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Abstract: In this paper, a new thermal model of the inductor is proposed. This model takes into
account self-heating in the core and in the winding, and mutual thermal couplings between the
mentioned components of the inductor. The form of the elaborated thermal model is presented. In
this model, the influence of power dissipated in the core and in the winding of the inductor on the
efficiency of heat removal is taken into account. Correctness of the model is verified experimentally
for inductors containing ferrite cores of different shapes and dimensions. The good agreement
between the results of calculations and measurements is obtained. On the basis of the obtained
findings, the influence of volume and the shape of the core on thermal resistances and thermal
capacitances occurring in this model is discussed.

Keywords: inductors; ferromagnetic cores; thermal model; transient thermal impedance; thermal
resistance; self-heating

1. Introduction

Inductors are important components of switch-mode power converters. These components are
used to store electrical energy [1-5]. Properties of these components indeed depend on physical
phenomena occurring in the winding and in the ferromagnetic core contained in the inductor [1,6—
10]. At present, producers of ferromagnetic cores offer many types of cores made of different
ferromagnetic materials. However, the most frequently used material to construct inductor cores are
ferrites produced as a result of dwighting powdered metal oxides. Ferrites are characterised by high
hardness, high resistivity, and low losses of eddy currents [5,9-14].

When an inductor operates in switched mode power converters an increase in power losses in
this component is observed, which is the effect of current flowing through the winding of the inductor
and remagnetisation of its core [1,5-16]. Power losses in the inductor are converted into heat. Heat
generated in components of the inductor causes an increase in temperature of both the core and the
winding above ambient temperature as a result of self-heating phenomena and mutual thermal
couplings between the core and the winding of the inductor [8,11,15,17-19].

Temperature strongly influences the properties of electronic components, especially their
reliability [20-22]. Therefore, it is essential to know the value of internal temperature of any element
in the anticipated conditions of its operation. To calculate this temperature at well-known waveforms
of power lost in the element, thermal models are used [23-26].

Thermal models presented in the literature have a character of microscopic models [6,7,27,28],
dedicated to calculate distribution of temperature in the electronic component or macroscopic
(compact) models [8,29-31], making it possible to calculate one value of internal temperature of the
whole electronic component. Microscopic models, due to a high level of complexity, are not
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frequently used to analyse electronic circuits and they are used only to analyse thermal properties of
single electronic components.

Typically compact thermal models are used. These models are often presented in the form of a
network analogue [23,24,29,30,32]. Such an analogue usually consists of the current source,
representing power dissipated in the modelled component and the RC network representing
transient thermal impedance Zu(t), characterising the ability of a component to remove heat
generated in this component [23-26]. Voltage on the current source corresponds to an excess of
internal temperature of this component above ambient temperature [23-26].

The compact thermal model takes into account simultaneously all mechanisms of heat removal
to the surroundings, i.e., conduction, convention, and radiation [24,30]. Transient thermal impedance
occurring in the compact thermal model is typically described with the use of dependence of the form

[24,29,30].
N
t
Tthi
i=1

where Ru is thermal resistance and N the number of thermal time constants i corresponding to
coefficients ai. At the steady-state the value of transient thermal impedance is equal to thermal
resistance Rin.

In the literature many compact thermal models of inductors and transformers are described
[6,8,15,17,33]. However, these models are highly simplified. Some of them [6,8] do not even take into
account differences in temperature between the core and the winding. Thermal models of inductors
taking into account nonlinearity of phenomena responsible for heat transfer are not known to the
authors. Such nonlinearity is observed, among other things, in thermal models of semiconductor
devices [30,34,35] or in the results of measurements of thermal properties of transformers shown
among others in the papers [36,37]. Nowadays, there are no compact thermal models of inductors,
which take into account influence of nonlinearity of thermal phenomena as well as the shape and the
size of the core on thermal parameters of inductors.

The aim of this paper is to examine influence of the size and the shape of the ferromagnetic core
and power losses on parameters of a thermal model of the inductor. In Section 2, a new nonlinear
thermal model of the inductor is discussed. Section 3 describes a manner of estimation of parameters
of the new model. The obtained results of calculations and measurements illustrating the usefulness
of the proposed model are shown and discussed in Section 4.

2. New Nonlinear Thermal Model of Inductors

A nonlinear thermal model of inductors presented in this section was developed by the authors.
It belongs to a group of compact thermal models of electronic components. Let us assume that these
electronic components contain more than one heat source. Such models were described in the
literature for IGBT (insulated gate bipolar transistor) modules [23] and LED (light emitting diode)
modules [38] in which self-heating phenomena and mutual thermal couplings also occur.

The presented nonlinear thermal model of the inductor takes into account the fact that both the
core temperature Tc and the winding temperature Tw depend on the value of ambient temperature
Ta and a temperature excess, which is a result of a self-heating phenomenon in each component of
the inductor and mutual thermal couplings between these components. The temperature excess of
the inductor component caused by a self-heating phenomenon depends on the transient thermal
impedance of the core Zuc(t) and transient thermal impedance of the winding Zuw(t). Thermal
couplings between the core and the winding are characterised by mutual transient thermal
impedance between the core and the winding Zmcw(t). Nonlinearity of phenomena responsible for
transporting heat generated in the inductor to the surroundings is also taken into account.

The new nonlinear thermal model of the inductor is dedicated to the SPICE (simulation program
with integrated circuits emphasis) program and has the network form shown in Figure 1.
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This model consists of four subcircuits. Two of them, visible on the left side of Figure 1, allow
for the calculation of the winding temperature Tw and the core temperature Tc. According to the rules
of formulating a thermal model of electronic devices the Foster network is used [39]. In the mentioned
network, current sources which describe the time dependence of power dissipated in the electronic
element are used. Current sources Iw and Ic correspond to powers dissipated in the winding and in
the core. Self-transient thermal impedances of the winding Zuw(t) and the core Zuc(t) are modelled
using Cwiand Cci capacitors and controlled current sources Gwi and Gci. Voltages on these circuits
correspond to a temperature excess caused by a self-heating phenomenon occurring in the winding
and in the core. Influence of mutual thermal couplings between the core and the winding is modelled
using the controlled voltage sources E1 and E». Voltages on these sources correspond to the values of
temperature excesses Twc and Tcw. In contrast, voltage sources V1 and V2 model ambient temperature.
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Figure 1. Nonlinear compact thermal model of the inductor.

The other two subcircuits allow calculating excesses of the core temperature Tcw and the winding
temperature Twc caused by thermal coupling between the inductor components. In these subcircuits,
current sources represent power dissipated in the winding Iwc and in the core Icw. The networks
connected to these sources model mutual transient thermal impedance between the core and the
winding Zmcw(t). All transient thermal impedances occurring in the presented model are described
by Equation (1).

As shown in the papers [23,35,36,40], waveforms of transient thermal impedance of electronic
components depend on power or internal temperature of the considered electronic component. From
the papers [23,36,38] and from measurements performed by the authors, it results that influence of
power dissipated in the modelled component practically does not influence heat capacitances of this
component, while influence of power dissipated in the considered component on thermal resistance
could be significant. Therefore, in the presented nonlinear thermal model of the inductor, constant
values of thermal capacitances are used. In contrast, thermal resistances occurring in the considered
model depend on power generated in the inductor. Empirical dependence of thermal resistance R
on the dissipated power p is proposed. This dependence is expressed by the empirical Equation:

-P
Rip = Ripo + Rypy - €XP (T) )

where is power dissipated in a heating component (core or winding), Rimo, Rim and b are the model
parameters. Of course, for each of the three transient thermal impedances (1), there is a different set
of parameter values describing thermal capacitances and thermal resistances.

Changes of individual components of thermal resistance are modelled using the controlled
current sources Gi according to the Equation [33]:

Ve,

G, = —L—
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where Vi is voltage on source Gi, Ri thermal resistance calculated using the Equation (2), and a: is
the coefficient in the Equation (1) which corresponds to i-th thermal time constants zui.

Values of parameters occurring in Equations (1) and (2) were determined using the concept of
local estimation [41,42] based on the measured waveforms of transient thermal impedances occurring
in the considered thermal model of the inductor.

3. Method of Model Parameters Estimation

Values of parameters of the thermal model described in Section 2 can be determined as a result
of realisation of a series of measurements and calculations. These measurements are performed in the
measuring set-up shown in Figure 2.

Figure 2. Set-up to measure thermal parameters of the inductor.

The considered set-up contains a voltage source E, a resistor R limiting the value of current, an
ammeter, a voltmeter, the examined inductor L, a pyrometer, the acquisition data system DAQ, and
a PC. To measure the value of DC current and DC voltage multimeters of the type UNIT UT-803 were
used. The uncertainty of the measurements of DC voltage is +0.025%, of the DC current +0.1%, and
of temperature measured by the pyrometer PT-3S is equal to 3% [43].

In this set-up transient thermal impedances of the core Zuc(t) and the winding Zuw(t), and also
mutual transient thermal impedance between the core and the winding Zmcw(t) are measured. These
measurements are realised with the use of the indirect method and the following definitional

Equations.
Zune(®) = £ 02 @
Zuw (8) = 4T 6)
Zuwe(®) = £ ©)

where pc denotes power dissipated in the inductor core, whereas pw refers to power dissipated in the
winding. In Equations (4)—(6), the temperatures of the core and the winding and powers dissipated
in the core and in the winding also appear.

In the considered measuring set-up power in the shape of a jump is dissipated during the flow
of current through one of two components of the inductor depending on the position of switch S. In
the position 1 of the switch, power is dissipated in the core, and in the position 2 of this switch power
is dissipated in the winding. The value of current flowing through components of the inductor is
regulated by means of voltage source E and resistor R. The temperature of the core is registered by
means of the pyrometer PT-35 [43] configured to work in the continuous operation, as well as the
card of data acquisition and a computer. In turn, temperature of the winding is measured indirectly
on the basis of measurements of the winding resistance.



Energies 2020, 13, 3842 5 of 20

The value of voltage and current flowing through the core or the winding is regulated over a
wide range of the measured waveforms Zuc(t), Zunw(t) and Zmcw(t) for different values of power pc
and pw. Basing on the registered waveforms of the mentioned transient thermal impedances of the
inductor, values of parameters Ru, a;, mi occurring in the Equation (1) for every applied value of
power pw and pc are estimated using the program ESTYM [42]. For every transient thermal impedance
of the modelled inductor at the highest applied values of the dissipated power, average values of
parameters ai and thermal capacitances occurring in the proposed thermal model are calculated on
the basis of the Equation:

_ _Tehi
a; - Rep

i @)
Based on the measured dependences of thermal resistance on power Ruc(pc), Ruw(pw), and
Ruew(pw), values of parameters Ruo, Ron, and b occurring in Equation (2) are estimated with the

method of local estimation [39,40] for every considered dependence separately.

4. Results

In order to analyse influence of the dimensions and the shape of the core on parameters of a non-
linear thermal model of the inductor, investigations of the considered component operating in the
set-up presented in Figure 2 were performed. Measurements were carried out for inductors with
ferrite cores of different shapes and dimensions.

In subsection A the tested inductors are described, in subsection B presents the estimated values
of model parameters, and in subsection C, the obtained results of calculations and measurements are
presented. On the basis of the obtained results dependences of influence of the mentioned factors on
the value of parameters of the presented nonlinear thermal model of the inductor are discussed.

4.1. Tested Inductors

Inductors containing cup and toroidal cores made of ferrite material F-867 [44] were used for
investigations. On each core, eight turns of copper wire in the enamel of the diameter 1 mm were
wound. The examined inductors with cup cores of different dimensions were mounted on the printed
circuit board, which was situated vertically during measurements. The inductor with the ring core
was also arranged vertically. In Figure 3, the dimensions of the examined inductor cores are shown.

a)

Figure 3. Dimensions of the investigated (a) cup core and (b) toroidal core.

In Figure 4, the examined inductors with cup cores installed on the printed circuit board are
shown, and in Figure 5 the examined inductor with the ring core is presented. During measurements
ambient temperature was monitored and its value fluctuated between 21.9 °C and 23 °C. In both the
figures, cables mounted to the ferromagnetic core are visible. These cables are indispensable to enable
the current flow through the ferromagnetic core while heating this core. In Table 1 values of selected
parameters of material F867 are collected, whereas in Table 2, values of geometrical parameters of
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the considered inductor cores are given. The inductors with the core whose parameters are collected

in Table 2 are shown in Figures 4 and 5.

Figure 5. Tested inductors containing toroidal cores.

Table 1. Values of selected parameters of material F867 [43].

Parameter Bsat (T) Br (T) Hc (A/m) Hi Py (mW/cm?)
Value (25 °C) 0.6 0.15 40 2400 129
Value (100 °C) 0.4 0.12 40 3900 70

Table 2. Geometrical parameters of the tested inductor cores.
Cup Core

Dimensions (mm) l. (mm) A. (mm?) Ve (mm3)
%1 h
14 8 20.6 23.1 485
18 11 259 43 1120
26 16 37.2 93 3460

Toroidal Core

Dimensions (mm) I. (mm) Ae (mm?) Ve (mm3)
D1 (%)) h
16 9.5 6.5 40.03 21.12 845.71
20 10 10 35.7 150 2355
31 19 13 78.5 78 6123
40 24 15 98.56 448 12861

As shown in Table 1, saturation flux density Bs«: decreases with a temperature increase from 0.6
T to 0.4 T, remanence flux density Bz does not exceed 0.15 T, coercion force Hc amounts to 40 A/m,
initial permeability ui strongly depend on temperature and increases from 2400 to 3900. Power losses
per unit of volume Pv decrease from 129 mW/cm? to 70 mW/cm? in the considered changes of
temperature. In further part of this paper the considered cup cores will be denoted as: small cup core,
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medium cup core and big cup core, respectively. In turn, toroidal cores will be denoted as: toroidal
core 16, toroidal core 20, toroidal core 30 and toroidal core 40, respectively.

Table 2 shows that the used cores are characterised by different values of such geometrical
parameters as: magnetic path length [, cross-section area A. and volume V.. For example toroidal core
16 has similar value of [. parameter to big cup core le parameter and similar value of A. parameter to
small cup core A. parameter. Further, the toroidal core 20 has similar value of l. parameter to big cup
core.

4.2. Parameters Values of a New Model

Using the measurement set-up (Figure 2), measurements of transient thermal impedances were
performed. They were carried out for all the considered inductors at different values of power
dissipated in the cores and windings. Based on the obtained measurement results, values of
parameters of the nonlinear thermal model were determined for each considered inductor with the
use of the method described in Section 2. For example, values of parameters of this model for
inductors with the medium cup core and with the toroidal core of the external diameter equal to 16
mm are presented in Table 3.

Table 3. Values of parameters of the nonlinear thermal model of inductors with the medium cup core
and with the toroidal core.

Rno

R Cim Cth2
Parameter (‘L(; KIW) b (W) a az J/K) q/K)
Inductor with the Medium Cup Core
Znw(t) 25 11 2 0.403 0.597 2.403 8.07
Zinc(t) 19 15 2 0.449 0551 10.694 23.693
Zawc(t) 15 12 14 0.937 0.063 13.99  219.56
Inductor with the toroidal core 16

Znw(t) 25 20 5.3 0.26 0.74 0.516 4.958
Zinc(t) 20 15 4 0.994 0.006 5.132  151.47
Zawc(t) 15 8 19 0.906 0.094 7.605 53.85

As can be observed, for both the inductors, the same number of thermal time constants, related
to the coefficients ai, which describe particular transient thermal impedances, is obtained. Values of
thermal capacitances characterising thermal properties of the core are higher than those capacitances
characterising the winding properties. Values of parameters Rumo appearing in the description of
individual transient thermal impedances are similar for both the considered inductors. In contrast,
even ten-fold differences are observed between values of b parameter describing the considered
transient thermal impedances.

Table 4 compares the values of parameters of transient thermal impedance of the core Zuc(t)
obtained for the inductor with cup cores of different sizes.

Table 4. Values of parameters describing Zmc(t) of inductors with cup cores.

Rino Rim Cim Cinz

Parameter KW)  (K/W) b (W) ai az 4/K) G/K)
Small core 38 33 0.5 0.35 0.65 1.114 6.503
Medium core 20 15 4 0.449 0.551 11.601 25.172
Big core 16 10 1 0.023 0.977 27172 29.228

As it is visible, an increase in the dimensions of the cup core causes a decrease in the value of
parameters Ruo and Rui, whereas parameter b achieves maximum value for medium cup core. Also
an increase in thermal capacitances values with core size is observed.
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Table 5 compares values of parameters of transient thermal impedance of the winding Zuw(t)
obtained for the inductor with cup cores of different sizes.

Table 5. Values of parameters describing Zmw(t) of inductors with cup cores.

Rino Rim Cim Cin2
P t b (W
arameter KW)  (KW) W) ai az 4/K) 4/K)
Medium 25 11 2 0319 0681 2498  9.620
core
Big core 7 50 2 0.39 0.61 3164  19.043

As can be seen, an increase in the dimensions of the cup core causes a decrease in the value of
parameters Ruo and Rm, whereas parameter b have the same value for both considered cup cores.
Additionally, increase in dimensions of the cup core causes a visible increase in the value of thermal
capacitance.

Table 6 collects the values of parameters of transient thermal impedance of the core Zuc(t)
obtained for the inductor with toroidal cores of different dimensions.

Table 6. Values of parameters describing Zmc(t) of inductors with toroidal cores of different

dimensions.
Rino Rim Cim Cin2
P
arameter (KIW) KIW) b (W) a1 az J/K) J/K)
tormizl core oy 13 2 0.994 0.006 479 27.07
toroidal core
20 19.6 5.5 1 0.874 0.126 17.530 28.43
toroidal core
30 11.8 7.9 3.3 0.98 0.02 27.265 233.12
toroidal core
40 11 6 1 0.984 0.016 63.356 550.80

As shown, an increase in the dimensions of the toroidal core causes an increase in the value of
parameters Ruoand thermal capacitances.

Table 7 collects values of parameters of transient thermal impedance of the winding Zmw(t)
obtained for the inductor with toroidal core of different dimensions.

Table 7. Values of parameters describing Zmu(t) of inductors with toroidal core.

Rino Rim Cim Cin2
P t W
arameter KW)  (KIW) b (W) a az 4K 7K
toro“ia; core g 20 5.3 0.26 0.74 0516  4.958
toroidal core
20 194 7 1.2 0.179 0.821 1.878 18.976
tor"lizl ©ore 1.8 7.9 33 0.192 0.808 5650  27.265
toroidal core
40 8 24 1.3 0.275 0.725 4.383 44125

As can be observed, an increase in the toroidal core dimensions causes an increase in thermal
capacitance and a decrease in the parameter Rmo. For example, parameter Ruo decreases even triple
when the diameter of the core increases 2.5 times.
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4.3. Results of Measurements and Calculations

In order to verify the usefulness of the thermal model of inductors proposed in Section 2, some
measurements and computation were performed. In computations the nonlinear thermal model of
the inductor was used. Results of these measurements and computations are shown in Figures 5-17.

In these figures, the results obtained for particular inductors were marked using the following
markers and colour rules: an inductor with 14 x 8§ mm dimensions of the cup core is marked as the
small cup core (blue), an inductor with 18 x 11 mm dimensions of the cup core, the medium cup core
(green), and an inductor with 26 x 16 mm dimensions of the cup core is marked as the big cup core
(red). An inductor containing toroidal core with 16 mm diameter of the core is marked as a toroidal
core 16 (violet), an inductor with 20 mm diameter of the core is marked toroidal core 20 (green), an
inductor with 30 mm diameter of the core is marked toroidal core 30 (yellow) and an inductor with
40 mm diameter of the core is marked toroidal core 40 (blue). Additionally, it is worth remembering
that the volume of toroidal core with 16 mm diameter corresponding to the volume of medium cup
core. In all the figures, lines denote the results of calculations, whereas points refer to the results of
measurements.

At first, measured and calculated waveforms of transient thermal impedances occurring in the
proposed thermal model of an inductor are presented. Next, dependences illustrating an influence of
dissipated power in components of the tested inductors on thermal resistances occurring in the
considered model are shown and discussed. Finally, an analytical description of the dependences of
thermal resistances and capacitances on the effective volume of the core contained in the tested
inductors are proposed and experimentally verified for these inductors.

Figure 6 presents the calculated and measured waveforms of transient thermal impedance of the
core of the considered inductors containing cup cores (Figure 6a) and toroidal core (Figure 6b)
obtained at dissipation in the core the power of the amplitude equal to 2.5 W.

a) ¥ b) 35
Pc=25W o Pc=25W
40 4 small cup core " "
30 1
359
25 1
— 30 ] p—
E 25 E 20 A toroidal core 16
= = s
= 20 - < 15 toroidal core 20 ¥
f= &
% ..
N N 10 1 o ..-f
10 4
5 5
0 T =T T T 0 T = T T
0.1 1 10 100 1000 0.1 1 10 100 1000

Figure 6. Measured and calculated waveforms of transient thermal impedance of the core for
inductors with (a) cup and (b) toroidal cores of different dimensions.

As can be seen, from the obtained waveforms of transient thermal impedance of the core, for the
smallest volume of the core, the value of Zuc(t) at the steady state is more than twice higher than the
value of Zuc(t) at the steady state for the biggest volume of the core (big cup core) and over 60%
higher than the value Zuc(t) at the steady state for the core of medium volume—the medium cup
core. It can be concluded from this relation that the ability to remove heat characterised by thermal
resistance of the core Ruc decreases with an increase in the core size. This is due to an increase in the
surface area, at which convection heat transfer rate can occur. On the other hand, the time needed to
reach the thermally steady state for the big core of the inductor is more than twice longer for the small
inductor core. This means that thermal capacitance of the core increases with its size. In the case of
the inductor with the toroidal core with the 16 mm diameter the value of Zuc(t) at the steady state is
more than twice higher than the value of Zuc(t) at the steady state for the toroidal core with the 40
mm diameter and about 50% higher than the value of Zuc(t) at the steady state for the toroidal core
with the 20 mm diameter. It is also worth noticing that the good agreement between the results of



Energies 2020, 13, 3842 10 of 20

measurements and the results of calculations was obtained. For the toroidal core, the maximum error
of calculations does not exceed 5% and for the cup core it is smaller than 8%.

Figure 7 presents the calculated and measured waveforms of transient thermal impedance of the
winding of the considered inductors containing cup cores (Figure 7a) and toroidal cores (Figure 7b)
obtained at power dissipated in the core equal to 2 W.

35 b) 45
a) 4inW=2W . wa-
30 toroidal core _16
351
25
30
520 1 E 25 1
= = toroidal core 20
215 - e 20
N £ 15|
10 A N
10 4
5
51 toroidal core 40
0 = T - T 0 ; - - T
0.1 1 10 100 1000 0.1 1 10 100 1000
t[s] ts]

Figure 7. Measured and calculated waveforms of transient thermal impedance of the winding for
inductors with (a) cup and (b) toroidal cores.

As can be seen, from the obtained waveforms of transient thermal impedance of the winding of
the inductor with cup cores (Figure 7a), for the medium volume of the core, the value of Zuw(t) at the
steady state is the same as the value of Zuw(t) at the steady state for the big cup core. In the case of
the inductor with the toroidal core with the 16 mm diameter the value of Zuw(t) at the steady state
for the considered inductor is five times higher than for the same inductor with the core with the 40
mm diameter. Additionally, differences between the results of calculations and measurements do not
exceed 11% for the inductor with the cup core and 13% for the inductor with the toroidal core.

Figures 8 and 9 show the waveforms of thermal transient impedance of the medium cup core
(Figure 8) and of the toroidal core (Figure 9) for selected values of power dissipated in the core.

35

medium cup core
309 p.=0416 W
254 pc=175W
Z 50 | Pc=2.14W
2
215 |
N
10 4
5 4
0 —& T T T
0.1 1 10 100 1000

pc [W]

Figure 8. Measured and calculated waveforms of transient thermal impedance of the medium cup
core at selected values of dissipated power.
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40
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‘é 15 4
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Figure 9. Measured and calculated waveforms of transient thermal impedances of the inductor
containing the toroidal core 16.

As can be seen in Figure 8, due to changes in power dissipated in the cup core, values of Zuc(t)
at the steady state change by not more than 20%. An increase in the value of power causes a decrease
of Zmc(t) value. It is observed that power does not influence time indispensable to achieve the steady
state of Zmc(t) waveform. This means that thermal capacitance is practically independent of power
dissipated in the core.

However, an increase in the value of power dissipated in the toroidal core (Figure 9) causes a
decrease in the value of Ziuc(t) at the steady state. These changes reach almost 15%. At the same time,
it can be seen that the value of power dissipated in the core practically does not influence time, in
which the waveform of Zuc(t) achieves the steady state. As can be seen, differences between the
results of calculations and measurements do not exceed 3%.

Figures 10 and 11 present the measured and calculated waveforms of transient thermal
impedances Zmw(t), Zmc(t), and Zmcw(t) for the inductor containing the medium cup core (Figure 10)
at power dissipated in the core and in the winding equal to 2.5 W, and for the toroidal core, 16 (Figure
11) at power dissipated in the core pc=1.7 W.

35

medium cup core

30 4 e
Zinw(t)

Z(t) [K/W]

p=25W

0.1 1 10 100 1000
t[s]

Figure 10. Measured and calculated waveforms of transient thermal impedances of the inductor
containing the medium cup core.
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45

toroidal core 16
40 1 "

354
30 A
25 A

20 A

Z(t) [K/W]

el p=17W
0.1 1 10 100 1000
t[s]

Figure 11. Measured and calculated waveforms of transient thermal impedances of the inductor
containing the toroidal core 16.

It can be seen that, at the steady state, values of Zuw(t) are up to 50% higher than Zuc(t). Time
necessary to obtain the steady state is the shortest for waveform Zaw(t) and the longest for Zmc(t).
Differences in the values of these times reach 20%, and are a result, among others, of differences in
the mass of the core and windings. Also, the good agreement between the results of measurements
and calculations was obtained. The maximum deviation does not exceed 8%.

Similarly to the cup core, the highest values are obtained for Zuw(t) (Figure 11). They are even
30% higher than the value of Zuc(t). Waveforms of Zuc(t) and Zmcw(t) differ from each other by not
more than 5%. These differences are due to construction of the inductor, which causes that the
winding is directly cooled by the air surrounding the inductor, and due also to the fact that the core
is surrounded by the winding, in contrast to the cup core, which is not. Also the good agreement
between the results of measurements and calculations is achieved and the differences between them
do not exceed 3%.

Figure 12 presents a comparison of waveforms of transient thermal impedances of the core Zc(t)
and the winding Zmw(t) for the inductor containing the toroidal core and the cup core at power
dissipated equal to 1.7 W.

The presented comparison shows that values of transient thermal impedances Zuc(t) and Zmw(t)
are about 30% higher for the inductor with the toroidal core. The setting time for Zuc(t) waveform is
longer for the inductor with the cup core, while the setting time for Zuw(t) waveform is practically
the same. In this case, the error of calculations does not exceed 3%.
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Figure 12. Measured and calculated waveforms of transient thermal impedances of the core (a) and
of the winding (b) for inductors containing each considered core.

Figures 13-15 shows the calculated with the use of the Equation (2) and measured dependences
of thermal resistances Ruc (Figure 13), Ruw (Figure 14), Ruwc (Figure 15) occurring in the thermal
model of the considered inductors with cup cores and inductors with toroidal cores on power
dissipated in these components of the inductor.
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As can be seen in Figure 13, dependence Ruc(pc) is a decreasing function for both the inductors
with the cup cores (Figure 13a) and with the toroidal core (Figure 13b). It is also visible that as the
core size increases, thermal resistance values decrease. The biggest differences in the values of this
parameter for the considered cores can be seen in the range of low values of power pc. Differences
between the calculation results and the measurement results do not exceed a dozen percent for the
inductor with the cup core and do not exceed 8% for the inductor with the toroidal core.

a) 70 b) 40
L]
60 - 357
50 4 30 A
toroidal core 16
Bl " . small cup core =z 25
g toroidal 20
g S . k _ toroidal core !
230 { e g
& medium cup core 15 .
20 - . . T » = . .
. X - 101 toroidal core 40
10 4 big cup core
5
0 T T T T T T T T 0
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6
pc [W] pe [WI

Figure 13. Measured and calculated dependences of thermal resistance Ruc of inductors with (a) cup
cores and (b) toroidal core on dissipated power in the core.
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Figure 14. Measured and calculated dependences of thermal resistance Ruw of inductors winding with
(a) cup cores and (b) toroidal core on dissipated power in the winding.
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Figure 15. Measured and calculated dependences of thermal resistance Ruw of inductors with (a) cup
cores and (b) toroidal core on dissipated power in the winding.

Figure 14 presents the calculated and measured dependences of thermal resistance Ruw of the
winding of the considered inductors with cup cores (Figure 14a) and inductors with toroidal cores
(Figure 14b) on power dissipated in these cores. Due to the limited size of the small core, it was
impossible to wind eight turns of copper wire in enamel with a diameter of 1 mm on inductor cores,
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so in the following results, a comparison between the big and medium cup cores only are presented
in Figure 13a.

The characteristics presented in Figure 14 have a similar shape as the characteristics presented
in Figure 13. An increase in the core volume causes a decrease in thermal resistance of the winding.
The differences between the results of measurements and calculations for inductors with the cup core
do not exceed 10% for all the considered inductors with cup and toroidal cores. It is also worth
noticing that thermal resistance of the inductor containing the toroidal core with the 16 mm diameter
is higher by even 10 K/W than thermal resistance of the inductor containing the medium cup core.
Additionally, the differences between the results of measurements and calculations do not exceed
11% for the inductor with the cup core and 15.5% for the inductor with the toroidal core.

Figure 15 presents the calculated and measured dependences of mutual thermal resistance
between winding and core Rawc of the inductors with cup cores (Figure 15a) and inductors with
toroidal cores (Figure 15b) on power dissipated in these cores.

As can be seen, an increase of the core size causes a decrease of thermal resistance of the
considered inductors with cup and toroidal cores. In the case of the inductor with the toroidal core
an increase in diameter from 16 to 40 mm causes a more than double decrease of thermal resistance,
whereas an increase of the diameter from 18 to 26 mm of the cup core causes a decrease in thermal
resistance by about 15%. Differences between the calculations and measurements results do not
exceed a dozen per cent for the inductor with the cup core and they do not exceed 13% for the
inductor with the toroidal core.

Figure 16 presents the measured and calculated dependences of thermal resistances Ruc, Riw
and Rucw occurring in the nonlinear thermal model of the inductor on power dissipated in the core
(Figure 16a) and in the winding (Figure 16b) for inductors with the medium cup core and the toroidal
core 16. As mentioned in Section 3, both the considered cores have similar volume.
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Figure 16. Measured and calculated dependences of thermal resistances (a) Rec, (b) Raw and (c) Ricw
of inductors with the medium cup core and the toroidal core on power dissipated in the core.

As can be seen, dependences of all the thermal resistances on power dissipated in the core are
decreasing functions. Values of the considered parameters for the toroidal core are higher than the
values obtained for the cup core. The highest values were obtained for thermal resistance of the
winding Raw, and the lowest values for mutual thermal resistance between the core and the winding
Rimcw. Values of these parameters differ between each other even twice. Due to the influence of
changes in power values in the considered range, changes in individual thermal resistances up to
20% are observed. Also, the good agreement between the results of calculations and measurements
was obtained. The differences between the results of calculations and measurements are less than
12%.

Analysing results of investigation presented above we formulated the analytic Equation
describing an influence of core volume on thermal resistances existing in the thermal model of the
inductor. The form of this Equation is as follows:

Ve
Ron = Runa (1 + ey exp (- E)) ®)

where Rima denotes border value of the thermal resistance at the volume of core tending to infinity, V.
is equivalent core volume, whereas m1 and ki are model parameters characterising the slope of the
dependence Ru(Ve).

In the same way, an analytical description of the dependence of thermal capacitance on core
volume was formulated. This dependence is given by following Equation:

Cen=Cipa- (1 +k3-V,) )

where Cia denotes border value of thermal capacitance corresponding to zero value of volume V.,
whereas ks is volume coefficient of thermal capacitance.

Figure 17 presents the measured (points) and calculated (lines) using Equation (8) dependences
of thermal resistance of the core Ruc, occurring in the nonlinear thermal model of the inductor on
effective volume of the core for inductors with the cup cores (red colour) and the toroidal cores (green

colours). Measurements and computations were performed at power dissipated in the core equal to
2W.
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Figure 17. Measured and calculated dependences of thermal resistance of the core Ruc (a) and thermal
resistance of the winding Ruw (b) on the effective volume of the core for inductors with cup cores and
toroidal cores.

As it is visible, for both the considered shapes of the core the dependence Ru(Ve) is a decreasing
function. Values of both thermal resistances for cup cores are smaller than for toroidal core in the
range of low values of core volume, whereas in the range of high values of core volume these relation
is opposite. It is worth noticing that in the considered range of change the core volume values of
thermal resistance decreases over twice. For both the shapes of core, a good accuracy of modelling
considered dependences are obtained.

Figure 18 illustrates an influence of core volume on selected thermal capacitances occurring in
thermal model of tested inductors.
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Figure 18. Measured and calculated dependences of selected thermal capacitance of the core Cuci (a)

and Cuc2 (b) on the effective volume of the core for inductors with cup cores and toroidal cores.

As can be observed, the considered dependences are increasing functions. It is worth noticing
that the thermal capacitance Cici of the tested inductors is smaller for inductors including toroidal
cores, whereas the thermal capacitance Cuc2 is smaller for inductors including cup cores. Also, the
good agreement between the results of measurements and calculations was obtained. The differences
between these results do not exceed 12% for both considered shapes of cores.

5. Conclusions

In the paper, a compact nonlinear thermal model of the inductor was proposed. This model
makes it possible to calculate values of temperature of the core and the winding of the inductor taking
into account occurrence of self-heating in every mentioned component of the inductor and mutual
thermal couplings between the core and the winding. It also takes into account the influence of power
dissipated in every component of the inductor on thermal resistance of the core and the winding and
mutual thermal resistance between the core and the winding. A manner of calculating the value of
parameters of this model was also proposed.



Energies 2020, 13, 3842 17 of 20

Correctness of the worked out model was verified for selected inductors containing ferrite cores
made of the same ferrite material, but these cores were characterised by a different shape or by a
different size. As a result of the comparison of the obtained results of calculations and measurements
it was shown that the elaborated model is universal, i.e., it makes it possible to obtain the good
agreement of these results over a wide range of changes of power dissipated in each component of
the inductor at different shapes and dimensions of the core.

Comparing the findings obtained for different sizes of cup cores, it was observed that an increase
in the dimensions of the core of the considered shape caused a decrease in the value of thermal
resistance and extension of time indispensable to obtain the thermally steady state in the examined
inductor. Taking into account the fact that a basic mechanism of removing heat generated in the core
of the inductor is convection, it can be said that the value of thermal resistance of the core is a
decreasing function of the surface of the cup core. Referring to the results of measurements shown in
the paper [36] it can be stated that in the description of the considered dependence spatial orientation
of the inductor should be also taken into account. In turn, the thermal capacitance of the core,
deciding the time of settlement of the waveform of transient thermal impedance, depends on the
volume of the ferrite core. Then, the thermal capacitances of the core can be described with an
increasing function of the volume of the core.

The authors proposed analytical Equations describing dependences of thermal resistances and
thermal capacitances of the core and the winding of the inductor on the volume of the core.
Correctness of the formulated Equations was proved for both the considered shapes of cores and a
good match between the results of measurements and calculations was obtained. The differences
between the results of calculations and measurements do not exceed 15% maximum. The obtained
results of calculations performed using the new thermal model of the inductor confirm usefulness of
the formulated model.

A change in the shape of the core also influences waveforms of transient thermal impedances
occurring in the new nonlinear compact thermal model of the inductor. At the similar volume of the
core, greater even by 20% values of thermal resistance were obtained for the inductor with the cup
core. The observed changes in the value of thermal resistances in the function of volume of the core
are higher for inductors with cup cores than inductors with toroidal cores. From the thermal
management point of view, it is more profitable to use toroidal cores than cup cores.

The obtained results of investigations make it possible to model the thermal properties of
inductors in a simple way. The proposed thermal model of inductors can be used in power electronics
applications. In the mentioned applications, properties of magnetic elements strongly influence watt-
hour efficiency. Using the new model, the designers of power electronic circuits can calculate thermal
parameters and temperature of every component of the designed inductor. They can also determine
usefulness of selected inductors in the anticipated operating conditions of the designing step.

The results of investigations presented in this paper correspond to one ferromagnetic material
only. In further investigations other ferromagnetic materials and other shapes of the cores will be
analysed.
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Nomenclature
Symbol Unit Explanation
Rin K/W thermal resistance

N number of thermal time constant
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Tthi s thermal time constants
ai coefficients whose sum has to be equal 1
Zinc(t) K/W thermal impedance of the core
Zmw(t) K/W thermal impedance of the winding
Zmew(t)  K/W mutual thermal impedance between the core and the winding
pc W power dissipated in the core
pw w power dissipated in the winding
Py mW/cm®  power losses per unit of volume in the core
Ts °C ambient temperature
Tw °C winding temperature
Tc °C core temperature
Beat T saturation flux density
Br T remanence flux density
Hc A/m coercion magnetic force
i initial permeability
le mm magnetic path length
Ve mm3 volume of the core
Ae mm? cross-section area of the core
Rna K/W value of thermal resistance at the volume of the core tending to infinity
mi mm? model parameters characterising the slope of dependence Riu(V.)
ki model parameters characterising the slope of dependence Rin(V.)
Cna J/K value of thermal capacitance corresponding to zero value of volume V.
ks mm™ volume coefficient of thermal capacitance
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