistance 
calculation.  In order to measure the primary winding AC 
resistance, the secondary winding should be excited. 

In order to ensure the measurement of the transformer 
copper loss is accurate and to eliminate error from a variety 
of sources, three key steps are proposed in the following 
sub-sections. 

A. Calibration of the Winding Turns Ratio 
In the proposed transformer winding AC resistance 

measurement method, a third winding is used to obtain the 
terminal voltage of the measured winding. The actual 
winding turns ratio between the measured winding and the 
third winding should be calibrated in order to achieve 
accurate results.  This can be achieved using the procedure 
outlined in section II. 

A. Load Resistance Calibration  
Since a resistor is used as the load in measuring the 

winding AC resistance, the resistor’s tolerance and 
frequency response can have a significant impact on 
measurement results.  In order to minimize any error 
introduced by the resistor, the resistor’s frequency response 
should be measured using an impedance analyzer to obtain 
an accurate resistance value and phase response. 

B. Averaging Data 
As in the core loss calculation, the copper loss data in 

the winding AC resistance measurement should be averaged 
in order to minimize any random error in the measurements. 

IV. MEASUREMENT RESULTS AND VERIFICATION 
A high frequency planar transformer was tested to verify 

the proposed core loss and copper loss methods.  In order to 
verify the loss measurement results, a time-domain Finite 
Element Analysis solver from ANSOFT was used.  

A multi-winding planar transformer was used in an AHB 
DC/DC converter with unbalanced secondary windings [7].  
The converter diagram is shown in Figure 3. The 
specifications of the converter and the transformer 
parameters are: 

Input: 35-75V, nominal at 48V, output: 5V/25W 
Switching frequency: 400kHz 
Main winding turns: Np: Ns1: Ns2 = 6:1:3 
Core: E18/4/10 planar cores (EE combination) 
Winding: 1oz (35µm) copper on a 10-layer PCB 
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Figure 3 AHB converter diagram 

Due to the complementary duty cycle operation and 
unbalanced secondary windings, the converter operates with 
a DC bias (IM-DC) in the magnetizing current. It can be 
calculated using (5). 

p

s
o

p

s
oDCM N

NDI
N
NIDI 12)1( −−=−

 
(5)

In the transformer design, an air gap of 67µm was added 
to the core central leg to avoid saturation.  The proposed 
optional circuit to create the DC bias current for the test 
setup was used in the core loss measurement.  

A. Core Loss Measurement Results 
The following three operating conditions of the AHB 

transformer were tested using the proposed method.  
1) Vin=35-75V range @ no load  
2) Vin=35-75V range @ 5A load   
3) Vin=48V @ 0-5A load range 
The measurement results and FEA simulation results are 

provided in Figure 4.  In order to illustrate the effect of the 
DC bias current on the ferrite core loss, Figure 4(a) shows 
the core loss measurement and simulation results under 
operating conditions 1) and 2). Figure 4(b) provides the 
results for operating condition 3).  The core losses under the 
equivalent 400kHz sine waveform and bipolar square 
waveform (D=50%) with no DC bias current condition were 
also tested for comparison purposes. 

Some typical core loss measurement waveforms under 
operating condition 1) are shown in Figure 5. The digital 
oscilloscope math functions implement (2). The results are 
indicated on the right side of the figure. 
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(b) 

Figure 4 AHB transformer core loss results 

It is clear from the test results that the core loss under 
PWM waveform excitation increases as the duty ratio 
decreases and that the addition of a DC bias current 
increases core loss. 

Using the FEA simulation result as the reference, the 
difference between the measurement and the FEA 
simulation is within ±5% for all the measurement 
conditions. 

 
(a) 

 
(b) 

 
(c) 

Figure 5 AHB core loss measurement waveforms: (a) Vin=35V, (b) 
Vin=48V, (c) Vin=75V 

A. Winding AC Resistance Measurement Results 
The AC resistance of the AHB transformer power 

windings were measured and 3D FEA simulations were 
conducted to compare the results.  The measurement and 
FEA simulation results are illustrated in Figure 6.  The DC 
resistances are also provided as a reference. 

Using the simulation results as reference, the difference 
between the measurement and FEA simulation results are 
within ±10% for the three AHB transformer powertrain 
windings.  The measurement waveforms are shown for the 
secondary-I winding in Figure 7. 

We can observe from the test results that the winding 
equivalent AC resistance under PWM waveform excitation 
is larger than that under sinusoidal excitation.  In addition, 
the resistance increases as the duty ratio decreases.   
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Figure 6 AHB transformer winding AC resistance; (a) primary winding, 
and (b) secondary windings   

     
(a) 

 
(b) 

 
(c) 

Figure 7 AHB transformer secondary-I winding AC resistance 
measurement waveforms; (a) sinusoidal, (b) D=50%, and (c) 
D=20% 

V. ERROR ANALYSIS 
In order to ensure that the core loss and winding AC 

resistance measurements are accurate and valid, it is 
necessary to analyze the various error sources in the 
measurements to obtain the loss measurement accuracy.  

A. Error Analysis for Core Loss Measurement 
Using (2), the core loss is determined using the winding 

voltage and magnetizing current.  Therefore, the error 
analysis of the proposed core loss measurement method is 
based on (2).  The various error sources and their effect on 
the core loss measurement accuracy are analyzed as follows.  
1) Voltage Measurement Error 

The Tektronix TDS5054 digital oscilloscope was used 
for the tests.  It has an 8-bit ADC.  The averaging 
acquisition mode was used in the measurement, so, the 
effective sampling resolution can be as high as 11-bit.  Both 
the digitizing and the linearity errors in the measurement are 
±1/2LSB at full scale.  Combining these factors, we can 
assume that the voltage measurement error is ±1LSB at full 
scale. 

For the measurements, the location of the peak value of 
the voltage waveform measured on the oscilloscope 
determines the voltage measurement error. In the 
measurement, the peak value is always kept above 10% of 
the full scale (for the worst case).  For the vertical scale, the 
voltage measurement error of the oscilloscope is less than 
0.489%.  Therefore, from (2), the relative error of the worst 
case core loss due to the voltage measurement is given by 
(6), which is less than 1% for the given test setup. 
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2) Turns Ratio Error 
As explained in section II, calibration of the turns ratio 

between the primary and secondary windings helps to 
minimize error.  In the turns ratio calibration procedure, (3) 
is used for the calculation.  The peak voltage is kept close to 
the full scale of the oscilloscope, so, the digitizing error in 
the voltage measurement for the turns ratio calibration can 
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be considered as ±1LSB of the ADC, which is 2-11.  
Therefore, based on (3), the worst case relative error for the 
turns ratio calibration is less than 0.1%. 

In this paper, the digitizing error is neglected, so, we can 
assume that no error is introduced into the calibration 
procedure of the turns ratio.  Using this calibration method, 
the turns ratio between the primary and secondary-II 
winding in the AHB transformer is 2.04 from 400kHz to 
2MHz.  Without this turns ratio calibration, a relative error 
of 2% will be introduced into the core loss measurement 
results. 
3) Tolerance of the Current Sensing Resistor 

The metal film resistor used in the core loss 
measurement has a tolerance of ±1%.  Therefore, a 1% 
relative error is introduced due to the current sensing 
resistor. 
4) Time Delay Error 

Another important error source is time delay error due to 
the inductance of the current sensing resistor.  For SMPS 
transformers, ideally, the voltage and current waveforms are 
in the wave shapes as shown in Figure 8 by the solid lines. 
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Figure 8 Ideal and typical transformer voltage and magnetizing current  

The time delay between the voltage and the magnetizing 
current can be defined as δ.  Then, from (1), (7) can be 
derived.  In (7), V is the amplitude of the positive part of 
voltage waveform; IM is the amplitude of the magnetizing 
current; D is the duty ratio of the PWM waveform; T is the 
switching period of the circuit; and δ is the time delay 
between the voltage and the magnetizing current. 
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Since the magnetizing current is sensed by a resistor, (7) 
can be written as (8). 
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If some error, ∆δ is introduced into the time delay, δ the 
magnetizing current waveform will be shifted with respect 
to the actual waveform as illustrated by the dashed line in 
Figure 8.  Then the incremental core loss due to this error 
can be calculated using (9). 

δ
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Core
P

P
 (9)

Using (8) and (9), the relative error of the core loss 
power due to ∆δ  is given by (10). 
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When δ <<DT and D<<D2T, (10) can be approximated 
by (11). 

δ
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≈
∆

Core

Core

P
P  (11)

It is clear that the relative error is very sensitive to small 
values of δ.  In this case, if large time delay error is 
introduced, the relative error will become large.  Therefore, 
care should be taken to minimize time delay error.  

Sources of time delay error can be: poor frequency 
response of the current-sensing device; and trigger jitter and 
delays for different channels introduced by the oscilloscope.  
For the digital oscilloscope used, the trigger jitter is typical 
at 8 ps, so, it can be ignored. The probes used for the 
voltage measurement are originally from the same 
oscilloscope and are matched to each other, so, the phase 
delay between channels of the oscilloscope can be 
neglected. The inductance associated with the current 
sensing resistor is the important source of the phase delay 
error. Therefore, in experiments, care should be taken to 
reduce these error sources and small inductance metal film 
resistor is used.  

Using an impedance analyzer, phase shift less than 0.01° 
is observed for the current sensing resistor at 400kHz. It is 
less than 0.02° at 800kHz and 0.05° at 2MHz. Using the 
phase shift at 400kHz and transferring it to delay time for 
400kHz, the time error can be calculated as given by (12). 

ps5.69µs5.2
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o

o
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The relative error depends on the time delay and the 
error introduced due to the time delay, so the value changes 
for different operating conditions.  For example, the time 
delay between the voltage and magnetizing current can be 
calculated as δ=59ns using (8) for the AHB transformer 
operating at 48V input. With a time delay error of 
∆δ=69.5ps introduced by the current sensing resistor, we 
can obtain the relative core loss error as less than 0.12% 
using (10).  This calculation procedure can be applied for 
other operating conditions and a relative error of less than 
0.2% is obtained for all the operating conditions. 

B. Error Analysis for Copper Loss Measurement 
The main error sources in the winding resistance 

measurement are: (1) voltage measurement error, (2) turns 
ratio error, (3) tolerance of the load resistor, (4) time delay 
introduce into the load current measurement.  

By manipulating (4), (13) can be derived.  
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The effect of each error source on the winding AC 
resistance measurement is analyzed as follows. 
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1) Voltage Measurement Error 
The TDS5054 uses one ADC for all four channels.  

Therefore, the digitizing errors of the voltage measurement 
for each channel can be considered equal.  Furthermore, the 
digitizing error will cancel out in the numerator and 
denominator in the first item in (13), so we can assume that 
the digitizing error can be neglected. 
2) Turns Ratio Error 

An auxiliary winding is used to obtain the winding 
voltage.  Since a calibration of the turns ratio is carried out 
to obtain the actual turns ratio, this error can be ignored. 
3) Tolerance of the Load Resistor 

The load resistor used in the measurement has a 
tolerance of ±1%, so a relative error of 1% is introduced 
into the winding AC resistance measurement. 
4) Time Delay Error 

In the load current measurement, a pure resistor value is 
assumed as the load.  However, the inductance of the 
resistor and the inductance induced in the measurement 
circuit will introduce some time shift error for the current.  

For a SMPS with a rectangular PWM voltage and 
current waveform as shown in Figure 9 (the leakage 
inductance can be neglected because it is very small), the 
winding AC resistance can be calculated using (14), where, 
V1 is the positive amplitude of the auxiliary winding 
voltage; V2 is the positive amplitude of the load resistor 
voltage; and NTurn-Ratio is the actual turns ratio between the 
auxiliary and the measured windings after calibration. 
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Figure 9 Typical and ideal PWM voltage and current waveform in 

measuring winding AC resistance 

Due to the parasitic inductance, some time delay will be 
introduced into the load current measurement as shown in 
Figure 10.  With this time delay, the winding AC resistance 
is given by (15). 
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Then, the relative error due to the time delay can be 
calculated using (16). 
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If the load resistor is much larger than the winding AC 
resistance, then the ratio of V2/V1 in (16) will be very close 
to one.  In this case, the relative error will be very sensitive 

to the time delay and care should be taken to minimize the 
parasitic inductance in the measurement. 
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tTDT

V1

-V1D/(1-D)
-V2D/(1-D)

V2

δ∆  
Figure 10 Time delay introduced into the load current measurement 

VI. CONCLUSIONS 
New measurement schemes to characterize transformer 

core loss and copper loss for SMPS were proposed.  
Measurement results were presented for a planar 
transformer operating in a DC/DC power converter. FEA 
simulation using a time-domain solver was used to verify 
the measurement results.  In addition, a detailed error 
analysis has been provided for the proposed core loss and 
copper loss measurement methods.  The results show that 
the proposed methods can provide accurate measurement of 
transformer core loss and copper loss for high frequency 
SMPS. 

Using the error analysis results, the relative error was 
calculated to be less than 5% for all the measurement 
conditions for the AHB transformer core loss; For the 
winding AC resistance, the measurement accuracy is: <2% 
for the primary winding, <5% for the secondary-I winding 
and <4% for the secondary-II winding. 
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