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Abstract: This paper presents the implementation of a thermal camera for the quanti-
tative estimation of power losses in a high frequency planar transformer (100 kHz/
5600 VA). The methodology is based on the observation of the transient temperature rise
and determination of the power losses by means of curves representing the derivative of
temperature as a function of power losses dissipated in the transformer. First, the thermal
calibration characteristics had to be obtained from a simple experiment, where power
losses are generated by DC current in the ferrite core and windings. Next, experimental
investigations focused on the determination of the transformer power losses for a short
circuit and no load, with a resistive load and with the rectifier as a load were carried out.
Finally, to verify the obtained results, analytical calculations based on Dowell’s and mo-
dified Steinmetz’s equations were additionally made, which showed a good convergence.
The proposed method is easy to implement and can be used as an alternative to the calo-
rimetric method which is time-consuming and requires a complicated measurement
setup.

Key words: power losses estimation, thermal camera, thermal calibration, planar trans-
former, Dowell’s and Steinmetz’s equations

1. Introduction

The estimation of the power losses of converter components such as semiconductor
devices (transistors, diodes) or passive parts like transformers and inductors is described in
a number of papers (e.g. [1-3]). This is a very important issue for improving the power density
factor and power converter miniaturization. A detailed analysis of heat distribution from these
components in high power density converters allows better thermal management and cooling
conditions [4-6]. Many power electronics converters are characterized by a high switching
frequency (f > 20 kHz) in the form of non-sinusoidal current and voltage waveforms, which
makes the determination of the power losses more complicated.

There are various methods for power loss measurement, which are based on current and
voltage scope records [2, 3]. However, they are characterized by low accuracy and have a few
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measurement errors resulting from probe delays and large variations in voltage and current
levels. It should be added that in the case of high-frequency converters the electromagnetic
radiation reduces the accuracy of power measurements. Other relevant papers [7-9] analyze
power losses in each part of the Dual Active Bridge converter (DAB), but the equations pre-
sented by the authors are complicated and thus difficult to use in practice. Very valuable infor-
mation about the estimation of copper and core losses in transformers operated at a high
frequency (above 20 kHz) is presented in reference [10]. There are also methods based on the
analysis of thermal phenomena. For example, precise results can be achieved using a calori-
metric method described in references [11-14], but the measurement process is time-consu-
ming and requires a complex measurement setup. A significant time reduction in calorimetric
measurements can be obtained by using the temperature rise analysis only [15, 16]. Finally, an
ac-curate and simple method is presented in reference [17], though its application is limited to
small converters with power losses of up to 30 W.

A method similar to the calorimetric method is discussed in this paper. It relies on the
observation the transient temperature rise in the transformer and determination of the power
losses using curves representing the derivative of the temperature as a function of power
losses dissipated in the object being tested. In order to evaluate this method for the design of
high frequency transformers, records of the surface temperature rise on the examined device
must be taken. Additionally, a transformer supplied from an H-bridge converter was tested
under several types of loads.

The authors assumed that with a good knowledge of the construction of the transformer,
including the geometric arrangement of the coils, core material and dimensions, the power loss
calculation results based on the Steinmetz and Dowell models were relatively accurate, [11]
[18-21]. Hence to validate the results, the power losses measured in the core and windings
were compared with the results of analytical calculations made using the modified Steinmetz
equation for core losses and the Dowell equation for windings losses.

This paper is organized as follows: the measurement methodology and the experimental
setup are described in Section 2. Detailed calculations of power losses for the transformer
under laboratory testing are given in Section 3. Section 4 compares the results obtained from
the thermal camera measurements with the analytical calculations using Steinmetz’s and
Dowell’s formulas. Finally, conclusions are presented in Section 5.

2. Transformer loss measurements using a thermal camera

In order to examine the validity of the proposed method, a commercially available
5600 VA/100 kHz transformer was selected. The main parameters of this transformer are
presented in Section 3. The proposed high-frequency transformer power loss measurement
procedure consists of two steps. The first step involves the calibration of the measurement
equipment by heating the main transformer components (core and windings) using a DC
power supply, as the supplied power has to be precisely regulated. The second step is used to
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estimate the power losses in the tested transformer under predefined loads using the heating
curves obtained in the first step.

2.1. Experimental investigations

The principle of the calibration process relies on the recording the temperature as a func-
tion of time for several, known, constant values of the power dissipated in the transformer.
First, the time-temperature curves for the different power losses of a planar transformer, which
core and windings are heated by a separate DC power source are measured using an infrared
camera, then the curves of power versus a temperature time derivative (d77/d¢) are extracted
for the power losses of the core and windings separately and together. Therefore, it is possible
to determine the total power losses dissipated as heat both in the core and in the windings
using a comparative method, if we know the relationship between the time derivative of the
average transformer surface temperature and the overall power losses generated in the element
being tested. To obtain this relationship, the precise DC power is delivered to the transformer
and the averaged temperatures on the surface of this element are gathered. These thermal
observations and measurements are used to provide calibration characteristics. The procedure
for preparing such characteristics should be dedicated for each specific type of device, and
could be described as a transformer “thermal calibration”.

In the first step of the calibration process, the initial parts of the heating curves are deter-
mined by supplying the defined power to the ferrite core and the windings using a fully con-
trolled DC voltage and the current sources as shown in Fig. 1a [11]. The thermal time cons-
tants of magnetic elements in small power electronic equipment vary from 10 to 20 minutes,
but in practice, the transformer temperature 77 can be measured over a period of time not
exceeding 10 minutes from the start of the calibration process. During calibration, the trans-
former should be placed in a protection case to minimize the measurement errors caused by
external influences, such as air flow, draught, etc. For the temperature measurement, a thermal
camera positioned above the tested transformer was used (Fig. 1b). The image obtained from
the camera (Fig. 1¢) shows the top surface of the transformer. The image is transferred to a PC
where the average temperature of a predefined area was computed by dedicated software. The
measurement area is marked out with the rectangle defined by the four cursors (Fig. 1¢). The
setup is detailed described by authors of this paper in [22]. It is worth noting that the majority
of the thermal cameras currently available on the market have their own function of averaging
the temperature over selected area.

During the calibration and testing under different transformer load conditions (as described
in Section 3) camera must stay in the same position with respect to the transformer in order to
capture the same surface emissivity.

The thermal calibration process was carried out in three cases — when power supply (equi-
valent of power losses P) was provided: a) only to the core, b) only to the windings, and c)
both to the core and to the windings simultaneously (Fig. 1a). Power to the core was supplied
by connecting a controlled DC voltage source directly to the ferrite core. To avoid high con-
tact resistance, specially designed copper electrodes were used. Power to both windings was
provided using two additional voltage sources (one for each winding).
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The core heating power during the calibration process was determined as the product of
voltage (73) and current (43). The resistance of the core varies with the core temperature and
supplied voltage, so it is difficult to keep a constant power. The DC voltage had to be ad-
justed, taking into account this variable resistance.

(b) (©
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Fig. 1. Thermal testing of a transformer: (a) diagram of the transformer with the DC supply system:

1 —planar transformer, 2 — windings, 3 — copper electrodes; (b) view of the setup: 1 —tested element,

2 —protection case, 3 —thermal camera, 4 — thermometer to measure the temperature inside the case,

A + D — terminals of the transformer windings; (c) example of the camera image when the core is heated
by DC current of 10 W after 15 min from the start of the test

In the second case, the DC voltages Upc and Up, were adjusted to maintain the appro-
priate values of DC currents in the windings. Due to the very small supplied voltage levels, the
power in both windings was adjusted based on the winding DC resistance and the measured
current values (using 41, A2; see Fig. 1a). In order to keep the power losses at a constant level,
the variations of copper resistivity (1) were taken into account:

pr = pli+a(rT-20)], (M

where: p=1.7 x 10 Qm — copper resistivity at 20°C, p;— copper resistivity at the tempera-
ture T, a = 0,004°C ' — temperature coefficient of resistivity.

For each of the described cases, the calibration heating characteristics were recorded. The
characteristics presenting the average transformer surface temperatures as a function of time
are shown in Fig. 2. It should be noted that the presented calibration method is only valid for
these types of transformers. For different electrical components (e.g. different types of trans-
formers, and inductors), the whole procedure must be adjusted.

Based on the curves in Fig. 2, the tested transformer surface temperature increases A7y in
the assumed time interval Az =35 minutes were determined. The authors have proposed to
measure the temperature transient for max. 15 minutes and then take the temperature dif-
ference ATy between 5 and 10 min. In this time interval the transformer temperature rises ATr
are approximately a linear time function. During the initial time interval after the start of each
calibration test (first 5 minutes of test) the fine adjustment of the applied power is performed.

This made it possible to create the calibration characteristics P =f(ATy/Af), which are
shown in Fig. 3. The characteristics were prepared for the core power losses (“Fe”), the wind-
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ings power losses (“2 x Cu”) and the core and windings losses (“2 x Cu + Fe”) corresponding
to three different transformer tests, i.e. no load (predominant core power losses), a short circuit
(predominant winding power losses) and a specified load (power losses both in the core and in
the windings).
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Fig. 2. The heating characteristics of the transformer obtained from the thermal calibration process for
different cases (P = const.): (a) power delivered to the core “Fe”; (b) power delivered to the high- and low-
-voltage windings “2 x Cu”; (c) power delivered to the core and two windings “2 x Cu + Fe”

oG Fig. 3. Calibration characteristics of the trans-
former P = {AT7/At), where L — linear appro-
ximations of the characteristics
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2.2. Thermal calibration

AC tests were used as experimental examples, which showed the usefulness of thermal
measurements for power loss determination under operating conditions typical of high fre-
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quency-transformer applications, i.e. non-sinusoidal voltage and current waveforms. These
tests should be performed under thermal conditions identical to those during the calibration
process. The same protection case as in the calibration part was used, and during the tests the
transformer was placed in the same position as before.

Typically, the waveform shapes of the primary winding current in transformers operating
with a rectangular voltage (e.g. transformers in DAB converters) are similar to triangular or
trapezoidal ones. A simple way to achieve these conditions with a minimal number of com-
ponents in the setup is to power supply the tested transformer from an H-bridge converter
(Fig. 4). In four cases (no load, short-circuit operation, resistive load operation, and an induc-
tive-load rectifier connected to the secondary winding), the most common typical winding
current shapes occured, e.g. the ones corresponding to the current shapes in different operation
modes of a DAB converter. In all cases, the high-voltage winding was supplied with an adjust-
able voltage with a rectangular wave of f'= 100 kHz.

7AW AAL
- ETAT - ST

Fig. 4. Representation of the measured systems for different conditions: (a) no load operation;
(b) short-circuit operation; (c) resistive load; (d) rectifier with inductive load

During each test, the waveforms of high-voltage winding current with RMS values from 4 A
to 12 A and an FFT spectrum of up to the eleventh harmonic were registered (Fig. 5).

For temperature measurements, observations of the transformer surface were carried out
using the same thermal camera as in the calibration process. The average values of the surface
temperature of the transformer in dynamic thermal states, under the same conditions as in the
calibration stage, were registered. In each test, the initial fragments of the heating character-
ristics were prepared, and for these characteristics, the temperature increments AT7= Tr2)—

T7 (1) in the time interval from #, = 5 min to #,= 10 min were determined.

Based on the derivative ATr/At = (Tru2— Tra1))/(t,— 1) determined from the calibration
characteristics (given in Fig. 3), the corresponding power losses generated in the transformer
were red out.

For determining the power losses in the core of the unloaded transformer, the “Fe” cali-
bration characteristic indicated in Fig. 4 was used. The power losses generated in the transfor-
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mer in the short-circuit operation mode (triangular current waveform) were determined based
on the calibration characteristics marked as “2xCu”. In this case, it was assumed that due to
the low voltage, the power losses in the core could be neglected. For determining the power
losses in the transformer with a resistive load (the current waveform being similar to a rectan-
gular one) or with a load in the form of a bridge rectifier (a trapezoidal current waveform), the
calibration characteristic “2 x Cu + Fe” was used.
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Fig. 5. Waveforms of the current and its spectrums in the high-voltage winding of the transformer in
different load conditions: (a) short-circuit (/;rms)= 8 A); (b) resistor (/;rms)= 6.3 A); (c) bridge rectifier
with an inductor in the DC circuit (/;rms = 6.7 A)

3. Power loss calculation

3.1. General description of the transformer under testing

A planar transformer as described by the parameters shown in Table 1 was used in all labo-
ratory tests. It was built using two core sets of the ER 64/13/51 type of a typical core mate-
rial — ferrite 3F3. Multilayer PCBs were used to form the windings of the primary (high-
voltage) side, while the windings of the secondary (low-voltage) side were made from copper
tape. Both windings were divided into sections to reduce the proximity effect. Based on the
geometrical dimensions and construction details of the core and the windings, the DC current
resistances of the primary and secondary sides of the transformer windings were calculated
and presented in Table 2.

Table 1. Fundamental parameters of the transformer

Parameter Value
Rated power Sr=5600 VA
Maximum primary side voltage (rectangular) U, =360V
Windings ratio n = N,/N,=2/11
Frequency f=100 kHz
Max. flux density for U; =360 V, N; =11, f= 100 kHz B,=0.15T
Effective core volume Vi =52.6 cm’
Rated current of primary winding I, =16 A (RMS)
Rated current of secondary winding I, =88 A (RMS)
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Table 2. Main parameters of primary and secondary windings

Parameter

Value

Number of turns (primary)

N1:11

Dimensions of a turn (primary)

turn thickness: 0.05 mm
average turn width: 18 mm
turn length: 0.15 m

Cross-sectional area (primary)

Scu ~ 1.80 mm?

Copper filling factor k,=1.0
DC current resistance (20°C) of the winding (primary) Ry =15.0 mQ
Number of turns (secondary) N,=2

Dimensions of a turn (secondary)

turn thickness: 0.50 mm
average turn width: 16 mm
turn length: 0.15 m

Cross-sectional area (secondary)

SCuZ =32 mmz

Copper filling factor (secondary)

k,=1.0

DC current resistance (20°C) of the windings (secondary) | R, = 0.20 mQ

3.2. Power losses in the core

For the analytical estimation of the ferrite core losses in the transformer under testing, the
following modified Steinmetz equation for rectangular voltages (e.g. [11, 18, 21]) was used:

8
P, = ?k 1B (co +¢,Ty +c,T,° )VFe @)

where: Pg. is a power losses generated in the core [mW], f, B, are a frequency and peak value
of the flux density, respectively, 77 is a core temperature [°C], ¢y, ¢1, ¢, are a temperature
effect coefficients, V. is an effective core volume [cm’].

The following values for &, a, f and the polynomial coefficients ¢y, c;, and c,, were assu-
med (for f=100 kHz) [11]: k=0.25x10"; a = 1.60; f=2.50; co=1.26; ¢;=1.05x10* [°C'];
¢, =0.79x10*[°C 2.

It should be noted that the polynomial in formula (2) is only equal to 1 for the core tem-
peratures 77=30°C and T7= 100°C and is minimal (= 0.91) for Tr= 65°C.

3.3. Power losses in the windings

In high-frequency operation modes, the skin and proximity effects cause a significant in-
crease in AC resistance and power losses in both windings. A mitigation of the negative im-
pact of these phenomena can be achieved by dividing the winding into sections and alternating
the primary and secondary sections.

The resistance of the section j, consisting of my layers can be determined using the Do-
well’s Equation [19, 20]:

sinh(2y) +sin(2 2 sinh(y) —sin
Ry = Ruy? (2y) +sin(2y) +*(m32 _1) (») —sin(y)
cosh(2y)—cos(2y) 3 cosh(y)+cos(y)

=KrpRay 4
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where: Rgy; is the resistance of the section j for DC current; Kp; is the increase rate of the
resistance of a winding section for sinusoidal current of the frequency f; m; is a number of
effective layers in the winding section j, y is the relative layer thickness for the copper filling
factor equal to 1, expressed as y = h/J, where 9 is the copper skin depth J determined by the
formula

Yo
o= |—— 4)
Tuf

where: 4 is a magnetic permeability of copper.

In order to find the AC resistances of the primary R, and secondary R,, windings of
a transformer with windings divided into sections, it is necessary to determine the increase
rates Kg(; for each section. Next, the coil AC resistance of each section can be calculated:
Rac) = Krg) Ragp- Finally, by taking into account the series or parallel connection of the sec-
tions, the total resistance of the winding is determined.

Fig. 6 shows the cross-section of a high-voltage and low-voltage windings, the correspond-
ing distribution of the magnetic force F, along the x-axis, and the connection diagram of the
windings. It enables the determination of the effective number of sections and layers in the
transformer under testing.

In the case of the high-voltage winding, the effective number of layers in the two sections
are the same and are equal to my, = mgy=5.5. The low-voltage winding is divided into three
sections: s; and s5 (each of them having two layers my = mg=2), and s;3 (which has four
layers, but only two of them are effective, mg=2).
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YY)
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Fig. 6. Windings of the transformer: (a) the configuration of windings in the core window and the dis-
tribution of the magnetic force F,(x): 1 — sections of the low voltage winding, 2 — sections of the high-
voltage winding; (b) winding connection diagram

For the winding section with a well-defined effective number of layers and a relative layer
thickness y, the coefficient Kz = R.c()/Ra; can be taken from Dowell's graphs [19]. When
y < 1.5, (3) can be approximated with a simple expression [23] as below:

5ms2 -1 4

K,=1+
R 45

®)
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Equations (3) and (5) as well as Dowell’s graphs are only valid for sinusoidal currents.
However, the winding currents in the considered transformer are non-sinusoidal. Furthermore,
the leakage field produced by the higher harmonic currents penetrates the windings and in-
duces eddy currents which cause an additional increase in the winding resistance. The winding
power losses for non-sinusoidal current can be calculated using the RMS values of the effect-
tive harmonic currents and the corresponding resistances [11, 24]. The total power losses in
the windings are the sum of losses generated by each harmonic current:

K K
2 2
Pow=Fc, tIc,= le(k) Rac1txy +z[2(k) ) (©)
k=1 k=1

where: Pc,, Pcu1, Pcy are the total power losses generated in the transformer windings and the
power losses generated in the high- and low-voltage windings, respectively; I, Ly are
a RMS harmonic current in the high- and low-voltage windings; Ruis, Rac2 are resistances
of the high- and low-voltage windings for k£ harmonic currents; K is the order of the harmonic
taken into consideration (it is assumed that K= 11). The values of Kz, Krow), Reciy and
R are given in Table 3.

Table 3. Resistance increase coefficients and resistances of high- and low-voltage transformer windings
for several harmonic currents at 20°C

B fay=100 J3=300 fis=500 Jay=700 J=900 | fq,=1100
kHz kHz kHz kHz kHz kHz
harmonics No. k=1 k=3 k=5 k=17 k=9 k=11
Kri 1.008 1.0085 1.21 1.40 1.67 1.95
Ruc1n (M) 15.12 15.127 18.15 21.0 25.05 29.5
Krom 7.7 11.5 14.0 18.0 19.5 22.0
Ry (M) 1.54 2.3 2.8 3.7 3.9 4.4

4. Comparison of the measurements and calculations

The theoretical power losses defined in Section 3 can be directly compared with the mea-
surement results described in Section 2. All calculations were made for the transformer tem-
perature observed during experimental tests (77=35°C —the average value of transformer
temperature during testing).

The calculations for the transformer without a load were limited to power losses occurring
in the core only. The calculations were made using Equation 2 for several U, values (from
120 V to 360 V), i.e. identical to those adopted in the experimental part.

The calculations of power dissipated in the windings include the AC current winding re-
sistance, and the values of the measured harmonic current are presented in Table 4. The
influence of temperature on the resistivity of the windings material p7 (1), the skin depth, and
the relative thickness of the layer y were also taken into account [25]. It should be noted that
as the temperature increases, the DC resistance of the windings and the skin — depth also in-
crease, reducing the relative thickness of the layer y. In accordance with the (3) and (5) by
reducing the value of y the increase coefficient K= Roc(;)/Rac(y 1s also reduced. In the case
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of the secondary winding made with copper tape with a thickness 2 = 0.5 mm, at a frequency
J=100 kHz, due to the reduction of coefficient K with increasing temperature the resistance
of R,.(2ydecreases. For a frequency =500 kHz, this effect is no longer present (Fig. 7b).
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Fig. 7. Resistances of both windings R,.; and R, depending on the temperature at frequencies of:
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Fig. 8. Relative values of harmonic currents and corresponding power losses in the transformer wind-
ings: (a) short-circuit state; (b) transformer with a resistive load; (c¢) transformer with a rectifier as a load;
11y, Iy — RMS values of the fundamental and k-th harmonic current components; Py 1), Pey — power

losses in both windings caused by the fundamental and 4-th harmonic currents
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It can be observed that the amplitudes and effective values of the current harmonics of
higher order (k> 1) are small for the current waveforms occurring in the windings of the
transformer supplied with rectangular voltages of 100 kHz (Fig. 5). Therefore, despite the fact
that the AC resistances of the windings increased with increasing frequency, the power losses
caused by the higher-harmonic currents are relatively low (Fig. 8).

The total power losses in the transformer calculated using (2) and (6) for the core and
windings: P.,;= Pr, + P, are given in Table 4.

Table 4. Transformer power losses as measured using a thermal camera (P,,.,) and calculated using
Steinmetz’s and Dowell’s formulas (P,,) for the temperature 77= 35°C

Type of load U V] Li[A] P [W] P, [W] ep [%]
35 4.0 1.10 0.99 10.0
A — short circuit 7.35 8.0 3.70 3.74 -1.10
10.0 12.0 8.40 8.34 0.70
% _ resistor as a load 280 4.0 5.20 5.59 -7.5
285 5.5 7.0 6.81 2.7
O — rectificr as a load 18.0 6.37 3.40 3.08 9.4
25.0 9.13 6.20 5.64 9.0
120.0 0.0 0.58 0.54 6.9
200.0 0.0 2.33 1.93 17.2
© —no load 280.0 0.0 5.10 4.50 11.8
360.0 0.0 9.25 8.4 9.2
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Fig. 9. The absolute (a) and relative (b) difference between the power losses calculated (P,,;) and meas-
ured using the thermal method (P,,,): A — short-circuit condition, x — resistive load, o — rectifier as
a load, o —no load

In order to provide the comparison of the results for each case, the absolute and the relative
differences were calculated (Fig. 9):
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P _—P
gR — _mea cal 100% (7)

mea

Due to the fact that the measurements are based on the averaged temperature over a selec-
ted area, the accuracy of this method will be better, if the differences between the power dis-
sipated in the windings and in the core are small and the observed surface has a uniform tem-
perature.

5. Conclusions

The growing technical development of thermal cameras enables the quantitative determi-
nation of the power losses in electrical components from the thermal images. Moreover, by
having high-quality thermal images it is possible to locate the sources of the highest thermal
emission.

In this paper, a thermal camera was used to examine the process of heating a planar trans-
former, while focusing on measuring the power losses occurring in the case of high-frequency
voltages and currents. The proposed method is based on determining the temperature rise cha-
racteristics of the component being examined, which show the increase of temperature in time
based on the known power losses. It is possible to further determine the power losses gene-
rated in the element (in various operational conditions) by measuring the increase in tempera-
ture over a time interval and comparing it with the result obtained from the calibration pro-
cess.

The proposed method was described and verified on a planar (5600 VA/100 kHz) trans-
former using different types of loads which corresponded to the typical operational conditions
of a DAB converter. The experimental results have shown good correlation with the analytical
calculations made with the use of Steinmetz’s and Dowell’s equations. The difference between
calculated and measured results is in the worst case in the order 10-20%. This difference
originates from the inaccuracy of the thermal imaging method and the analytical calculation.

Furthermore, due to the fact that the increase of temperature in time has been determined
in the time interval from five to ten minutes from the start of the test, the presented method is
simple and allows high-accuracy measurements to be obtained in a relatively short time. It can
be adopted to a wide range of power converters.

The proposed method can also be readily used for determining the power losses in other
types of components, such as semiconductor elements.
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