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Abstract: In this paper, we propose a method for the identification of the differential inductance of
saturable ferrite inductors adopted in DC-DC converters, considering the influence of the operating
temperature. The inductor temperature rise is caused mainly by its losses, neglecting the heating
contribution by the other components forming the converter layout. When the ohmic losses caused
by the average current represent the principal portion of the inductor power losses, the steady-state
temperature of the component can be related to the average current value. Under this assumption,
usual for saturable inductors in DC-DC converters, the presented experimental setup and charac-
terization method allow identifying a DC thermal steady-state differential inductance profile of a
ferrite inductor. The curve is obtained from experimental measurements of the inductor voltage and
current waveforms, at different average current values, that lead the component to operate from the
linear region of the magnetization curve up to the saturation. The obtained inductance profile can be
adopted to simulate the current waveform of a saturable inductor in a DC-DC converter, providing
accurate results under a wide range of switching frequency, input voltage, duty cycle, and output

current values.

Keywords: ferrite cores; DC-DC converters; saturable inductors

1. Introduction

Inductors are key components in the design of high-power density DC-DC converters
in high demand for automotive, aerospace, and telecommunications industries [1-3]. In
these fields, the magnetic components need to have a small physical size, low power
loss, and a high saturation magnetic flux density [4]. A further requirement is an ever-
higher switching frequency in power converters, which reduces the inductor volume and
increases the magnetic losses. Ferrite inductors represent a good trade-off between the
required performance and cost of the component. However, their sharp inductance drop,
even in gapped core components, often induce the designer to a conservative approach,
ensuring that the inductor operates in the linear region of the core magnetization curve,
where the inductance is nearly constant. The adoption of inductors operating in the weak
saturation region allows optimizing the magnetic core to be used, reducing the volume
and weight of the component [5-7]. However, the current ripple should be accurately
computed to verify compliance with the application constraints. This task becomes even
more challenging since the differential inductance profile of the component depends
not only on the average current but also on the operating temperature of the core. In
the literature, several methods for the characterization and modelling of the differential
inductance of a saturable inductor for power electronics applications are described [8-12],
some of which also consider the inductor operating temperature variation [13,14]. However,
the temperature of a ferrite inductor is not easily measurable under normal operating
conditions. Given the temperature dependence of the power dissipated by the component,
some authors introduced a power-loss-dependent inductance model [15]. This approach
allows describing the inductance of a saturable inductor as a function of operating current
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and power losses. This method requires a set of experimental measurements under different
inductor current and power losses working conditions.

In many applications of saturable ferrite inductors in DC-DC converters, a significant
amount of the losses depends only on the average operating current. In this case, the steady-
state temperature of the inductor can be associated with the average current value. In this
paper, we propose a method for the characterization of inductors for DC-DC converters,
which considers the effect of temperature on the differential inductance variation of the
device, relating it to the average operating current. This approach requires a smaller set of
experimental measurements and allows identifying a DC thermal steady-state differential
inductance profile of a ferrite inductor, suitable for evaluating the current ripple of a
saturable inductor in a DC-DC converter under a wide range of operating conditions.

The paper is structured as follows: In Section 2, the experimental setup and the
identification method of the differential inductance characteristic as a function of the DC
thermal steady-state temperature are presented. The obtained characterization of two
different commercial inductors is then described. In Section 3, the results of inductive
current waveform simulations within a DC-DC buck converter are shown. The simulations
adopt the differential inductance characteristic obtained through the described method,
and the results are compared with experimental measurements performed under different
converter operating conditions. Finally, in Section 4, the obtained results are discussed,
and the conclusions of are provided.

2. Methodology

In the design stage of a DC-DC converter, it is crucial to evaluate the current ripple
of the inductor correctly. It is especially true in the case of saturable ferrite inductors. A
wide current variation can induce a non-negligible variation in the differential inductance,
resulting in an unpredictable variation of the current ripple [8]. The inductance value, under
a specific operating condition, permits correctly estimating the current ripple. However,
the inductance of a ferrite component is influenced by the applied average current that
determines the operative magnetic field of the core and by its working temperature [15]. It
is recognized that temperature has a considerable influence on the permeability of a ferrite
core. A temperature increase tends to increase the initial permeability of a ferrite core. Still,
it implies reducing the saturation induction of the material, determining a further rapid
decrease in the differential permeability as the imposed magnetomotive force increases.
Thus, for a saturable inductor, the differential inductance characteristic reflects the actual
properties of the component in a specific thermal condition.

2.1. Impact of Losses in an Inductor for DC-DC Converter

Inductor temperature rise is caused by its losses, assuming the part temperature is not
affected by other components forming the DC-DC converter layout. Two loss contributions
occur in an inductor adopted in a DC-DC converter: winding losses and core losses. In
the winding losses, a term related to the average current value (DC winding losses) and
a term related to the RMS value of the current ripple (AC winding losses) are separated.
For an inductor operating in the region of weak saturation, meaning at the upper bound of
its current operating range, the DC winding losses are supposed to be prevailing over the
core and AC winding losses, independent of the average output current.

The applicability of this assumption can be verified by analyzing the power losses data
of some commercial inductors, reported in Table 1. If DC winding losses are the prevalent
heating contributor of the inductor, its steady-state temperature is determined by the
average current value, which is an easily measurable quantity. Consequently, we propose
defining a differential inductance characteristic obtained under the thermal steady-state
caused solely by DC winding losses for each average current value up to the saturation of
the inductor.
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Table 1. Declared losses for two Coilcraft inductor (MSS1260T-273 and SER1390-333) under different operating conditions [16,17].

MSS1260T-273 (IgaT = 4.7 A)

Input Voltage Switching Output Current AC Losses (Core + AC
V) Duty Cycle Frequency (kHz) (A) DC Losses (mW) Winding) (mW)
24 0.5 500 4 768 74
32 0.5 500 4 768 132
24 0.5 1000 4 768 31
SER1390-333 (IsaT = 4.8 A)
Input Voltage Switching Output Current AC Losses (Core + AC
V) Duty Cycle Frequency (kHz) (A) DC Losses (mW) Winding) (mW)
24 0.5 500 4 336 44
32 0.5 500 4 336 79
24 0.5 1000 4 336 34

2.2. Experimental Method for the Differential Inductance Measurement

The setup for measuring the differential inductance of the inductor under test com-
prised a synchronous DC-DC buck converter, based on the evaluation board circuit
EPC90122 [18,19]. In Figure 1, the experimental measurement setup arrangement is de-
scribed.
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Figure 1. Circuit diagram of the experimental setup for DC thermal steady-state differential in-
ductance identification. A high inductance choke allows imposing negligible current ripple on the
inductor under test. After reaching the DC thermal steady-state for a given average output current,
the choke is short-circuited, and the inductor voltage and current waveforms are measured with a
digital oscilloscope.

GaN devices (EPC2206) allowed increasing the maximum switching frequency up to
1 MHz in hard switching operating conditions. The input voltage was imposed through a
regulated power supply, while the switching frequency and the duty cycle were controlled
by an arbitrary waveform generator that controls the rectangular pulse wave. An electronic
load regulated the output current. To reach the condition of negligible current ripple on
the inductor under test, and the consequent zero AC losses, a choke with high values of
inductance and saturation current (L = 600 uH and Isat = 150 A) was added in series. For
each load current condition, after a reasonable amount of time passed to reach thermal
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equilibrium, the choke was short-circuited, and the inductor voltage and current were
quickly measured, assuming the temperature was unchanged. Measurements were per-
formed with a digital oscilloscope, using a differential probe to measure inductor voltage
and a current probe to measure the relative current (Figure 1). The measured voltage was
corrected from the winding resistive voltage drop, as described in [9]

vL(t) = UL,exp(t) —Rs- iL(t)' 1)

From vy (t), O(t) is obtained as

t
®(t) = (i, (0)) +/O o (t")dt'. ()

The obtained magnetic flux waveform is defined minus a constant term, that is, the
value at t = 0. By relating the magnetic flux and the experimental current, the ®(i1)
characteristic is obtained. Due to the magnetic dissipative effects, it is a loop with a
non-zero area [20]. The measurements were performed at duty cycle 4 = 0.5, allowing us
to assume the loss in the two half-periods was equal. Thus, the loop was symmetrical.
Therefore, the average characteristic was adopted as the experimental ®(i ) one. Assuming
that in an appropriately defined range of current sweep around the average current, the
®(i) characteristic is linear, as shown in Figure 2; the differential inductance at each tested
load current value is determined as

_ ®(I 405 Aip) — (I, — 05 Aip)
- Air '

L(I) (©)

10

Magnetic flux (Wh)
~
‘\\__R\
“-.\__\\-—

0 1 2 3 4 5 6
Current (A)

Figure 2. Average ®(i1) characteristics obtained for each measured output current value. The
magnetic flux of each section is defined minus a constant term.

The differential inductance curve obtained for the Coilcraft MSS1260T-273 induc-
tor [16] is presented in Figure 3. The comparison of the DC thermal steady-state measure-
ments and the ambient temperature measurements highlights the effect of temperature on
the inductor’s properties. The differential inductance characteristic obtained at ambient
temperature from a spot measurement, not reaching the operating steady-state temperature,
would be insufficient to effectively describe the behavior of a saturable inductor under
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the real operating conditions in a DC/DC buck converter, overestimating the differential
inductance value. This is increasingly evident as the average current rises.

—©— DC thermal steady-state measurements
------ O+ Ambient temperature measurements

Inductance (H)

1 2 3 4 5 6
Current (A)

Figure 3. Experimental DC thermal steady-state differential inductance curve for the Coilcraft

MSS1260T-273 inductor compared to the curve obtained from ambient temperature measurements
(25°Q).

The test conditions for the identification were:
input voltage: 24 V;

duty cycle: 0.5;

switching frequency: 500 kHz;

output current: 1-5.6 A.

The manufacturer’s datasheet specifies that the nominal inductance of the component
is 27 uH and the current that causes a 30% inductance drop is 4.7 A. The measurements
were performed up to the current values that cause a differential inductance drop exceeding
the acceptable limits of a DC-DC converter application, as shown in Figure 3. At a current
of 5.6 A, the differential inductance drop is 84.56% of the initial value.

The experimental L(i) curve is now parametrized according to [4]

L(iL) = L+ LHz_LL{1 - %arctan[v(iL(t) - Ifj)]}, @)

where the four parameters [Ly, Ly, o, [*] that better describe the experimental curve were
obtained with a deterministic pattern search optimization algorithm [21], minimizing
an objective function (f,,;,) defined as the difference between the experimental and the
parametrized differential inductance profile [9]:

IL,max
fmin(LH; Ly, o, I*) = Z

i=1 L, min

LiEXp - Li)ar(LH/ Ly, o, I*) . 5)
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The fitting process quickly converged to a satisfactory result. The parametrized
curve obtained for MSS1260T-273 inductor is presented in Figure 4, and compared to
the previously presented experimental DC thermal steady-state curve. The described
methodology was also applied to identify the differential inductance curve for the inductor
SER1390-333 [17], under the following test specifications:
input voltage: 24 V;
duty cycle: 0.5;
switching frequency: 500 kHz;
output current: 1-6.2 A.

O  Experimental
Parametrised curve

Inductance (H)

Current (A)

Figure 4. Fitting of the parametrized characteristic on the experimental differential inductance curve
for the Coilcraft MSS1260T-273 inductor.

In Figure 5, the experimental DC thermal steady-state differential inductance curve
and the parametrized characteristics of SER1390-333 inductor are presented. The nominal
inductance of the component is 33 pH and the current that causes a 30% inductance drop
is 4.8 A. Therefore, the two analyzed inductors were found to have comparable nominal
inductance and saturation current values, resulting in comparable testing operating condi-
tions. As reported by the manufacturer, the temperature variation as a function of applied
average current is less significant in the SER1390-333 inductor than in the MS51260T-273
inductor due to different construction characteristics, as presented in Figure 6.

The temperature rise in the MSS1260T-273 inductor is significant. This determined,
as observed in Figure 3, a considerable difference between the obtained incremental in-
ductance curves under DC thermal steady-state conditions and ambient temperature
conditions. However, as discussed in the following, the described methodology provides
a differential inductance curve that effectively allows estimating the inductive current
behavior. The lower temperature rise sustained by the SER1390-333 inductor will further
increase the accuracy of the current waveform simulations.
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O  Experimental
Parametrised curve

Inductance (H)

0 2 4 6 8
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Figure 5. Fitting of the parametrized characteristic on the experimental differential inductance curve
for the Coilcraft SER1390-333 inductor.
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Figure 6. Temperature rise vs. output current for the two tested inductors [16,17].
3. Current Waveform Simulation Results

The previously discussed L(i1.) characteristics, referring to the thermal behavior of
the inductor caused by DC losses only, could be used to simulate current waveforms
under different operating conditions tested experimentally. The nonlinear differential
equations of a saturable inductor in a DC-DC buck converter circuit were solved through
the polarization fixed point method [22,23].



Energies 2021, 14, 3854

8 of 15

3.1. MSS1260T-273 Inductor

The DC thermal steady-state characteristic obtained at 500 kHz was used to simulate
the inductor operation under different input voltage and switching frequency values. For
each operating condition tested, a reasonable amount of time passed to reach the thermal
steady-state temperature. The measurements were therefore performed under the real
operating condition of the inductor in a DC-DC converter. Figures 7-9 show, for three
switching frequency values (500 kHz, 750 kHz, and 1 MHz), the comparison between
experimental and simulated current waveforms, and the relative error on the estimated
RMS and peak value of the inductive current.

— Simulated
- - - - Experimental
) )
6 o 5.3 &
[eb] Q
= r‘/\ 3 =
5_; = > © ®©
S e 5 s
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0 0 0
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Time (s) . 10® Output current (A) Output current (A)

(a) (b) (©

Figure 7. Coilcraft MSS1260T-273 inductor, 500 kHz. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current value. The orange bars represent the test
cases reported in (a), the blue bars are related to the other measurements of the evaluated current
range; (c) relative error of the estimation of the RMS value of the inductive current for each tested
output current value. The orange bars represent the test cases reported in (a), the blue bars are related
to the other measurements of the evaluated current range.
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Figure 8. Coilcraft MSS51260T-273 inductor, 750 kHz. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current values. The orange bars represent the
test cases reported in (a), the blue bars are related to the other measurements of the evaluated current
range; (c) relative error of the estimation of the RMS value of the inductive current for each tested
output current value. The orange bars represent the test cases reported in (a), the blue bars are related
to the other measurements of the evaluated current range.
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Figure 9. Coilcraft MSS1260T-273 inductor, 1 MHz. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current value. The orange bars represent the test
cases reported in (a), the blue bars are related to the other measurements of the evaluated current
range; (c) relative error of the estimation of the RMS value of the inductive current, for each tested
output current value. The orange bars represent the test cases reported in (a), the blue bars are related
to the other measurements of the evaluated current range.

As the DC thermal steady-state characteristic is effective at different switching frequen-
cies, a further verification was obtained by simulating currents measured under different
input voltages (12 and 32 V). The duty cycle was fixed at 4 = 0.5 as it represented the
maximum AC losses condition given the other specifications. The switching frequency was
fixed at 500 kHz. Figures 10 and 11 show the comparison between measured and simulated
current waveforms, followed by the relative errors of the RMS and peak value estimation.
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Figure 10. Coilcraft MSS1260T-273 inductor, 12 V. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the
peak value of the inductive current; (c) relative error of the estimation of the RMS value of the
inductive current.
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Figure 11. Coilcraft MS51260T-273 inductor, 32 V. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the

peak value of the inductive current; (c) relative error of the estimation of the RMS value of the
inductive current.

3.2. SER1390-333 Inductor

The results obtained under the same operating conditions described in the previous
section are reported for the other tested inductor. Figures 12-14 show, for three switching
frequency values (500 kHz, 750 kHz, and 1 MHz), the comparison between experimental
and simulated current waveforms, and the relative error of the estimated RMS and peak
value of the inductive current, while Figures 15 and 16 represent the same results under
different input voltages (12 and 32 V).

Simulated
- - - - Experimental
2
6 '/A\\_ g{ g
I i e R R 2
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i |
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Time (s) . 1p® Output current (A) Output current (A)
(a) (b) (c)

Figure 12. Coilcraft SER1390-333 inductor, 500 kHz. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current value. The orange bars represent the test
cases reported in (a), the blue bars are related to the other measurements of the evaluated current
range; (c) relative error of the estimation of the RMS value of the inductive current for each tested
output current value. The orange bars represent the test cases reported in (a), the blue bars are related
to the other measurements of the evaluated current range.
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Current (A)
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Figure 13. Coilcraft SER1390-333 inductor, 750 kHz. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current value. The orange bars represent the test
cases reported in (a), the blue bars are related to the other measurements of the evaluated current
range; (c) relative error of the estimation of the RMS value of the inductive current for each tested
output current value. The orange bars represent the test cases reported in (a), the blue bars are related
to the other measurements of the evaluated current range.
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Figure 14. Coilcraft SER1390-333 inductor, 1 MHz. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current value. The orange bars represent the test
cases reported in (a), the blue bars are related to the other measurements of the evaluated current
range; (c) relative error of the estimation of the RMS value of the inductive current for each tested
output current value. The orange bars represent the test cases reported in (a), the blue bars are related
to the other measurements of the evaluated current range.



Energies 2021, 14, 3854

12 0f 15

— Simulated
- - - - Experimental
6
5 o @
o g :
53 =% g
o | — 1§ =
s —— e BT ] L
1
0 1 2 2 ! 6 2 4 6
Time (s) ,10® Qutput current (A) Output current (A)
(a) (b) ()

Figure 15. Coilcraft SER1390-333 inductor, 12 V. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current value; (c) relative error of the estimation
of the RMS value of the inductive current for each tested output current value.
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Figure 16. Coilcraft SER1390-333 inductor, 32 V. (a) Comparison of experimental and simulated
current waveforms for different output current values; (b) relative error of the estimation of the peak
value of the inductive current for each tested output current value; (c) relative error of the estimation
of the RMS value of the inductive current for each tested output current value.

4. Discussion

The following considerations apply to the adopted methodological approach. Several
studies on the modeling of thermal effects in magnetic components were based on the de-
velopment of mathematical models describing the equivalent thermal circuit of the inductor
in order to evaluate losses and inductance variation as a function of temperature [24,25].
However, to obtain suitable modeling, detailed information is required on the geometry
of the inductor, the characteristics of the realized winding, and the physical properties of
the materials used. This information is not often available for commercial inductors. The
proposed method, conversely, does not require any knowledge of the thermal model of the
component, as it correlates the variation in the physical properties of the inductor only to
the average operating current. The inductor identification was performed on experimental
measurements of the inductor voltage and current waveforms, at different average current
values, which led the component to operate at the steady-state temperature determined
by the DC losses contributor. The obtained differential inductance profile is suitable for
evaluating the current ripple of a saturable inductor in a DC-DC converter under a wide
range of switching frequency, input voltage, and output current values.
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The comparison of simulated and experimental current waveforms highlighted the
effectiveness of the proposed differential inductance identification procedure under DC
thermal steady-state conditions. The simulated waveforms well-matched the experimental
measurements, and the error in the estimation of the peak and RMS value of the inductive
current was always limited in the tested cases, never exceeding 3% under saturation
conditions. Furthermore, for the Coilcraft SER1390-333 inductor, which is affected by a
lower temperature variation as the average current increases, the error in the peak and
RMS value estimation of the inductive current never exceeded 2% in the tested cases.
The measurements were performed under different operating conditions to verify the
procedure under several winding and core losses values. Different values of the main
parameters affecting inductive losses, such as input voltage, average current, and switching
frequency, were considered to extend the procedure’s effectiveness.

As further evidence of the accuracy of the performed characterization, in Figure 17, the
measured and simulated waveforms for the Coilcraft MSS1260T-273 inductor are shown,
highlighting the comparison for the three tested switching frequencies under two operating
conditions: for average current values that led the component to operate in the linear
region of the magnetic characteristic, and for values that instead led the inductor to operate
in the saturation region. Even for high current ripple values, determined at the minimum
switching frequency tested, the computation of the inductive current waveform does not
significantly differ from the experimental measurements.

— Simulated
- - = = Experimental

6.5

750 kHz 500 kHz

Current (A)

Time (s) «107°

Figure 17. Coilcraft MSS1260T-273 inductor. Comparison of experimental and simulated current
waveforms for different output current values and different switching frequencies.

5. Conclusions

The presented characterization results highlight the critical role of DC winding losses
in determining the temperature of an inductor for DC-DC converters operating in the weak
saturation region. Temperature has a considerable influence on the magnetic properties
of the core, affecting the permeability and therefore the differential inductance of the
component. A differential inductance characteristic obtained at ambient temperature
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from a spot measurement would be insufficient to effectively describe the behavior of a
saturable inductor under its real operating conditions. To overcome this gap, we presented
a characterization approach for the differential inductance curve under the DC thermal
steady-state conditions. The fundamental hypothesis of the described method is that the
inductor under test operates in conditions where DC winding losses are the prevalent
term of the inductive losses. Under this assumption, the obtained differential inductance
curve proved to be suitable to evaluate the current ripple of a saturable inductor in a
DC-DC converter under a wide range of switching frequency, input voltage, and output
current values. The obtained current simulation results compared with the experimental
waveforms showed the effectiveness of the proposed differential inductance identification
under DC thermal steady-state conditions.

Author Contributions: Conceptualization, C.S.R.; investigation, L.S.; methodology, S.M., L.S., and
C.S.R; Software, L.S.; supervision, C.S.R.; writing—original draft, S.M., L.S., and C.S.R.; writing—
review & editing, S.M., L.S,, and C.S.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
Teat DC current at 25 °C that causes a 30% inductance drop from its value without
current. Declared by the manufacturer.
UL exp Measured voltage across the inductor.
149 Inductive component of the voltage across the inductor.
Rs Winding resistance.
i Inductive current.
P Magnetic flux.
L(ip) Differential inductance.
Ly Upper horizontal asymptote of the differential inductance curve.
Ly, Lower horizontal asymptote of the differential inductance curve.
I* Abscissa of the inflection point of the differential inductance curve.
o Coefficient proportional to the slope of the curve in I*.
IT, max Maximum value of the tested average current.
I1, min Minimum value of the tested average current.
Lexp Experimental differential inductance curve.
Lpar Parametrised differential inductance curve.
fmin Objective function of the optimization problem.
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