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Abstract: A method for estimating the current flowing through a non-linear power inductor operating
in a DC/DC converter is proposed. The knowledge of such current, that cannot be calculated in
closed form as for the linear inductor, is crucial for the design of the converter. The proposed method
is based on a third-order polynomial model of the inductor, already developed by the authors; it is
exploited to solve the differential equation of the inductor and to implement a flux model in a circuit
simulator. The method allows the estimation of the current up to saturation, intended as the point
at which the differential inductance is reduced to half of its maximum value. The current profile
depends also on the inductor temperature. Based on this, the influence of core temperature on the
conduction time of the power switch was determined. This study shows that the exploitation of
saturation requires a proper value of the conduction time value that depends on the temperature. The
theoretical analysis has been experimentally verified on a boost converter and is valid for the entire
class of DC-DC converters in which the power inductor is subjected to a constant voltage for a given
time. The simulations agree with the experimental data from a case study concerning conduction

time and temperature.

Keywords: algorithms; ferrites; inductors; magnetic cores; nonlinear circuits; nonlinear network
analysis; numerical simulations

1. Introduction

Using a power inductor beyond the linear zone is of interest in modern power elec-
tronics because its exploitation improves the power density of switch-mode power supplies
(SMPS); it allows a higher operating current without increasing the core size [1-5]. How-
ever, the different shape of the current, compared to a linear inductor, implies an increase
in the current peak that rises the losses and, consequently, the operating temperature of the
magnetic core [6]. For these reasons, knowledge of the current waveform is essential.

The non-linear behavior of the devices employed in a switching converter (including
switches and passive devices) is of scientific interest since they can induce a chaotic behavior.
In this case, the dynamic behavior changes from a well-recognizable steady state up to
chaos represented by the loss of the period of the current through the inductance [7,8];
therefore, the trajectory in the plane “output voltage” versus “inductance current” does not
overlap with itself for each switching period.

The core material of the inductor significantly contributes to saturation. Ferrites are
widely used for inductor cores in power electronics; however, they provide an abrupt
decrease in the inductance, emphasizing the increase in the current and temperature when
the inductor is operated outside the linear zone [2,9]. The saturation or practical limit for
the inductance is defined as the point where the differential inductance is halved f(Lss)
compared to its rated maximum value [2], and depends on the magnetic core tempera-
ture [10]. Therefore, characterizing the thermal behavior is of paramount importance for
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the designer [10-13]. The current peak is strictly correlated with the conduction time of the
power switch (Ton) because the current through the inductor usually reaches its maximum
value at the end of the Tpyn. Hence, the knowledge of the current profile allows for avoiding
overcurrent and preserving both the inductor and power switch.

Calculating the current peak based on the Tpy in SMPSs with a linear inductor is
straightforward; contrarily, when the inductor works outside the linear zone, the analysis
is more complicated because of non-linearity and temperature dependence.

The analysis of the current waveform up to the saturation point, is essential in the
SMPS to perform the non-linear inductor design. On the contrary, deep saturation is
unworthy because of the excessively low value of inductance Lgegpss- The value of Ls is
often lacking in the manufacturers’ datasheet, where saturation is often considered to be
the point at which the inductance is reduced by 10% only. For these reasons, a suitable
characterization by a test rig was performed to retrieve a complete knowledge of the
inductor [14]. Furthermore, the knowledge of the inductor-saturated model is particularly
important for implementing virtual sensors or control actions that allow the estimation of
the inductor current [15].

Concerning power electronics applications, a non-linear inductor can be conveniently
employed for current in the region between zero and the saturation current which corre-
sponds to the value when the inductance is reduced to one-half of the rated inductance. For
this reason, the modeling of the whole hysteresis cycle is not required. It allows for simpli-
fying the model of the inductor aiming for a low computational effort. In fact, a complete
description of the hysteresis (useful in general to model, control, or to the identification of
dynamical systems) would require an approach such as Preisach, Krasnosel’skii—Pokrovs-
kii (KP), or Prandtl—Ishlinskii(PI) [16]. These methods are helpful in designing the control
system (Feedforward control with open-loop schemes or Close-loop control with feedback
information) when the hysteresis cycle is fully exploited (corresponding to the operation in
all quadrants in the plane flux vs. current).

The study presented in this paper proposes a novel method for calculating the current
profile flowing through a non-linear inductor subjected to a constant voltage for a given
time interval. It is based on a suitable power inductor model up to saturation. The
model encompasses the temperature, as the rise of temperature in the core causes a further
lowering of inductance with a consequent increase in current, losses [17-19], and potential
thermal runaway [10,20-22]. The polynomial curve satisfies the constraint to reproduce the
inductance in the operating region; moreover, this model is computationally light, therefore
the current can be calculated in a time shorter than the power switch’s conduction time.
In this way, a simulator can evaluate the current (including the expected maximum value)
before the next Tpy time is completed. This time interval imposes the computation time
threshold, and it is crucial, especially for converters operated with very high switching
frequency (adopting, as an example, GaN devices) where the switching period is reduced.

In our paper, we consider the design of a converter in which the current peak must be
calculated to appropriately select the power switch and diode. Furthermore, we adopt and
exploit a polynomial model to solve the differential equation of the inductor. This model is
valid in a limited part of the plane inductance vs. current; however, it corresponds to the
operating region in which the inductor behavior must be analyzed.

The main novelty of this paper consists of the exploitation of the polynomial inductor
model to solve the differential equation of the non-linear inductor and to implement the
flux model in closed form within a circuit simulator. The model has been previously
developed [14]; here it is used to carry out the current shape. It is also of interest to industry,
since it addresses the design based on the knowledge of the maximum current flowing
through the inductor that flows through the power switch as well.

It should be noted that the inductor characterization using the proposed model can
be extended to different core materials because the model is analytical and considers a
function that approximates the magnetization curve.
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The main models proposed in the literature are arctan [1] and polynomial models [14].
The two models provide a different approach that can be recognized depending on the
desired trade-off between the accuracy and calculation resources [23,24]. A polynomial
model was used in this study.

Among the other analytical models, summarized by [25], the neural model proposed
in [26] provides very good results with few hidden neurons; however, the learning dataset
required 250 points provided by manufacturers at a constant temperature. The piecewise-
affine formulation [27] improves the use of the computational resources of [28]. In general,
the so-called local approaches adopt different approximations depending on the current;
the main disadvantage is the discontinuity of the inductance curve; therefore, this approach
can be used only for small current variations.

The exploitation of the proposed model to solve the differential equation of a non-
linear inductor and to implement the flux model in a closed form within a circuit simulator
allows calculating the current profiles analytically and through simulations where an
original flux model of the inductor is implemented in closed form. In addition, our analysis
explains how the non-linear behavior of the inductor can be exploited when the duty cycle
of an SMPS varies during operation, which strengthens the simplified approaches proposed
by [1,27,28], where the current profile is given only in steady-state conditions, where the
duty cycle is constant. In fact, a slight increase in Toyn under these operating conditions
would also imply an unacceptable current increase or deep saturation of the inductor. In
contrast, diminishing Toy leads to an inductor in the linear zone, eliminating non-linear
exploitation. Therefore, we demonstrated the need to tune the Toy value and calculate the
maximum Ty, considering the temperature for a given current [29].

In general, the temperature can be assumed to be constant within a switching period.
Hence, a model of the inductor taken at a given temperature is suitable for reproducing the
current waveform once the temperature is known. However, during operation, the inductor
experiences a slow thermal transient with a time constant on the order of minutes; during
this time, the inductance varies. Therefore, the variation in inductance with temperature
must be considered in the model [10,24]. We show how the adopted approach allows
describing the current that varies because of the temperature. Finally, since the current
through the inductor influences electromagnetic interference (EMI) [30], the spectrum and
the root mean square of the current were also evaluated.

The remainder of this paper is organized as follows. The fundamentals of the model
adopted for the inductor are summarized in Section 2. Section 3 describes the main theo-
retical contribution, that is, the algorithm for the current evaluation. The characterization
of the inductor used for the experimental verification is briefly recalled in Section 4, and
the boost converter for the experimental verification of the current profiles by varying the
conduction time and temperature is proposed in Section 5. Finally, Section 6 compares the
experimental results with the theoretical values obtained by the proposed method.

2. Analytical Model of the Non-Linear Inductor

The use of a power inductor up to the saturation region implies the need to manage a
rapid decrease in the inductance value when saturation is approached, which causes a faster
increase in the current than in a linear inductor. In fact, for a given voltage, the product
of the inductance and current derivatives must remain constant. Exploitation requires a
suitable model to forecast operations near saturation where a high current peak can be
reached. This phenomenon could be attributed to the magnetic core material. Among the
most used materials for power inductor cores, ferrite or iron powder cores are considered
owing to their low power losses, high saturation induction, and low cost [31]; however,
they exhibit a sharp transition from regions of low and deep saturation.

In this study, the inductor was modeled by a polynomial function following the
approach proposed in [10], which includes saturation to model saturable reactors [29]
because it revealed computationally light. A third-order polynomial provides a good
approximation for practical applications [10]. In contrast to saturable reactors operated
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in AC, the power inductors used in SMPSs operate with a DC offset and superimposed
AC signal; therefore, a suitable characterization system is required [14]. To include the
temperature dependence in the model, polynomial coefficients were considered linearly
dependent on the temperature, meaning that the magnetic flux for a given magnetizing
current depends linearly on the temperature. Such a characterization is described in [32,33]
in terms of the saturation flux, showing a very approximate trend with a straight line for
the practical temperature range (25-125 °C). Moreover, we experimentally verified this
behavior in the inductor under study. The inductance is modeled as:

3
ZO Lm(l + BmTcore)iT ’ L(iL) > Ldeepsat
m=

Lieepsat ,| otherwise

L(i, Teore) = @D

where L,; are polynomial coefficients and the linear dependence of the inductor temperature
Teore (°C) is described by the proportionality factors ;. The parameter Ly represents
the inductance value when hard saturation is reached. The first term in (1) models the
thermal behavior when the inductance is linear. Once the coefficients of (1) are known, the
model can be easily implemented and requires fewer calculation resources compared, as an
example, with a model based on hyperbolic functions. In addition, (1) shows a continuous
derivative in the practical operating region. The coefficients Ly, B, and Lgeeps,s must be
identified; they are obtained experimentally using the method proposed in [14] and briefly
explained in Section 4.

3. Current Profile Calculation

In this study, an experimental analysis was performed on a boost converter, in which
the power inductor was subjected to a DC supply voltage for a time interval imposed
by the conduction (Toy) of the power switch. This can be generalized to any SMPSs by
considering an appropriate voltage value applied to the inductor.

In a boost converter (see Figure 1) with a linear inductor operated in continuous
current mode (CCM), the current flowing through the inductor exhibits a triangular shape,
and the current variation can be easily calculated. When the inductor is exploited outside
the linear region, the current differs from the well-known triangular waveform, and its
time derivative increases with time. Indeed, from the constitutive equation of the inductor
vy = L (di/dt) , it can be deduced that a reduction in inductance implies an increase in the
current derivative when the voltage vy, at the inductor terminals is constant. In addition,
the inductance drop in the saturation region was highly dependent on the magnetic core
temperature.

L l Voaa
ll +

Figure 1. Boost converter representation.

Figure 2 compares the current waveforms for two different inductors (linear and
non-linear) with the same load. The mean value i] of the current does not vary because it
depends on the load. Moreover, the two areas defined by the non-linear curve under and
over the mean value i, and mean value must be the same. Given the upward concavity of
the current waveform for the non-linear inductor, the minimum value of current iy, sy
decreases. However, the current peak iy, increased more than that of the previous
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decrease. It is worth noting that the current variation in the non-linear case Ay, is higher
than the value observed in the linear case Aij.

. linear operation
LA — non-linear operation
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L, max
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Figure 2. Comparison of current waveforms with linear and non-linear inductors.

When the inductance varies with the current, the relationship between inductor voltage
vr and flux ® must be considered.

a(I)(iLr Tcore )

o ()

vL(t) =

Then, taking into account that temperature, Tcore, shows a slow variation (practically,

the temperature remains constant during a switching period, as the latter is much shorter
than the system thermal constant), (2) gives:

dip (t)
dt

oult) = "l B = 1)

®)

Equation (3) can be solved numerically: considering that the voltage applied to the

inductor is constant,
oL, At

L(ir(k))

Equation (4) follows the Euler method to simplify this description. However, in our
simulations, the fourth-order Runge-Kutta method was used to achieve better accuracy.
Equation (4) requires a starting condition, such as the value of the current at the beginning
or at the end of the conduction time. In this case, the current peak value, that is, the current
value when t = Tpy;, is used as a starting point because this current peak is known because
it is imposed by the design (i.e., the current at which the inductance is halved to fully
exploit saturation). Therefore, the waveform of i; during the conduction time was obtained
by evaluating (4), starting from t = Ton and proceeding backward until f = 0.

Equation (3) can be solved through SPICE simulations, for example, using the POLY
keyword implemented in SPICE 2G6 [33] or, by expressing the behavioral inductance
specified with an expression for the flux in the LTspice simulator. The expression of the
flux can be easily retrieved in closed form by integrating (3) through the polynomial model
(1), as follows:

ir(k+1) =ir (k) + 4)

d®(ip ) = L(ip)dip(t) @)
. . 3. Ly _
(i) = [ Llwdin(t) = 12 550+ BT )i ©)

Equation (6) describes the flux model in a non-linear inductor modeled using a poly-
nomial model. It should be noted that the 3rd-order polynomial model provides a good
approximation when the inductor is operated up to the saturation limit previously defined
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(50% of the nominal inductance). However, it is still far from deep saturation, which is
described by the constant value Lgjepsq- As an alternative, the deep-saturation region can
be modeled with a higher-order polynomial; however, this is not of interest for power
electronic applications.

This study implements and compares both methods, that is, a simplified approach
involving fourth-order Runge-Kutta to solve (3) and the circuital SPICE simulation (which
uses the modified trap integration) implementing the behavioral flux model (6). In both
methods, the losses in the inductor are considered and modeled using a suitable series re-
sistance [10]. In this way, losses are considered without the need for complicated hysteresis
modeling.

The reliability of circuit-level simulation in SPICE depends on several factors such as
the numerical stability of integration, precision of results and convergence at each time
step, and adequacy of device modeling. Most SPICE implementations follow Berkeley
SPICE and provide two forms of second-order implicit integration which are Gear and
Trapezoidal which are both A-stable. The trapezoidal is both faster and more accurate than
Gear, however, it can give rise to a numerical artifact (ringing) [34]. The software used
for the simulations of this paper is LTspice, it implements a proprietary algorithm called
Modified-trap that exhibits the speed and accuracy of trapezoidal avoiding traditional trap
ringing. The set of nonlinear equations is replaced through implicit integration in a set of
time-independent nonlinear equations that are solved by the Newton-Raphson technique.
For a given circuit, the numerical stability of integration depends on the integration formula
being used and the size of the discretized time step; in situations presenting high Q or
for stiff problems, convergence failure can occur [34]. However, for a boost converter and
the transient simulation, like the ones presented in this paper, the convergence is less of a
problem because the initial state of the capacitors and inductors is known, and precision
problems can be limited by reducing the granularity of time discretization. Butusov
et al. [35] have shown that nonlinear integration techniques based on Pade approximation
to the chaotic system simulation significantly change the behavior of discrete models of
nonlinear systems, increasing the values of Lyapunov exponents and spectral entropy.
The authors are aware that the controlled DC/DC converters can originate a chaotic
behavior [8,36]; to avoid this, the experiment is conducted in an open loop. In this way, the
system presents a clear and stable steady state and the analysis can be focused only on the
non-linearity of the inductor.

4. Inductor Characterization

The inductor was characterized using a dedicated electronic circuit controlled by a
virtual instrument developed in LabVIEW®. A complete description of the characterization
system can be found in [14]; here, only the fundamentals are given. The inductor under
the test was placed in a DC/DC converter with a variable active load. The LabVIEW
instrument imposes a switching frequency, duty cycle of the power switch, and DC bias
current by varying the load. Finally, it calculates inductance L using the ratio between the
voltage applied to the inductor (maintained constant) and the slope of the current:

__u
- dip/dt

@)

A digital oscilloscope sampled the voltage and current on the inductor, whereas a
thermocouple placed on the inductor measured its temperature. Thus, the inductance
versus current curve for a given temperature was calculated. It should be noted that the
temperature remained relatively uniform in this type of inductor; therefore, a thermostatic
chamber was not required [10]. Before applying (7), the voltage drop due to parasitic
resistance is calculated such that v} is the effective voltage applied to the inductor without
parasitic resistive voltage drop. This avoids the fact that the error is crucial, particularly
for high currents. The automatic system measures inductance based on (7) by increasing
the current to saturation. Each measurement was performed while maintaining a constant



Electronics 2023, 12, 579

7 of 17

temperature of the inductor. The polynomial model described by (1) was then retrieved
by interpolation. The output of this procedure consists of the coefficients used to model
inductors Ly, and By, and the deep saturation value Ljepss- To avoid that noise from
corrupting the evaluation of the current derivative, the measurement was repeated many
times, calculating the average and standard deviation, corresponding to the true value and
error, respectively. Based on the propagation error formula applied in (7), it can be noted
that the error AL on the value of L decreases when the derivative increases, that is, for the
values of the inductance outside the linear region:

0 0L . oL .

AL = B(Dz'L)<DiL>A(D1L) = _WA(DlL) 8)
where, for the sake of clarity, Dij indicates the time derivative of the current in the denomi-
nator of (8).

The inductor under test was a commercial Panasonic ELC18B221L ferrite core inductor
(LnomiINAL 220 uH). This component was characterized by the system described in [14] and
summarized in Section 4, and the coefficients of (1) were obtained and are summarized in
Table 1. The experimental dataset and the corresponding polynomial model are compared
in Figure 3.

Table 1. Model coefficients of the inductor.

Coefficient Value Coefficient Value (1/°C)
Ly 262 x 1076 Bo —0.0006
Ly —28.8 x 107 B1 —0.0240
Ly 22.9 x 1076 B —0.0150
L3 —3.72 x 10 B3 —0.0090
Lieepsat 50 x 10~°
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Figure 3. Comparison of experimental points obtained from inductor characterization with model (1).

5. The Boost Converter Used as Case Study

The inductor under test was a commercial Panasonic ELC18B221L ferrite core inductor
(LnominaL 220 pH). The converter employed for the validation was a boost supplied by
Vs =24V, and the switching frequency Fs was equal to 30 kHz. It adopts an FDP12N60NZ
MOSFET as the switch and a rectifier diode, STTH806. It has been loaded with a resistance
of 20 (), and the output capacitance is equal to 33 uF. These values allow us to reach a
maximum current of about 5 A, which is beyond the saturation limit (as noticeable from
Figure 3), assessing that it is possible to extend the working operating range of a linear
inductor with a suitable analysis. In fact, the rated current of the inductor is 2.4 A. Besides,
an inductor with a rated current of about 5A operated in linear conditions would require a
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bigger, and more expensive, core. All measurements have been performed with a digital
oscilloscope with a sample rate of 1 GS/s. The test rig used for the measurements is shown
in Figure 4a and depicted in a pictorial diagram in Figure 4b. The test rig is controlled by a
PC able to deliver the duty cycle based on the required maximum current and magnetic
core temperature.

\ (a)
0

Multimeter with

thermocouple

e
oscilloscope
Load bank

(b) O ]
@3
)

Multimeter with thermocouple

3

Power Supply
Load bank

Boost converter

uty cycle

(J:

Computer
Digital oscilloscope

Figure 4. (a) Photo of the test rig. (b) pictorial diagram of the test rig.

° ooe
© coo
° oee

The following two measurements, given as examples, show the influence of Toy
on the inductor current peak. Figure 5 shows oscilloscope plots of the measurements
performed on the current flowing through the MOSFET. The current was measured using a
current probe TEKTRONIK TCP0020. The converter was operated in the CCM. Figure 5a,
corresponding to Ton = 15 ps, shows a linear current, whereas Figure 5b, corresponding to
Ton = 17 us, shows a non-linear effect owed to the inductor. It is remarkable that a 13%
increase in Toy caused a 57% rise in the AC current peak; it increased from 0.81 A to 1.27
A, shifting the inductor operation from the linear to the non-linear zone.
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Figure 5. An oscilloscope plot of the current flowing through the power switch shows the influence
of Tppy on saturation: (a) a linear trend is observed for Ty = 15 ps, and (b) a non-linear trend for
TON =17 us.

Even if the increase of duty cycle (D) always leads to a rise of the current peak also in
the case of a linear inductor, with a non-linear device this increase is more relevant. Besides,
by adopting a linear inductor, the current peak can be easily calculated since the current
variation is proportional to D:

oL
Al = FL D )

In the case of the non-linear inductor, Equation (9) cannot be used since increasing the
current, the inductance decreases leading to a further increase of the same current. Instead,
the differential equation of the inductor must be solved by adopting the model as proposed
in this paper.

We focused the attention on the current peak since it also stresses the power switch
and affects its reliability. Once demonstrated that the non-linear operation of an inductor
modifies the shape of the current, which is no longer triangular as in the case of a linear
inductor, and implies a higher peak, richer harmonic content, and non-linear dependence
on conduction time and temperature, there is a need to calculate the current shape.

In general, in non-linear operation, the peak depends on the duty cycle (or on Tpy)
and on the temperature as described in the following section.

Concerning the possibility of a chaotic behavior induced by the non-linearity of the
converter components, following the approach of [7,8], we have preliminary verified
that our converter operates in the stable region showing a constant period of the current
waveform flowing through the power inductor, corresponding to a close trajectory in the
plane output voltage versus inductor current, that always overlaps with itself each period.
No relevant phenomena of “period doubling” or “period variation” leading to bifurcation
have been recognized. In this way, only the non-linearity of the inductor is considered.
Obviously, the non-linear behavior of the inductor exhibits a different loop shape than a
traditional linear inductor.

6. Results

The experimental measurements are reported in Figure 6, each for a fixed core temper-
ature and by varying the duty cycle. The value of the current peak for each measurement
is reported in Table 2, highlighting its value when the temperature and duty cycle were
changed. These measurements assess the influence of temperature on inductor operation
and current profile. In fact, for a fixed temperature, an increase in the duty cycle, corre-
sponding to an increase in the Ty, leads to inductor operation outside the linear region.
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Moreover, the current profile depends on temperature. Because both the duty cycle and
temperature can vary during the converter operation, this confirms the importance of using
a tool for calculating the current profile. The results demonstrate that the proposed method
can calculate the current profile under different working conditions up to its maximum
value by exploiting the non-linearity of the inductor. Figure 6 is arranged for recognizing
the effects of the temperature and of the conduction time on the maximum current value
at a glance. Indeed, a rise in the maximum value can be appreciated by either increasing
temperature or the duty cycle. Besides, the increase of the duty cycle (corresponding to an
increase in the conduction time of the power switch) highlights the shape that no longer
not fits with a triangular waveform emphasizing the nonlinear behavior. The numerical
values of the peaks are summarized in Table 2 where it can be noticed that the increase of
the duty cycle induces an increase in the current peak that is more relevant for the highest
temperature.

Tek swp | — HNoise Fiver O Tek sug. —_— Moiga Filtes 0F1 Tek sup. —_— Hoise Fitw O Tok g —_— Hoise Finer O
-
)
~
©
-
T
& i
ok
=]
O .
[e]
~— [£8 [Caw
L L >
- oA
-~ TR
= i
)
5}
=9
—
=
Lo
v
e
[+ 2
@
T
ok
=
s {Ty B—
@

48 50 51
Duty Cycle (%0)

Figure 6. Oscilloscope plots of the current flowing through the inductor (blue), output voltage (cyan),
and gate voltage (green) for increasing duty cycle ratio and temperature at a switching frequency of
30 kHz.

Table 2. Inductor current peak (in A) for different duty cycles and temperatures.

(A) Temperature

Duty Cycle 40°C 50 °C 60 °C 70 °C
46% 4.26 4.31 4.37 4.37
48% 4.50 4.64 4.71 4.65
50% 476 4.93 5.06 5.12
51% 4.98 5.00 5.31 5.39

The simulations were carried out using LTspice software and solving the discrete
differential Equation (4) using the polynomial curve and the previously described flux
model to retrieve the current under the same conditions as the experimental test (Figure 6).
The current curves calculated by solving Equation (3) through 4-th order Runge-Kutta
were obtained in 10* steps. Figures 7-10 compare the simulated and experimental data of
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the current waveform as a function of core temperature T,y for fixed duty cycles of 46,
48, 50, and 51%, respectively. By combining losses and inductor modeling, the relevant
reduction in the peak current for increasing Ty, experimentally measured for each duty
cycle, was correctly reproduced correctly. This effect is mainly due to the increased losses
in the inductor due to the rising temperature.

TCure=70 °C
SPICE sim. === Diff. eq. sim.

Current (A) Current (A) Current (A)

Current (A)

4.78 479 4.8 4.81 482 4.83 484 485 486 4.87
Time (ms)

Figure 7. Comparison of the experimental current waveform with the simulation results from SPICE
and the differential equation for a duty cycle of 46% at different temperatures.

TCnre:70 °C
SPICE sim. === Diff. eq. sim.

Current (A)

Current (A)
- - wn

-
T

Current (A)

Current (A)
Iy .

w
T

478 479 4.8 4.81 4.82 4.83 4.84 485 486 4.87
Time (ms)

Figure 8. Comparison of the experimental current waveform with the simulation results from SPICE
and the differential equation for a duty cycle of 48% at different temperatures.
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Figure 9. Comparison of the experimental current waveform with the simulation results from SPICE
and the differential equation for a duty cycle of 50% at different temperatures.

Figure 10. Comparison of the experimental current waveform with the simulation results from SPICE
and the differential equation for a duty cycle of 51% at different temperatures.

The numerical values corresponding to the RMS current for cases with a duty cycle of

51% (representing the worst case) are listed in Table 3. In all cases, the relative error was
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below 9% for the SPICE simulations and below 3% for the discrete differential equation
approach.

Table 3. RMS current (in A) comparison when the duty cycle is 51%.

Temperature o . SPICE Simulation  Differential Equation
o) Duty Cycle (%) Experimental (A) (A) Simulation (A)
70 51 3.94 4.28 (+8.6%) 4.06 (+3.0%)
60 51 4.05 4.22 (+4.2%) 4.10 (+1.2%)
50 51 4.22 4.45 (+5.5%) 4.30 (+1.9%)
40 51 4.30 4.51 (+4.9%) 4.37 (+1.6%)

For validation purposes, the mean absolute error (MAE) was calculated by comparing
the simulation results with the experimental data as a reference. Figure 11a compares
the experimental data with those obtained by the simulations during the conduction
period when the duty cycle was 51% and the temperature was set to 70 °C. Figure 11b
shows the absolute error of each data point, resulting in an MAE of 94 mA for the SPICE
simulations and 113 mA for the differential equation simulations. It should be noted that
the minimum error was obtained at the end of the conduction time, meaning that both
simulations tracked the current peak with excellent accuracy. All the comparisons highlight
the excellent fit of the simulations with the experimental data. The MAE of each comparison
of the experimental data with the SPICE simulation is given in Table 4 whereas the MAE
regarding the differential equation is given in Table 5.

5 -
O Exp. A6
SPICE sim. ()
4.5 [ | —9¢— Dff. eq. sim.

Current (A)
F=S

(b)

SPICE sim.
200 Diff. eq. sim.

150

Current MAE (mA)

1 L L

0 5 10 15
Time (us)

Figure 11. (a) Comparison of the experimental current waveform with the simulation results from
SPICE and differential equation for a duty cycle of 51% at 70 °C. (b) Comparison of mean absolute

error for SPICE and differential equation simulations.
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Table 4. Mean absolute error (in mA) of the inductor current for different duty cycles and tempera-
tures for the SPICE simulations.

(mA) Temperature

Duty Cycle 40°C 50 °C 60 °C 70 °C
46% 45.8 30.3 44.9 40.5
48% 31.2 26.1 244 29.8
50% 92 38.9 53.4 27.4
51% 59.7 85.6 55.5 94.6

Table 5. Mean absolute error (in mA) of the inductor current for different duty cycles and tempera-
tures for the differential equation simulations.

(mA) Temperature

Duty Cycle 40°C 50 °C 60 °C 70 °C
46% 36.4 33.3 37.6 97.9
48% 25.4 33.2 34.2 21.6
50% 46.6 51.2 68.2 374
51% 73.2 83.1 35.1 113.4

Figure 12 shows the spectra of the experimental currents, calculated by a Fast Fourier
Transform (FFT), when the duty cycle was 50% and the core temperatures were 70 °C
and 40 °C, respectively. As the temperature increases, the odd harmonics show a slight
variation, which is negligible for the first harmonic at 30 kHz, whereas the even harmonics
increase by more than 5 dB. The increase in the amplitude of the harmonics depends on
the maximum value of the current through the inductor; as a consequence, the increase
in the temperature worsens the EMI of the converter as well. The issues related to EMI
filtering were discussed in [37,38], where, comparing the Fourier analysis performed on
the same inductor in linear and non-linear operation, the increase of harmonics amplitude
was shown. It required a re-design of the EMI filter, albeit the non-linear operation allowed
an increase of the operating current of about 40% with related savings of cost and weight
on the power inductor.

—40 T

_10' —T(, =70°C |
~n ore

5 =201 T 40°C |1

< L
= 30
3 —40
g
£ -0}
g
= =20
w

=301 I |

_40 L L L

0 50 100 150 200 250

Frequency (kHz)

Figure 12. FFT AC spectra of experimental inductor current for a duty cycle of 50% at different
temperatures.

7. Conclusions

This paper is focused on applications of power electronics and computation for en-
hancing industrial systems and processes. Exploiting a power inductor up to saturation
reduces the size of the magnetic core; however, this requires an assessment of the current to
preserve the reliability of the converter.
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A method was devised to retrieve the current profile in a power inductor operated up
to saturation. The non-linear operation of an inductor modifies the shape of the current,
which is no longer triangular as in the case of a linear inductor. This implies a higher peak,
richer harmonic content, and non-linear dependence on conduction time and tempera-
ture. Therefore, knowing the current shape of the operating conditions is crucial to avoid
dangerous situations for the devices in these SMPS and EMI evaluations.

The current profiles of an inductor up to saturation were estimated using a polynomial
third-order inductor model in different operating conditions. This model was applied to a
ferrite core inductor; however, it can reproduce the magnetization curve and be used for
different core materials. The model also takes into account temperature. It has been used to
both solve the constitutive equation of the inductor in discrete form and retrieve the flux
model in closed form for implementation in a circuit simulator.

The current profile is obtained analytically and by simulation and completed with
the analysis of the inductor current through experimental measurements and comparison
with simulated results, including peak, RMS value, and spectrum evaluation. Furthermore,
the quality of the simulations was evaluated through the mean absolute error of each
comparison using the experimental result as a reference highlighting an adequate fit.

The operation of the inductor in saturation is of interest for industrial applications
because it increases the converter’s maximum current, hence the power density, compared
to a linear inductor. However, since the inductance changes with the current, very high
peak values of the inductor current can be reached at the end of Tppn. The results showed
that, based on a suitable inductor model, the proposed approach provides a complete
assessment of the current, including the profile, its peak, RMS value, and spectrum. The
analytical and simulation results agree with the experimental data measured using a boost
converter. In addition, our analysis explains how the non-linear behavior of the inductor
can be exploited when the duty cycle of an SMPS varies during operation.

The proposed approach can be generalized to any SMPS in which the inductor is
subjected to a constant voltage for a given time interval. This aids in optimizing the
converter design so that the non-linearity is exploited even with a variable duty cycle,
while also considering the temperature.

The method proposed in this study allows designers to analyze the behavior of the
SMPS starting from the maximum current of the non-linear inductor that can be chosen
with a smaller core than a linear one improving the power density.
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