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Accurate Magnetic Core Losses Measurement Under Arbitrary
Excitation Waveforms

Stefano Cabizza

Abstract—Precise core loss measurements are essential for mag-
netic design and the development of efficient and high-power den-
sity converters. This letter introduces a novel approach, leveraging
the fast Fourier transform, to couple with the already demonstrated
partial cancellation concept adopted for transformer core loss mea-
surements. The proposed method perfectly eliminates the reactive
voltage of the transformer under test contrary to the widely used
two-winding method, yielding accurate core loss measurements
regardless of the type of excitation waveform and design of the ref-
erence air core transformer. Experimental validation is performed
by testing material N97 under both sinusoidal and rectangular
excitations in the frequency range from 100 to 500 kHz.

Index Terms—Arbitrary excitation, core losses measurement,
fast Fourier transform (FFT)-based algorithm, transformer core
losses.

I. INTRODUCTION

ORE losses measurement is a crucial task in power
C electronics applications, impacting magnetic and thermal
design while facilitating the exploration of emerging high-
frequency materials. In addition, due to factors, such as excita-
tion frequency, type of waveform, amplitude, and temperature,
accurately estimating core losses is challenging, making tests
the only reliable solution to get accurate results.

The two-winding (TW) method is widely used to measure
transformer core losses by integrating the product of the sensed
output voltage and primary-side current waveforms. However,
as demonstrated in [1], it is sensitive to phase discrepancy
(e.g., parasitics of the current sensing resistor, probe mismatch,
transformer parasitics, oscilloscope time resolution limit) due to
aphase angle difference between voltage and current waveforms
close to 90° thus leading to possible nonnegligible core loss
measurement errors. To reduce the sensitivity to phase discrep-
ancy, the inductive cancellation method was proposed in [2]
and [3] for arbitrary excitations, where a reference air core
transformer (ACT) is added in series with the excitation winding
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of the device under test (DUT) to cancel the reactive voltage
of the latter, allowing to acquire accurate measurement results.
However, the magnetizing inductance value of the ACT is of
pivotal importance and a little mismatch from perfect reactive
voltage cancellation causes significant measurement errors thus
requiring a fine-tuning for each testing condition. To address
this issue, the authors in [4] and [5] have shown an improvement
of the cancellation concept allowing a less strict compensation
requirement. Such a method, named partial cancellation concept,
introduces a cancellation factor (CF) k to remove the reactive
voltage of the DUT regardless of the magnetizing inductance
value of the ACT. The focus of this letter—which applies the
method described in [4] and [5]—is to calculate transformer
core losses under sinusoidal and rectangular excitations while
showing a different approach to calculate k. The proposed
method, which makes use of a fast Fourier transform (FFT)-
based algorithm, is applicable for any excitation waveform and
testing condition, allowing to calculate transformer core losses
by perfectly canceling the DUT reactive voltage. In addition,
the new method achieves the same results obtained with the
analytical expressions shown in [4] and [5] to derive k, while
having no design constraints for the ACT thus providing a timely
contribution to core losses measurement.

The rest of this letter is organized as follows. The measure-
ment setup is described in Section II along with the expression
used to calculate transformer core losses. In Section III, the
FFT-based algorithm is presented, while Section IV provides
the experimental results by comparing the proposed approach
with [4]. Finally, Section V concludes this letter.

II. CORE LOSSES MEASUREMENT SETUP

The equivalent circuit of the core losses measurement method
applying the partial cancellation concept—originally proposed
in [4] and [5]—is shown in Fig. 1. As can be seen, three elements
are used for this purpose: 1) a transformer under test (called
DUT), 2) areference ACT, and 3) a sensing resistor R, used to
sense the primary-side current 7. This configuration excludes
the DUT winding losses from the measured core losses and can
be used for arbitrary wave excitation.

When DUT and ACT are symmetrical (n £ n; /n2 = 1) and
the impact of their parasitics is negligible (no current is ideally
flowing through the secondary windings) as well as that of
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Fig. 1.
material N97) and the reference ACT (parameters’ value is given at 100 kHz).

sensing resistor, the real DUT core losses—modeled by resistor
R.,-e—can be calculated as follows:

foo "
Rsh 0

TW method

Vo dit ~Z }{:h

Pcore =

Ts
/ opvandt, (1)
0

where vy and vy are the transformers’ output voltage, vy,
is the voltage across the current sensing resistor, fs = 1/Tj
is the excitation frequency, and k is the CF representing
the percentage of canceled reactive voltage to the total reac-
tive voltage. The idea to introduce an ACT in the measure-
ment circuit, as shown in Fig. 1, is to eliminate the reac-
tive voltage of the DUT while overcoming the drawback of
the classical TW method, which can lead to nonnegligible
core loss measurement errors due to its sensitivity to phase
discrepancy.

III. DIFFERENT METHODS TO FIND THE CF VALUE k

A. TDypical Methods

According to the type of excitation waveform, the authors
in [4] and [5] derived two analytical expressions to calculate the
value of k, used in (1), for transformer core losses measurement.

Equivalent circuit of the core losses measurement method proposed in [4] and [5], along with the photos of the transformer under test (TDK PQ35,

Such expressions are given below:

T, T,
Jo vy, dt — [5° vpvsy dt

Ts / Ts ’
Jo S wavly, dt — [ vavg, di

pp
Vi

Re L
VQ””

k£ )

Sinusoidal excitation Rectangular excitation

where v, is the measured voltage through the current sensing
resistor after a phase perturbation Ay, of the original signal (e.g.,
using the de-skew function of the oscilloscope). Alternatively,
the phase shift can be applied by postprocessing v, to perform
the effective de-skew function while reducing the acquisition
error. Such a perturbation, expressed in degrees, is reported

below:

where At is a multiple of the oscilloscope sampling period.
Regarding the rectangular excitation, V¥ and V3" are the
peak-to-peak values of vy, and wve, as shown in Fig. 1. In this
case, if the output voltage waveforms are affected by noise or
nonnegligible resistive voltage drop originated in the primary
mesh reported in Fig. 1, k is obtained by considering V/” and
VI? at half Tyy (or Toge) to account for their real amplitude.

180°

NG, = Ly — Logs = 2 fu AL ( 3

B. Proposed FFT-Based Method

Despite the accuracy of the two expressions shown in (2),
this letter proposes an alternative approach to calculate k& with
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Algorithm 1: Transformer Core Losses Calculation.

Input: time, vsp, v2, vL, N2, Ac, fs, Rsn

OUtPUt: CF()]))" Pcore, Rcore, Bpk

. Fy + 1/(time[2] — time[1])

: L, <+ length(time)
¢ Xagis = Fs/La - (02 (La/2))
: i « find the index where |fs —

> Sampling frequency

X5his| is minimum

: Gremp  90° > Phase difference between the fundamentals of
vsh, and voy: (non-optimal condition to calculate Peore)
7: FFTSIGNAL(vsp)

8: @y "M < calculate the phase angle of Y;"***[4] - %

9:

10: for CF «+ CF,,;, to CF,, do

11: Vout < V2 — VUL

12: FFTSIGNAL(vout) .
13: G calculate the phase angle of Y;"**:[i] - %

eFUNDAMFNTAI

14 (b <_ HFU\IDAMFY\TAI
N ut
15 if |¢| < |¢>temp| then

16: ¢temp — ¢
17: CF,, < CF
18: end if

19: end for

20:

21: Biemp ¢ compute the cumulative integral of %’X{M’FL&

via trapezoidal method

22: Bpj < find the maximum value of Biemp — MEAN{ Biemp }
23: Prore %(MEAN{UQU#,} CF -MEAN{vLUs1 })

24: Reore — (RMS{v2})?/Peore

25:

26: function FFTSIGNAL(X)

27: Y, < Compute the Fourier transform of the signal z(t)
28: Py« |Y, /L,

29: Py <—P2(1LL/2+1)

30: Pi(2:end—1) < 2-Pi(2:end — 1)

31: YN = Vo (1: Ly /2+ 1)
32: end function

a simple algorithm applicable to any excitation waveform.
Moreover, the proposed approach allows to build the reference
ACT without design constraints, so n*¢" = 1 is not required.
The new FFT-based approach, which makes use of the pseu-
docode listed in Algorithm 1, is explained in Fig. 2 through a
flowchart. The core idea is to align the two voltages integrated
in (1), vs, and vy = Vo — %’UL, by looking at the phase of
their fundamental frequencies. When their phase difference is
zeroed, the optimum CF (CF,,) is found [k = CF,, in (1)]
allowing to remove the reactive voltage of the DUT and automat-
ically calculate P,,,, in any operating condition. As reported in
Algorithm 1, once the three sensed voltages with their time
scale are given as four input arrays (vsp, v2, vr, time), and
the DUT specifications are provided along with the excitation
frequency fs, the sampling frequency Fj is derived and the
FFT algorithm is developed through the function FFTSIGNAL(X).
Next, the function is invoked to find the phase value g7 \P*MEVAL
of the signal vy, at f,. Lastly, with a FOR cycle, the previously
mentioned function starts being continuously invoked for v,
by varying the value of CF within a wide range [CF,,;, = CF,0,]
until the right phase value 6; """V at f_ is found such that
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Fig. 2. Flowchart explaining the pseudocode listed in Algorithm 1.

¢ = OpUNPAMENTAL Qﬁiffj’DAMENTAL ~ 0. As a result, the DUT reac-
tive voltage cancellation is perfectly achieved and Algorithm 1
provides the value of CF,;, Peores Reore, and the peak flux density
B, obtained from the integration of v2. Assuming to have an
ideal sinusoidal/rectangular DUT output voltage without dc bias,

the value of By, can also be calculated as follows:

1V,
2 n2Ae7Tfs’

Sinusoidal excitation

1 DVp,
2 nQAefs '

Rectangular excitation

pk — pk — (4)

where V5, and V3, are the high values of the DUT output
voltage vy, no is the number of secondary turns, A. is the
effective area of the testing core, and D is the duty cycle of
the rectangular waveform. Algorithm 1 can also be seen as a
tool to obtain the optimum ACT magnetizing inductance value
Lovt £, / CF,p;, which zeroes the DUT reactive voltage. The
value of CF,,,—which serves to properly adjust the ACT output
voltage vy, bringing vy, and v, perfectly in phase at f;—varies
depending on the ACT design and DUT operating point. In
fact, looking at Fig. 1, assuming to have 1) negligible parasitic
capacitances, 2) Lgy, = Lyo = Lyg = 0, Ry2 = Ryps = 0, and
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TABLE I
DUT SPECIFICATIONS AND MAIN PARAMETERS VALUE
AT DIFFERENT TESTING FREQUENCIES

DUT @100kHz @500kHz
Core PQ35/35 nPur 0.998 0.998 —
(material N97) Ruw1 7.03 18.61 mS2
Ac* 161 mm? Rus 9.48 11.69 m¢
Ve 13650 mm? Lo 226.1 223.1 nH
le 79.7 mm Lo 227.1 224.0 nH
fs [100 = 500]kHz | Ly, 13.27 13.58 uH

* Measured value, looking at the central leg of the sample under test, using the following
expression: A, = 3 diameter?.

3) a reference ACT with turns ratio equal to n*¢7, the perfect

DUT reactive voltage cancellation at f, is achieved with the
following ACT magnetizing inductance value:

R? L
Lopt — HACT | Lm . core A r 5
" R?ure + (WLm)2 CFopr7 ( )
which means that the expression of CF,, is
L. 1 27 fs L \ 2
CFopr = nACT Z {1 + ( Reore > } ) (6)

proving its dependence on the ACT design and DUT operating
point. The experimental characterization of ACT and DUT
makes CF,,; possible to be estimated, especially when R, >
wL,,. Even if (6) can be approached using (2), Algorithm 1 is
able to find CF,,; without characterizing the transformers.

In this letter, a reference ACT with nA¢” = 1 is used (proto-
type shown in Fig. 1) for a comparison with [4] and [5]. The
strength of the proposed method is the easy implementation
through a simple script, which ensures automatic calculation
of CF,,, and P,,,, with a perfect reactive voltage cancellation of
the DUT regardless of the excitation waveform and the reference
ACT design, thus generalizing (2). Note that, even if Algorithm 1
does not depend on the ACT design, the latter plays an important
role in other core losses measurement aspects. In fact, building
an ACT with a too large L, leads to have a higher number of
turns (n; o +/L,), which corresponds to 1) larger ACT parasitic
capacitances, impacting both quality and dynamics of the sensed
voltages, and 2) higher R,,3 and R,4, resulting in a higher
voltage drop across them.

IV. EXPERIMENTAL RESULTS

To verify the proposed method, the core losses of a N97
PQ35 ferrite core from TDK are first measured under sinusoidal
and rectangular excitations at f; = 100 kHz and T, ~ 25 °C.
Experimental measurements are taken with B, ranging from 25
to 200 mT. The specifications of the DUT and reference ACT are
reported in Fig. 1 and Table I, while the current sensing resistor

has anominal value of R} = 155.3 m{2 obtained by paralleling
coeff.

multiple resistors (tol. = 1%, temperanpe = 100 ppm/°C) to
minimize the parasitic inductance Ly, . The excitation voltage v;,
is supplied by an inverter driven by a function generator (LeCroy
WaveStation 2022). The output voltages v2 and vy, are sensed
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Fig. 3. Transformer core losses (Peore) versus CF under sinusoidal excitation

without dc bias @ fs = 100 kHz, B}, ~ 106 mT, and T¢, = 25°C. Signals
integrated in (1) at optimal/nonoptimal conditions are reported on the right-hand
side, while k versus Aga;. is shown at the bottom.

through two passive probes! of a Keysight 4154A oscilloscope
having an 8-bit resolution for the analog-to-digital conversion
(ADC), while vy, is sensed through a BNC cable to avoid the
voltage conversion of the passive probe. Moreover, to reduce
the possible voltage amplitude error when measuring vy, the
choice of using a BNC cable is coupled with the maximization
of the ADC resolution usage by making the sensed waveforms
cover more than 75% of the vertical window (ten divisions). The
average value of a large sampling number is taken to reduce
the random error of the measurement and the experimental
data—consisting of 2000 points acquired over five switching
periods—are then saved and imported into MATLAB for the
postprocessing.

Fig. 3 shows the experimental results obtained under sinu-
soidal excitation without dc bias for a given operating point
(i.e., fo = 100 kHz, Byy ~ 106 mT, T}, = 25°C). A first plot
P.,.. versus CF, derived with (1), shows the core loss results
when Algorithm 1 is applied (P.o = 1.89W @ CF,,,) or not
(optimal condition not achieved, e.g., CF = 1), highlighting the

IN2894A passive probes with bandwidth of 700 MHz, Ryrope = 10 MQ
input resistance, C o5, = 9.5 pF input capacitance, and low inductance ground
connection keep probe loading low enough to achieve high signal integrity
measurements.
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Fig. 4. Transformer core losses (Feore) versus Bpy under sinusoidal and
rectangular excitations without dc bias @ fs = 100 kHz, D = 50 %, and
T = 25°C, along with the core loss resistance R, derived under rectangular
excitation. An in-depth look of one operating point (at By = 92.3 mT) is
reported below to show different approaches for calculating Pye.

nonnegligible measurement error €, when the optimal condition
is not reached. Such an error compares the measured core loss
results using the ACT with respect to the considered optimum
value of P, at CF,,, where the fundamentals of vy}, and v,
are perfectly aligned (i.e., the DUT reactive voltage is canceled).
In addition, Fig. 3 shows on the right-hand side the two signals
Vour and i4p,, demonstrating that the proposed approach gives
the perfect alignment at the optimal condition (CF,,, = 0.918).
Finally, at the bottom of Fig. 3 is shown the trend of &, calculated
with (2), as a function of A/, demonstrating that a sufficiently
small value of the latter (i.e., a few degrees) gives the same
result as obtained with Algorithm 1. Fig. 4 shows the trend of
Pore versus By, for both sinusoidal and rectangular excitations
at fs =100 kHz and T, € [25 <+ 30]°C. It is evident that,
under rectangular excitations, P, is lower than sinusoidal
losses reported in the N97 datasheet when D = 50 %. The
value of R, under rectangular excitation, calculated with the
expression reported in Algorithm 1, has a nonlinear dependence
on By, and deriving its value is useful for accurately estimating
DUT core losses with the model reported in Fig. 1. In addition,
Fig. 4 shows an in-depth look of a specific operating point
(at By = 92.3 mT) to compare the core loss results obtained
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considering the operating point highlighted in Fig. 4 (Q Bpj = 92.3 mT).

i) with Algorithm 1 (Q@CF,,), ii) calculating k£ with (2), and
iii) without CF (i.e., CF = 1). As can be noted, i) and ii) almost
coincide thus proving the correctness of the FFT-based approach
(such a result has also been observed for the other operating
points). Although ii) is never able to perfectly compensate the
phase difference between s, and v,,,, it still gives a correct
core loss result because of the significant distance from 90° (the
greater this distance, the smaller the measurement error). Fig. 5
shows the transformers’ output voltage, aligned (or not) with
Algorithm 1, corresponding to the operating point highlighted
in Fig. 4. As can be seen, the output voltages vo and vy, /CF,,
are not perfectly rectangular waveforms due to a nonnegligible
voltage drop on Ry, and R,3. As a matter of fact, the value
of R, should be chosen as small as possible to reduce the
impact of its voltage drop while having 7 ~ % > DT
to appreciate a triangular waveform for ¢, but large enough to
properly see vy, with a passive probe/BNC cable. As reported
in Fig. 5, when the optimal condition is reached, v,,, exhibits a
series of spikes—in phase with ¢4, and whose time duration is
equal to ?, (or tg) of the transformers’ output voltage—caused
by the hysteresis effect of the core loss [3]. Furthermore, as
can be noted in Figs. 3 and 4, the TW method is affected by a
significant measurement error and is not recommended for an
accurate core loss measurement of the sample under test.

Fig. 6 shows the trend of P, versus B, under rectangular
excitation at f; = 500 kHz. Such a frequency represents the
maximum value in the optimum frequency range suggested by
the N97 datasheet. As can be seen in (4), for an equal-1,,;, com-
parison with previous core loss measurements, it is necessary to
quintuple the amplitude of v, due to the fivefold increase in the
tested frequency. This leads to a temperature rise on the DUT,
as reported in the thermal images shown in Fig. 6, and a higher
ACT output voltage ringing due to its parasitic capacitances.
To reduce their impact on the core losses measurement and the
increased voltage drop on R,,3, a new symmetric ACT with less
turns (38 instead of 127) has been used for the measurements at
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Fig. 6. Transformer core losses (Frore) versus By under rectangular excita-
tion without dc bias @ f; = 500 kHz, and D = 50 %, along with the thermal
images of the DUT and the photo of the new reference ACT used for the
measurements at 500 kHz.

500 kHz, as shown in Fig. 6. Despite the reduction in the number
of turns and thus L,., Algorithm 1 still finds the value of CF,,—
which will be different from the one derived with the previous
ACT (comparing them at the same operating point)—since the
proposed algorithm does not depend on either L, and n*¢7, as
mentioned earlier.
To conclude, Algorithm 1 is also used to derive the dynamic
B — H loop through the following expressions:
ni

1 s
/0 vy (t) dt, H(t)—z

nQAe
where vy and i), = vy, /R are the measured secondary-side
voltage and primary-side current, respectively, while A, and [,
are the DUT parameters specified in Table I. Fig. 7 shows the
measured B — H loop over five switching periods for mate-
rial N97 under rectangular excitation (D = 50 %) at 100 and
500 kHz for almost the same B value (~ 100 mT). As a
further verification of the proposed methodology, the latter has
been tested using other types of ACT (varying L, and n¢T),
getting the same core loss results. In addition, a Notch filter
has been applied to the sensed voltages to remove the ringing
and P,,. has been calculate again, noting that the core loss
results are essentially the same due to a negligible impact of
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Fig.7. Measured B — H loop over five Ts for material N97 under rectangular

excitation (D = 50 %) at 100 and 500 kHz, when Bpg ~ 100 mT.

the transformers’ parasitic capacitances at the frequencies of
interest.

V. CONCLUSION

This letter has proposed an FFT-based algorithm to be coupled
with the already shown partial cancellation concept for accurate
transformer core losses measurement. Experimental validation
was performed on a transformer having N97 PQ35 ferrite cores,
under both sinusoidal and rectangular excitations at 100 and
500 kHz. The proposed method has pointed out the following
advantages: the easy implementation through a simple algorithm
applicable for any excitation waveform and testing condition,
and the automatic detection of the optimal condition for core
losses calculation with perfect DUT reactive voltage cancella-
tion regardless of the design of the reference ACT.
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