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Abstract: The paper presents an experimental verifigatiomns? a method for computing
losses in a magnetic core operating in a DC-DC converier w/th a variable duty cycle, based
on losses measured under sinusoidal excitation cohditions. The core operating conditions
that influence the losses and the method foptheir rimsturement are presented. The meas-
urement setup was designed for this researcli, 15 psic features are discussed in the paper.
The results obtained from the analysis were fompared with core loss measurements ob-
tained from the Brockhaus MPG-200 s{stem. 't he theoretical foundation for core loss cal-
culations and the measuremenfyereésanalysis are also presented. The discussion of the
results takes into account additionyl factors, such as the effect of working temperature on
loss level.
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1. Introduction

Inductive elements containing magnetic cores are widely used in switching mode power
supplies (SMPS). These are very important components that may occupy even 30-50% of the
total volume of a power converter [1]. Currently DC-DC power converter modules account for
about 35% of the SMPS market [2]. Nowadays there are also strong trends towards increasing
the efficiency of power converters, leading to their more compact structure and reduction of
energy loss in their magnetic components [3—6] This trend stimulates the engineers’ efforts to
improve prediction of core losses already at the design stage. For this purpose, a good
knowledge of the operating modes of power converters is required. Pulse-width modulation
(PWM) is commonly used to control DC-DC power converters [7—10]. When this type of
modulation is used, the value of the duty cycle D generated by the control system has a
significant impact on the voltage waveform magnetizing the magnetic core operating in a power
converter. To maintain a constant DC-DC converter output voltage despite changes in the supply
voltage and the load, the control system continuously adjusts the duty cycle D value [11]. The
magnetic core operating in a power electronics DC-DC converter, most often in classic solutions
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using hard switching, is subjected to a rectangular voltage excitation. In the case of isolated
converters, the magnetic element transforming the energy is a transformer. In non-isolated
systems, it is a inductor, most often acting as an instantaneous energy storage [12]. In more
complex DC-DC converter systems, both a transformer and inductors may be used. Depending
on the type of magnetic element and the converter topology, an additional constant component
of the magnetic field strength (Hpc) may be present [13—15]. One of the challenges for power
electronics designers, and particularly those who dedicated magnetic components for DC-DC
converters, is determination of not only the losses in the magnetic core under specific operating
conditions, but also over the entire range of supply and load conditions in which the converter
will operate. Loss prediction in a magnetic core is a complex issue, therefore methods based on
empirical formulas or provided by the magnetic material manufacturer are popular in
engineering practice [16—19]. Core manufacturers typically provide datasheets reporting core
loss measurements obtained under standardized measurement~conditions that ensure a
sinusoidal magnetic flux density in the core [20-21]. This papei experimentally validates the
core loss calculation method based on the knowledge of lepses vinder sinusoidal excitation
conditions [22-23]. The applicability of the method for 2,f¢srite core operating at a triangular
magnetic flux density with different duty cycle valuls ahd at different temperatures was
investigated.

2. Method description

The example waveform (idealized mo&e! case) of the magnetizing voltage and the magnetic
flux density in the core is depicted(in Fig. 14 Taking into account the duty cycle value D # 0.5
is possible by decomposing theAgssedzorresponding to the triangular asymmetric magnetic flux
density waveform (Fig<'1(2)) intd two triangular symmetrical waveforms where D =0.5
(Fig. 1(b)) [23]:

u, (1)

(b)

Fig. 1. Square voltage excitation waveform and triangular flux density waveform (under DC bias
conditions) (a); corresponding flux density waveforms based on model (b)
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Energy dissipated during one complete rectangular cycle of the magnetizing voltage QOrect in
the considered model (which corresponds to the voltage waveform depicted in Fig. 1(a)) is the
sum of the lost energies QOcq1 and Qcq2 (Which corresponds to waveforms of the magnetic flux
density Bi(f) and B»(#) depicted in Fig. 1(b)) for the equivalent frequencies f:qi and feq,
respectively (waveforms depicted in Fig. 2).

(a) (b)

Fig. 2. Corresponding flux density waveforips based on model (a); corresponding equivalent
sinusoidal flux\density waveform (b)

The energy losses Ocq1 and Ocqx Uriimateiy contribute to the losses under the conditions of
a rectangular voltage excitation O accdrding to the formula [23]:

1
Qrect(AB' frect' HDC' 199) | = 2' Qeql (AB: feql: HDC' 195) + E Qeqz (AB' fqu' HDC' 195): (1)

where: AB is the value of pegi-to-peak magnetic flux density (equal to twice the maximum flux
density B,,), Hpc is the DC component of magnetic field strength, 9, represents the core surface
temperature. Formula (1) was tested only for one selected value of the duty cycle of 0.5, while
the effect of the core temperature was not previously considered. Thus, the original model
presented in [23] has been extended in this study to incorporate the reference temperature of the
magnetic core and then validated for various duty cycle values. For its validation, the measured
core surface temperature was used as the reference temperature.

Energy losses depend on the derivative of the magnetic flux density dB/d¢. Arbitrary shape
of the magnetic flux density can be represented using a linear-segmental description containing
a weighting factor. The formula for the equivalent frequency of a sinusoidal signal takes the
form [22]:

frg = L, (B )’ 2 @)

Bmax—Bmin tk_tk—l’
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where K is the number of next k-th segments of the linear-segmental magnetic flux density.
Applying Formula (2) for the cases presented in Fig. 2, we obtain the following expressions of
equivalent frequencies foq1 and feq, respectively:
4 4

feql = %frecta fqu = %ﬁ"ecta (3)
where: frc is the frequency of the rectangular voltage magnetizing the core (corresponds to the
core operating frequency in the DC-DC converter). However, it should be noted that the
formulas and waveforms presented in Figs. 1 and 2 contain significant simplifications. In real
conditions, the core is not directly magnetized by the voltage supplying the inductor or the
transformer primary winding. Due to the losses and leakage inductance occurring in the
winding, the core magnetizing voltage is lower than the supply voltage, as it is reduced by the
voltage drop across the parasitic elements of the equivalent circuit. The higher the value of the
parasitic parameters of equivalent winding resistance and leakagé inductance, and the higher
the primary winding current, which is more or less distorted (deneiiding on the type of core
magnetic material, the more distorted the core magnetizing voliage is. The adopted analysis
method also ignores the effects of short-term voltage osciliztions (a problem described, for
example, in [24]) occurring during switching of powgpeitationic converter transistors.

3. Measurement method

Core loss measurements were performed, in two stages. The first stage involved measuring
core losses under sinusoidal excitation ¢f tlie magnetic flux density, which corresponds to the
right-hand side of Eq. (1),These measurements were carried out using the experimental setup
shown in Fig. 3 and a li€t ofthe, 10st important equipment is provided in Table 1.
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Fig. 3. Experimental measurement setup for equivalent sinusoidal excitation
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Table 1. List of selected equipment included in the measurement setup (from Fig. 3)

Type of device Device model

Power analyzer Hioki PW-8001
Current probe Hioki CT6872

Heat chamber Memmert UN30plus
Temperature recorder Almemo 710
Infra-red temperature sensor Almemo FIAD4332
Arbitrary generator Siglent SDG2042X
Oscilloscope Tektronix MDO24
Voltage differential probe Tektronix ““4:1’0200

The entire measurement process was controlled by avsornputer using scripts written in the
MATLAB environment. The objective of using the elf-1ssembled setup in the first part of the
measurements was also to test whether it is pass:&ta to replace the specialized equipment for
measuring magnetic materials with equipment, more frequently used by power electronics
engineers. The core under test (CUT) was ¢quipped with two independent measuring windings.
All windings, both magnetizing and iheasuiing, had the same number of turns. Measurement of
the magnetizing current and the vel'tage Jrideced in the measuring winding (the induced voltage
U, shown in Fig. 3) enabled dir¢at aztermination of the magnetic core losses using the Hioki
PW8001 power analyze¢. The thizd winding (the induced voltage Us shown in Fig. 3) provided
an independent, real-time iyeagurement of the induced voltage. The signal was monitored with
an oscilloscope (with only eight-bit resolution) and isolated from the main measurement path.
An alternative solution that could be used instead of a power analyzer would be to use only an
oscilloscope with sufficiently high bit resolution [25].

The study extended the verification of the method described in [22-23] to include the core
surface temperature. Temperature was measured with a FIAD4332 pyrometric sensor connected
to an ALMEMO 710 data logger. The pyrometric temperature sensor had a ZR7843CFL
focusing lens, which created a measuring field of | mm in diameter at a distance of 1 cm from
the lens, which contained the tested core surface. In the measuring field, a tape with a known
emissivity of ¢ = 0.96 was glued to the core surface. Due to the dynamics of the measurement
process, the measurement control program using the setup presented in Fig. 3 ensured that
measurements were made at the set temperature within the maximum assumed range of +£2°C.
However, the accuracy of the pyrometric sensor itself was 1% (or 1°C, whichever is greater).
Due to the difficulty of ensuring exactly the same temperature conditions when measuring each
of the components Qcq1 and Qg2 of Eq. (1) for individual reference temperatures 9, the
measurement results were further processed and modeled in order to finally bring the results to
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the same temperature value along with their uncertainties. It is worth noticing that the measured
surface temperature of the magnetic core is not the average temperature of the core itself, nor is
it the hottest point within the core structure (hot spot), which also depends on the type of winding
[26]. The core internal temperature was not estimated in this research. This complex issue is
explained in a simplified and practical manner, among others, in [27]. Since, as indicated by the
manufacturer’s data [28], the core losses of the N87 ferrite material exhibit a strong dependence
on temperature, the entire measurement procedure as well as the treatment of results and
uncertainties must account for this fact. A comparison of the measurement results corresponding
to both sides of Eq. (1) can only be performed when these results are obtained at identical core
temperatures, and therefore when the surface temperature of the core is the same in both cases
(assuming that this temperature has stabilized after waiting sufficiently long for the internal
structure of the core to reach thermal equilibrium under the same direction of temperature
change inside the climatic chamber). For each measurement of-nagnetic core losses as a
function of temperature, the target core surface temperatures wertset to'the following reference
values: 30, 50, 70, 90, 100, 110, and 120°C. A measuremeptsvas considered acceptable when
the core surface temperature 9, satisfied the conditien 4.5 s+ 2°C. The influence of
deviations of 9, from the reference temperature $r.r was iacluded in the estimation of the results
and uncertainties, as described in the following section.

Since the core losses are represented by the, amsa of the magnetic hysteresis loop B-H, these
can be expressed in reference to the core volumi as follows [29]:

dB
d

Py 24 HAB = [ H

©a, @)

where: T'is the period of the hystertsis 100p,“which is the inverse of the frequency of the voltage
magnetizing the core, H js-the, maenctic field strength, B is the magnetic flux density. Using
Ampere and Faraday la{s feoi thosinagnetic circuit, the following relations can be used:

_ N1ig(®)  dB(®) _ up(®)
HO === = = ©)

where: N; and N, are the number of turns of the primary (magnetizing) and secondary
(measuring) windings, respectively, /, is the average magnetic path length of the core, 4, is the
cross-sectional area of the core, i; is the primary winding current, u; is the voltage induced in
the measuring winding. Taking into account Egs. (4) and (5), the following expression can be
obtained [29]:

1 Ng1

P, = IENGIAGES (©6)

T lmAm N2 T

Hence, if we assume that the core volume is expressed by the product /,,Am, and the number
of turns of the primary and secondary windings are equal (V; = N,), then the result of the losses
P, measured by the power analyzer, which are the product of the primary winding current i
and the secondary winding voltage u», is directly the value of the power losses in the core P,
which is given by the relationship [29]:
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_M
N3

P = BlnAn Py. (7

Taking into account that both measuring and magnetizing windings have the same number
of turns and that these are loaded with high impedance measuring device inputs, relationships
(6) and (7) can also be applied to winding Ns.

The tested core was made from ferrite magnetic material N87. The primary winding was
made of litz wire 10 x 0.355 mm (number of turns N; = 8) and the measuring winding was
prepared from double isolated solid wire ¢ = 0.4 mm (number of turns N, = N3 = 8). The main
parameters of the selected ferrite core (model B64290L.0647X087), based on the manufacturer
data [30], are presented in Table 2.

Table 2. Selected parameters of the tested magnetic core

I
Ui Bsar Zm | Am Vi
Core material | Core shape ——
T . |) mm? mm?
Ferrite N87 ring 2200 0.49 ‘ 7578 76.98 5680

The second part of the measurements, contiining results corresponding to the left-hand side
of Eq. (1), i.e. the energy lost in the magnetic\¢ore under operating conditions of the power
electronics converter, was carried out using the”Brockhaus MPG-200 measurement system,
which enables shaping the magnetid¥lus=zaveform in the core. The experimental setup depicted
in Fig. 4.
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Fig. 4. Experimental measurement setup for DC-DC converter conditions
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In the case of measurements performed under DC-DC converter operating conditions
(taking into account the assumptions presented in the previous chapter), the third winding
enabled independent tracking of the shaped voltage induced by the dedicated Brockhaus
MPG-200 measuring system. Although ferrite core magnetic components commonly used in
power electronics DC—DC converters typically operate at frequencies of several tens of kilohertz
or higher, the limitations of the custom designed power amplifier used in the setup shown in
Fig. 3, together with the restricted bandwidth of the internal power amplifier of the Brockhaus
MPG-200 electrical steel testing system, constrained the maximum excitation frequency to
rect = 5 kHz, and all measurements were performed at this value. The conducted research did
not consider the influence of the DC bias of the magnetic field strength on core losses. This
aspect was presented only to a limited extent in [23]. For all measurements in this study, a
set-point value of Hpc =0 A/m was assumed. All measurements were performed at a forced
magnetic flux density amplitude in the core of B,, = 0.1 T, which results from the limitations of
the maximum supply voltage value of the power amplifier (the gystem shown in Fig. 3) and the
adopted frequency conditions.

4. Estimation inethod

Both for measurements performed under donditions of equivalent sinusoidal excitation
(Fig. 3) and those carried out using the Brockhaus MPG-200 system (Fig. 4), the Hioki PW8001
power analyzer was used to mecasurc™ore losses, selected due to its high accuracy,
distinguishing it from other deviCes &f this type currently available on the market. The
manufacturer of the power afwlyzpr provides detailed information in its documentation
regarding the maximusi perniissible errors for current, voltage, and phase-shift angle
measurements across specific frequency ranges of the measured signals. It should be noted that
the catalog data provided by the manufacturer refer to sinusoidal conditions. During the
uncertainty estimation stage, it was also necessary to account for the additional uncertainty
contribution of the Hioki CT6872 current probe used in the measurement setup. Given the
magnetic flux density amplitude B, =0.1 T, which is below the saturation level Bg, a
simplifying assumption was made that the magnetizing current could be treated as
approximately sinusoidal. Following the conservative approach recommended in the materials
supplied by the power analyzer manufacturer, the value of the maximum permissible error was
determined according to the following relation:

APSiTl =APU2 +AP11 +AP¢, (8)

where APy,, APy, APy are the components of the maximum permissible power-measurement
error expressed in watts, resulting, respectively, from the measurement errors of the induced
voltage U, the magnetizing current /1, and the phase shift ¢.

Due to the complexity and time-consuming nature of the measurement procedure, including
the inertia of the thermal chamber and the absence of forced air circulation, measurement series
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were not performed; instead, only single measurements were carried out. Consequently, the full
standard uncertainty, which would require estimating type-A uncertainty, was not determined.
It was assumed that no correlation exists between the measurements of voltage, current, and
phase-shift angle.

Considering the general form of the instantaneous power equation under sinusoidal
conditions, as well as the defined components of the maximum permissible error in Eq. (8), the
combined uncertainty of the measured power losses was estimated in accordance with [31],
using the following relation:

ucPsin = \/uB(UZ)Z + Ug (11)2 + Upg (90)2: (9)

where: Pg;, is the power losses in watts (under sinusoidal condition), /; is the effective current
of primary winding, U> is the effective voltage induced in the measuring winding, ¢ is the
phase-shift angle between the measured voltage and current. The ijidividual components of the
type-B uncertainty, were obtained based on the known maximum netmiissible errors, assuming
a rectangular distribution.

In the case of measurements performed under DEeD@wsOnverter operating conditions
(Fig. 4), the induced voltage U, shaped by the Brockhaus MPG-200 system had a rectangular
waveform, whereas the magnetizing current_waveiorm was approximately triangular. Both
signals are therefore non-sinusoidal, and in particoiag,such a voltage waveform contains a large
number of harmonics with significant amplitudes. Estimating losses under these conditions is a
complex metrological problem. For the purpose of determining uncertainty in non-sinusoidal
conditions, the procedure presentea¥in |32 was applied, where the final general form of the
combined uncertainty is expressedyas follows:

ul ()= uc(Po) + Zi-sluc (Pl (10)

where: P is the power lossn watts, Py is the power loss associated with the DC component, Py,
is the power loss for the 4-tn harmonic. The method for determining the uncertainty for each
considered harmonic power component P, was described in [32].

In both cases, a simplifying assumption was made that the phase-shift error compensation
function (the unique ACSC function provided by Hioki) operates ideally and fully compensates
for this error.

Ensuring exactly the same core temperatures, considering the accuracy and resolution of the
pyrometric probe as well as the temperature-control accuracy of the thermal chamber, is very
difficult in practical implementation. Therefore, in order to legitimately compare the obtained
core-loss measurement results, which did not always correspond to identical temperatures, both
under equivalent sinusoidal excitation and under DC-DC converter operating conditions, it was
necessary to construct models of the relationship Py =f(J) for selected duty cycle values. In
this work, the following quadratic model was adopted:

P,(9) = ad? + b9, + c. (11)
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Due to the presence of different uncertainty values for both the measured power losses and
the temperatures, the standard approximation libraries and functions built into MATLAB were
considered insufficient. Therefore, to obtain models of the highest possible accuracy, the
ODRPACKO95 package [33] was used, employing an open implementation of the ODR
(orthogonal distance regression) algorithm [34].

The measured loss results were shifted to the desired temperature based on the obtained loss
models, including the associated uncertainties. The correction of the power loss values when
shifting the measured core loss values Py rect OF Preqi and Pyeqr, measured at their corresponding
core surface temperatures 9, to the reference temperature $..r, was defined as the difference
between the model values:

AP = eref(ﬁref) - pV(ﬁs) = a(ﬁrzef - 1952) + b(ﬁref - 195) (12)

In that case, the calculation of the corrected power loss value f0r each measurement point
was performed using the following formula:

Pyres = Py + AP. (13)

The propagation of uncertainty was performed by.consid:ring independent contributions of
variance:

uZ(Pyrep) = ué(Py) W upiPy) + ug(Py), (14)

where ué (Py) is the variance contribution'of the result Py arising from the uncertainty of the
estimated model parameters 8 = [a, tyc], wé (Py) is the variance contribution of the result Py r
originating from the uncertainty ofithe tompCrature measurement J;.

In order to compare the reSuitg o1 both sides of Eq. (1), the results obtained using a self-
designed measuring sydtem>(secwi’ig. 3) were converted into energy losses according to the
formulas:

Peql (AB'feqltﬂs)

Peq2(AB.feq2:95)
f eql ’

fqu

Qeql(AB'feqlrﬁs) = > Qqu(AB:fquJﬁs) = (15)

The total energy loss under equivalent sinusoidal excitation Qpeq-rer, Which corresponds to
the right-hand side of Eq. (1), is the average of the sum of the components defined by
Formulas (15). For the purpose of estimating the uncertainty of the determined energy loss
Oveqrer, and due to the lack of information regarding correlation between the measurement
results of the individual loss components from Eq. (15), a conservative method of estimating

the uncertainty of the final result was adopted, expressed by the formula:
1
uC(QVeq—ref) = E[uc(QVeql) + uc(QVqu)], (16)

where the individual components of the combined uncertainties of the lost energy results Qyeqi
and QOreqe are identical to the uncertainties of the power measurement results Pyeqr and Pyeg.
This assumption was adopted due to the high accuracy of frequency measurement provided by
the Hioki analyzer (maximum permissible error Af'=+0.05%). Therefore, in all estimations

10
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performed in this work, the influence of frequency measurement uncertainty during the
conversion between power losses and energy losses was omitted.

P Veq-ref

PVrect—ref(AB' frect' 19ref) = frectQ Veq-ref (AB, feqlt fquJ l9ref) (17)

The reference values used to determine the accuracy of the validated method were the loss
results obtained under operating conditions of the core in a DC—DC converter, measured using
the setup shown in Fig. 4. The deviation of the validated method was expressed by the following
equation:

6 — 100 PVeq-ref_PVrect-ref ) (18)
Pyrect-ref

To facilitate the analysis, the obtained results are presented in, the form of power losses

related to the volume of the magnetic core and are presented in the'ws® chapter.

5. Results and An:lysis

The basic results from the system shown ifpSig. 3;w#nich should be analyzed first, were the
induced voltage waveforms. The following analysis ¢concerns signal samples recorded under the
most demanding operating conditions of the power amplifier, resulting from the adopted
frequency range of the core operatign. £n exemplary induced voltage waveform u,(?), recorded
by the power analyzer, together with the coiresponding magnetic flux density waveform B(%),
are presented in Fig. 5.
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Fig. 5. The obtained waveforms in the measurement setup for equivalent sinusoidal excitation at
D=0.9, Bn =100 mT: induced voltage (a); magnetic flux density (b)
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The waveforms presented in Fig. 5 are the result of averaging over six periods. The number
of periods used for averaging was determined by the maximum length of the recorded data
containing raw measurement samples transmitted to the computer supervising the operation of
the power analyzer. However, the analyzer built-in averaging algorithm was implemented as a
moving-average procedure over 32 periods.

The loss components Pyeq and Pyeq» appearing in Egs. (15), according to the validated
model, are measured under conditions of equivalent sinusoidal excitations. Hence, the
correctness of the excitation conditions was assessed with reference to the requirements of the
standard [21]. According to this standard, the conditions of a standardized sinusoidal excitation
are met when the form factor of the induced voltage on the measurement winding reaches its
nominal value kr=1.111 £1%. The calculated form factor of the recorded induced voltage
waveform (Fig. 5(b)) is kr=1.1107, which indicates sufficiently accurate waveform
reproduction.

Also important for verifying the correctness of the selected-tincertainty estimation method
for equivalent sinusoidal excitations was the shape of the masgnetizing current waveform. An
exemplary magnetizing current waveform ii(f), togethar ‘with the resulting magnetic field
strength waveform H(?), is shown in Fig. 6.

0.2 I’:"‘-‘\ T t ] T 20+
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0 - 20
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t [118] t [us]
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Fig. 6. The obtained waveforms in the measurement setup for equivalent sinusoidal excitation at
D =0.9, B» =100 mT: magnetizing current (a); magnetic field strength (b)

Since for the assumed case Bm < Bsat the core operates approximately within the linear region
of its magnetization characteristic, the magnetizing current (Fig. 6(a)), and consequently the
magnetic field strength waveform (Fig. 6(b)), were only slightly distorted from a sinusoidal
shape (kr= 1.1144). This confirms that, under these conditions, the method used to estimate the
uncertainty of losses for sinusoidal equivalent excitations can be applied. The waveforms shown
in Figs. 5 and 6 are not time-aligned with each other, as their analysis served solely to determine
the form factor.

12
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The results obtained using the measurement method presented in Section 3 and the
estimation procedure described in Section 4, are depicted in Table 3.

Table 3. Raw core loss measurements as a function of temperature and duty cycles

DC-DC converter Sinusoidal excitation Sinusoidal excitation
Duty operating condition condition for f.q condition for f.,,
cycle Core surface Core surface Core surface
Core loss Core loss Core loss
temperature temperature temperature

D Grect + M(lgrcc!) Py+uc (PV) \9ch =+ u(lgcql) Py+uc (PV) 19cq2 =+ u(&’cqz) Pyt uc(PV)

- °C kW/m? °C kW/m? °C kW/m?

30.0£0.6 4.1+0.2 30.7£0.6 33+£02 30.2+0.6 34+02

50.0=0.6 2.66 =0.09 49.8+0.6 2.26+0.13 49.7+0.6 2.26+0.13

69.2 £0.6 1.74 £ 0.04 70.3£0.6 1.43 £0.09 703 +0.6 1.43 +£0.09

0.5 89.5+£0.6 1.11 £0.02 89.3£0.6 0.96 = (.66 l 89.9+0.6 0.95+0.06

99.8+0.6 | 1.021+0.015 | 100.1 £0.6 0.85 £0.05 100.2 + 0.6 0.87 £0.05

109.7 £ 0.6 1.14 £0.02 111.6 £ 0.6 0.93 £ 0.06 110.8 0.6 0.94 +0.06

120.3+£0.7 1.30 £0.02 120.7 £ G7 1.07 £0.06 118.1+£0.7 1.00 £ 0.06

30.0£0.6 4.1+0.2 306 £0.6 43+0.2 30.2+0.6 2.82+£0.15

50.0£0.6 2.68 £0.09 498+ 0.6 2.9+0.2 49.8+0.6 1.88 £0.11

69.1 £0.6 1.74 £ 0.04 70.3 0.6 1.82 £0.11 70.3 £0.6 1.19 £0.07

0.6 89.1+0.6 V14 £902 89.1£0.6 1.22 £0.07 89.8+0.6 0.79 +0.05

99.9+0.6 | 1.GA1 £6.015 | 100.1+0.6 1.10 £0.07 100.1 £0.6 0.71 £0.04

109.6 £ 0.6 1.18£0.02 111.5+0.6 1.20£0.07 110.7+0.6 0.77 £0.05

120.4+£0.7 1.30+£0.02 121.0+0.7 1.33 £0.08 1182 +0.7 0.82 +0.05

299+0.6 41402 30.6£0.6 5.6+0.3 303+0.6 2.39+£0.12

499+0.6 2.71 £0.09 49.7+0.6 38+02 49.8+0.6 1.60 +0.09

69.1 £0.6 1.76 £ 0.04 70.2 +£0.6 243 £0.15 70.3+£0.6 1.01 £0.06

0.7 88.9+0.6 1.14 £0.02 89.1+£0.6 1.65+0.10 89.6£0.6 0.67 £0.04

99.9+0.6 1.06 £ 0.02 100.0+0.6 1.48 £0.09 100.1 £0.6 0.61 +£0.04

109.5+£0.6 1.20 £0.02 111.4+0.6 1.6 £0.1 110.7+£0.6 0.67 +£0.04

120.6 £0.7 1.34 £0.02 121.2+0.7 1.85+£0.11 118.3+£0.7 0.71 £0.04

30.0+0.6 41+0.2 30.5+0.6 9+1 30.3+0.6 2.14+0.11
0.8

49.8 +£0.6 2.73 £0.09 49.7+0.6 6.0+£0.8 49.7+£0.6 1.39 £0.08
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68.9=0.6 1.80 +0.05 70.2 £ 0.6 3.8+0.5 70.3+£0.6 0.86 +0.05

88.6£0.6 1.20 £ 0.02 89.1£0.6 2.6+04 89.5+£0.6 0.60 £0.04

99.8+£0.6 1.07 £0.02 100.0 £ 0.6 24+03 100.2 £ 0.6 0.54 £0.03

109.5+0.6 1.18 £0.02 111.3+£0.6 2.6+0.3 110.7+0.6 0.56 +0.03

120.6 £0.7 1.37 £0.02 121.3+£0.7 29+04 118.5+0.7 0.63 +0.04

29.9+0.6 43+0.2 302+0.6 18+2 30.2+0.6 1.9+0.1

49.7+0.6 2.92+0.11 49.6 £0.6 13+£2 49.7+0.6 1.25+£0.07

68.7+£0.6 1.90 £ 0.05 70.0£0.6 85+1.2 70.3+£0.6 0.79 +0.05

0.9 90.0+0.6 1.29 £0.02 89.3£0.6 6.0+0.8 89.4+0.6 0.53 £0.03

99.8+£0.6 1.14 +0.02 99.9+0.6 54+0.7 100.1 £0.6 0.48 +£0.03

109.6 £ 0.6 1.27 £0.02 111.2+£0.6 59+0.8 _1_1 10.9+0.6 0.50 £0.03

120.7+0.7 1.50+£0.03 121.4+£0.7 6.9+ 09 118.6 0.7 0.55+0.03

The coefficients of the quadratic model (11), expressing the dependence of the volumetric
core losses on temperature (including the prior\noymalization to the reference temperature Jrer),
were obtained using the Orthogonal Distance Regression algorithm with the ODRPACK95
library [33] in the implementation described in{34]. The resulting coefficients are presented
below in Tables 4 and 5.

Table 4. Estimated model cogificientvalues with standard and relative uncertainties for Pyrecr-ret

Duty cycle Ustiunated coefficients with standard and relative uncertainties

D atu(a ur(a) b £ u(b) ur(b) ctu(c) ur(c)
- kWm3°C2 % kWm3eC-! % kWm3 %

0.5 0.00067 £ 0.00004 6 —-0.132 £0.008 6 7.6+04 5

0.6 0.00067 £ 0.00006 9 -0.134+£0.011 8 7.7+0.5 6

0.7 0.00067 £ 0.00005 7 —0.132 +0.009 7 7.6+04 5

0.8 0.00065 + 0.00004 6 -0.131 £0.007 5 7.6+03 4

0.9 0.00069 + 0.00005 7 —0.138 +0.009 7 8.1+04 5

Table 5. Estimated model coefficient values with standard and relative uncertainties for Pyeg-ref

Duty cycle Estimated coefficients with standard and relative uncertainties
D a £ u(a) ur(a) b+ u(b) ur (b) c+u(c) ur(c)
- kWm3°C? % kWm-3°C! % kWm %
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0.5 0.00061 +0.00002 3 —0.126 +0.004 3 7.5+£0.2 3
0.6 0.00060 + 0.00002 3 —0.125 +£0.004 3 7.5+£0.2 3
0.7 0.00060 =+ 0.00002 3 —0.124 £ 0.004 3 7.5+£0.2 3
0.8 0.000603 £ 0.000011 1.8 —0.124 +£0.002 1.6 7.5+0.08 1.1
0.9 0.00062 =+ 0.00003 5 —0.127 £ 0.004 3 7.7+£0.2 3

It is noteworthy that the models obtained from measurements under equivalent-excitation
conditions (Table 5) exhibit lower uncertainties than the models derived under DC-DC
converter operating conditions (Table 4). Since these uncertainties are not clearly dependent on
the duty cycle value, it can be concluded that this effect is not related to the limited bandwidth
of the Brockhaus MPG-200 power-amplifier system, whose bandwidth limitations would be
more pronounced at extreme duty cycle values (D = 0.9 in the cansiucyed range). The analysis
of the estimated uncertainties indicates that the relationship Pr=35{)) expressed by the quadratic
model for the investigated ferrite, is better satisfied by the 1weashrement results corresponding
to the right-hand side of the validated Eq. (1).

The plots showing the volumetric power losses Pleqi and Pyeq2 obtained for the most extreme
duty cycle value (D = 0.9), under equivalent {iausoiuat excitation at frequencies foq1 and feq2,
respectively, are presented in Fig. 7. As can beydbscrved, their loss levels differ significantly,
since according to Eq. (2) the frequencies fiqi(D =570.9) = 20264 Hz and feqo(D = 0.9) = 2252 Hz
differ by an order of magnitude. Acofling to the theory presented in [35], in the case where
Jfeqz <feqi, the decrease in frequency pesults inja corresponding reduction in losses, assuming that
all other operating conditions of the,magnetic core remain unchanged. The raw measurement
results (Table 3) obtained/under thessame conditions for the case of D = 0.5 are nearly identical,
since in this situation thezquivalent frequencies resulting from Eq. (2) are the same.

27
o 20 "\\ uc( PVqu) @ 1.8f -‘.\‘\ uf'( P\.‘eqz) ]
o F P = S P
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= 10} : =
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Fig. 7. Raw core losses measured at frequencies feq1 (a) and feq2 (b) for duty cycle D =0.9

15



This paper has been accepted for publication in the AEE journal. This is the version, which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2026.3549

A comparison of the final values of Py recirer and Pregrer, €stimated after shifting to the
reference temperatures according to the procedure presented in the previous section, is depicted
for the case D = 0.9 in Fig. 8.

R L a s B S A
45F \T‘.\‘\ Uel Pyrectrer! ]
?t‘\\‘_ """""" model P\Irect-ref
4 L .. % + ) P\/rect—ref il
(o] *\\ ; uc( P\feq—ref)
T 3sf + Prearer ]
Q ' \\ 777777777 model PVeq-ref
— 3f \!t ] Fig. 8. Comparison of core loss
“& By results normalized to reference
= 550 L 8 ] Aemperatures for sinusoidal
= S awiation and under DC-DC
g of Syl {__soiwerter operating conditions
i, |
1.5F W, & »
\““!%»111:'_:*:::' G
1k 1 L 1 L 1 L 1 1 L L. ]
30 40 50 60 70 80 90 W00 10 120

9, [°C]

The estimated loss results (Figh8) cuirespond exactly to the values of the reference
temperatures. As can be observed/the lopses corresponding to both sides of Eq. (17) are largely
consistent, and the uncertainti¢s &f tt.€ losses measured under sinusoidal excitation conditions
have higher values. Theénainrearon for this is the fact that the first component of the dissipated
energy QOcqi was always ‘measured, within the adopted duty cycle range (except for the
symmetric rectangular wave case D =0.5), at equivalent frequencies feqi higher than the
frequency of the waveform under f... conditions. The noticeable differences in uncertainty
(Fig. 8) are expected, since the accuracy of the power analyzer decreases with increasing signal
frequency, and also due to the differences in the approach to loss estimation depending on
whether the waveform is sinusoidal or strongly distorted. A second factor is that the components
QOcqi and Qcqp, according to Eq. (1), are added together with their uncertainties accounted for
according to the methodology presented in the previous section.

The results indicate that the optimal operating temperature of the tested ferrite core is about
100°C, at which the core loss level is the lowest. This is consistent with the technical data
provided by the core manufacturer. However, it should be noted that some ferrite materials
exhibit only a small change in losses with core temperature, e.g., N95 ferrite.

From the perspective of a DC-DC power converter designer, characteristics showing the
dependence Py =f(D) provide essential information about magnetic core losses. Based on the
conducted measurements, the estimated loss results as a function of duty cycle for various
temperatures are depicted in Fig. 9.
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Fig. 9. Core loss results as a function of duty cycle for different reference temperatures: for 30°C
and 50°C (a); for 70°C and 90°C (b); for 100°C and 110°C (c); and for 120°C (d)

Modeling of loss phenomena in the magnetic core operating in DC-DC power converters,
taking into account the wide variation in duty cycle values, has been the subject of numerous
studies, e.g. [1, 5, 36]. These relationships are shown in Fig. 9, where the dashed line represents
an approximation of the Py rect.ref results. In these plots, the dashed line marks the approximation
of the Pyrecirer results. Since the inaccuracy of duty cycle measurement was omitted, the
approximation was performed using the built-in MATLAB function nlinfit. Analyzing the
core-loss results as a function of duty cycle, presented in the form of plots including the
estimated uncertainties (Fig. 9), it can be observed that in most cases the results corresponding
to both sides of Eq. (17) are consistent with each other. It can also be noted that the core losses
generally increase with increasing duty cycle under all temperature conditions (more precisely,
with increasing deviation from D = 0.5, since the dependence Py=f(J) is symmetric with
respect to this duty cycle value).
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A summary of the final volumetric core loss estimates together with their uncertainties,
including the calculated deviation of the validated method, for selected core surface
temperatures and duty cycle values, is presented in Table 6. Due to the fact that in some cases
the estimated deviations of the method turned out to be relatively low and close to one another,
these values were intentionally presented with one decimal place. The deviation itself, however,
was evaluated on the basis of the precise estimated loss values, of which only the rounded
results, in accordance with [31], are presented in Table 6.

Analyzing the obtained results, it can be observed that the highest value of the estimated
deviation of the method reached 6%, while in most points it remained below 5%. This indicates
that the validated method exhibits good convergence. The uncertainties of the estimated core
losses under equivalent sinusoidal excitation conditions, shifted to the reference temperatures,
were generally comparable to or greater than the uncertainties of the losses estimated under
DC-DC converter operating conditions (also shifted to the referenet: temperatures). This is an
expected outcome due to the generally higher uncertainties gt the 7aw loss measurements
(Table 3) and the need to further sum individual components<ecording to (16).

Equation (17), for the case of power-loss considerati¢hssand thus the original Eq. (1)
presented in [23] for lost energy considerations describer, with satisfactory accuracy and under
the adopted simplifying assumptions, the losses cortesponding to the operation of a magnetic
core in a DC-DC power converter.

A detailed analysis of the results summarized(in Fig. 9 and Table 6 shows that in some cases
the minimum loss was not observed exactl{; at D ’= 0.5. These deviations from theory, although
small, are noticeable and could Uy further verified by performing an extended series of
measurements. However, such measurcments would require significantly more effort due to the
thermal inertia of both the used4gmpgrature chamber and the core itself. Therefore, in this type
of experiment, a tempera{ure chamuer with better dynamic performance (forced-air circulation)
and a smaller core woulae preferable, although the latter is limited by the need to ensure a
sufficiently large observable surface area for the pyrometric sensor.

Table 6. Summary of the final estimates of the core losses, including the evaluated deviation of the
validated method, for selected temperatures and duty cycle values

Reference DC-DC converter Sinusoidal excitation Method
Duty cycle core surface . A L L.
operating condition condition deviation
temperature
D Gref Py rectret £ Mc(PVrect-rsf) Preqret £ MC(PVsq-ref) 0
- °C kW/m? kW/m3 %
30 41+0.2 43+0.3 49
50 2.66£0.11 2.7+0.2 3.2
0.5 70 1.71 £ 0.06 1.8+0.2 5.2
90 1.10+0.02 1.15+£0.08 43
100 1.021 £0.015 1.06 £0.06 4.1

18



This paper has been accepted for publication in the AEE journal. This is the version, which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2026.3549

110 1.15+£0.02 1.10 £ 0.09 4.1
120 1.29+£0.04 1.24 £0.11 3.9
30 4.1+£0.2 43403 4.0
50 2.68 £0.11 2.8+0.2 3.7
70 1.71 £0.06 1.81 £0.14 6.0
0.6 90 1.13+0.02 1.16 £0.08 2.5
100 1.021 £0.015 1.07 £0.06 4.5
110 1.19 £0.02 1.12 £0.08 5.2
120 1.29 +0.04 1.22+0.10 52
30 4.1£02 42£03 3.6
50 2.70+£0.11 29022 2.0
70 1.72 £0.06 _1.79_1: 0.13 3.9
0.7 90 1.13+0.02 1.17 £0.08 3.7
100 1.06 =0.02 - 1‘_ 1.07£0.07 1.6
110 1.20 £0.02 1.15+£0.08 4.9
120 1.32+ 0,04 ‘ 1.3+0.1 4.5
30 ) 40 + o—.z 43+04 3.8
50 272 iEll 2.84+0.3 3.7
70 _!— (© -1.751:0.06 1.8+0.2 33
0.8 90 l 1.18 £0.02 1.22+£0.12 3.8
100 1.07£0.02 1.12+£0.11 4.8
110 1.19+£0.02 1.17+0.12 1.7
120 1.36 £0.04 1.32+0.14 3.0
30 43+0.2 44+04 1.1
50 2.90+£0.12 30+£03 1.8
70 1.85+0.06 1.9+0.2 4.2
0.9 90 1.29 +£0.03 1.31+£0.14 2.1
100 1.14 £0.02 1.19+£0.12 4.3
110 1.27 £0.03 1.27 £0.13 0.1
120 1.48 £0.04 1.45+0.15 1.9
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6. Conclusion

The presented research focused on verification of a known magnetic core loss prediction
method based on sinusoidal loss data. This method was validated for various duty cycle values
and core surface temperatures, which constituted the original research contribution of this work.
For the purpose of the experimental verification, a measurement setup for sinusoidal excitation
was constructed, and the results were compared with those obtained using a dedicated
measurement system that allowed the reproduction of triangular magnetic flux density
waveforms in the tested core. A procedure for estimating measurement uncertainties and
converting them to selected reference temperatures was developed to ensure a reliable
quantitative assessment of the method.

On the basis of the obtained measurement results and 432 conducted analyses, it can be
concluded that the validated method is suitable for predicting core losses under triangular
magnetic flux density waveforms using losses measuredwindr sinusoidal excitation, within the
adopted measurement conditions and assumptions. The s¢lected range of measured core surface
temperatures allowed identifying the minimura &parating point of the tested N87 ferrite core.
However, due to hardware limitations, the good €onvergence of the method was confirmed only
for relatively low frequencies correspondifig to freet = 5 kHz, which is a low operating frequency
for this type of core. Therefore,\exiCmling the investigation to higher frequencies is
recommended, which requires apprupriate modifications to the presented experimental setups.

The observed increase insUareWlosses as a function of duty cycle variation was not
significantly large. The t€mperature of the core had a much stronger influence on the losses of
the tested material. Fro1if the perspective of designing magnetic components for DC-DC
converters, determining thes¢ increments at higher frequencies and for other values of maximum
magnetic flux density than B, =0.1 T may be particularly valuable. It is also advisable to
perform a series of measurements, which requires the use of a temperature chamber with
sufficiently good dynamic performance. Such extensive measurements, while maintaining
appropriate rigor in the quantitative assessment of results, may constitute an interesting subject
for further research.
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