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Abstract—This article proposes a control method for
switching-mode power supplies equipped with nonlinear
inductors; the method is based on the estimation of the
conduction time (TON) of the power switch. The TON value
is tuned according to the inductor model to obtain quasi-
constant ON-time control. The method is devised for ferrite
core power inductor, the nonlinearity is exploited up to
saturation, condition where the differential inductance is
reduced to half of its maximum value. This approach allows
the calculation of the conduction time TON such that the
maximum current of the inductor always corresponds to
the saturation value while also considering the inductor
temperature. This method obtains the current peak versus
TON through a proper inductor model and a recursive al-
gorithm for a given inductor temperature. The theoretical
analysis was verified on a boost converter by comparing
the simulations with experimental data with different loads,
showing that the operating current can be increased by
approximately 40% avoiding thermal runaway.

Index Terms—Algorithm, inductors, nonlinear circuits,
nonlinear estimation, saturable core, switched mode power
supply (SMPS).

NOMENCLATURE

a0, a1, a2, . . . Coefficients of the polynomial form of the
inductor current.

D Duty cycle.
Fs Switching frequency.
iL Current flowing through the inductor.
iL DC current flowing through the inductor.
iL,max Current peak of the inductor.
L Inductance value.
L0, L1, L2, . . . Coefficients of the inductance model.
Lsat Inductance value at saturation.
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Ldeepsat Inductance value in deep saturation.
LSR Least square regression.
Tcore Temperature of the inductor.
TON Conduction time of the power switch.
TOFF Blocking time of the power switch.
Ts Switching period.
β0, β1, β2, . . . Thermal coefficients of the inductor model.
ε Convergence absolute tolerance.
Φ Magnetic flux of the inductor.
ΔiL Peak-to-peak current through the inductor in

linear operation.
ΔiL−nl Peak-to-peak current through the inductor in

nonlinear operation.
vL Voltage across the inductor terminals.
Vs Supply voltage.

I. INTRODUCTION

O PTIMIZING the high power density in switching-mode
power supplies (SMPS) is essential. Researchers have

endeavored to address several aspects, such as improved topolo-
gies [1], new power-switching devices [2], electromagnetic
interference filters [3], [4], advanced inductor modeling, and
design techniques [5]. In addition, some papers dealing with
new control techniques highlight the need for an accurate model
of the converter components [6], [7], [8].

The power density of an SMPS can be improved by reducing
the core of the inductor [4] and operating it beyond its linear
region, up to saturation [9], [10], [11], [12]. The saturation
zone is defined as the current at which differential inductance
Lsat is reduced to half of its rated value. Beyond the linear
region, the inductance value decreases and depends on both
current and temperature. Here, the inductor exhibits nonlinear
behavior; therefore, it is referred to as a nonlinear inductor. By
exploiting saturation, a higher dc operating point can be set;
however, reducing the inductance causes a higher current peak.
Consequently, the power switch is more stressed and the losses
increase [13].

This study focuses on the estimation of the current shape
during the conduction time of the power switch (TON) because
in a basic SMPS, it corresponds to the time interval in which the
current through the inductor increases. Knowledge of this time
interval is crucial because in a nonlinear inductor, the current
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increases faster when approaching the end of the TON. For a fixed
voltage across the inductor, the current derivative is inversely
proportional to the inductance, which also depends on inductor
temperature. Overestimation of the TON produces an overcurrent
that can damage the power switch. Conversely, for a short TON,
the operation occurs in the linear zone, nullifying the advantage
of saturation exploitation.

Some studies dealing with constant ON-time control
(COT) [14], [15] confirm the interest in this control technique;
however, they can considerTON as a constant because the adopted
inductor is linear. Calculating theTON for the conventional opera-
tion of an SMPS with a linear inductor is straightforward because
it does not depend neither on the temperature of the inductor nor
on its current. In contrast, when the inductor operates outside the
linear zone, the behavior is nonlinear and the temperature must
also be considered, emphasizing a dependence on the current.
The novelty of this study is that an algorithm allows the tuning
of the TON value based on temperature to obtain quasi-constant
on-time control (QCOT).

In principle, the temperature can be retrieved using a suitable
loss model [16]; however, knowledge of environmental temper-
ature is required. The core temperature was measured using a
thermocouple. In addition, the temperature distribution on the
inductor is assessed and confirmed using thermal images.

The design of a QCOT requires suitable characterization and
a proper model of the power inductor to describe the satura-
tion [16]. The proposed recursive algorithm allows the calcula-
tion of the current peak based on TON, and vice versa. Starting
from the maximum current imposed on the inductor and tuning
the TON, it will always operate in saturation, avoiding thermal
runaway regardless of the temperature. Although a practical
application is discussed, the proposed method is general; it can
be used to analyze the current through a nonlinear inductor when
a constant voltage is applied for a given time interval.

The rest of this article is organized as follows. First, a short
review of the models adopted for inductors in the literature is
presented in Section II. Section III details the model adopted
in this study. Section IV explains the characterization of the
inductor used for experimental verification. Section V describes
the main theoretical contribution, that is, the algorithm for the
current estimation. Section VI proposes validation using a boost
converter with two different loads, and the operations of the
converter are based on the TON estimation according to core
temperature. Section VII presents a discussion on the quality
and the limitation of the proposed approach, paving the way for
future developments. Finally, Section VIII concludes this article.

II. REVIEW OF THE INDUCTOR MODELING

The literature considers both the behavior of the inductor in
saturation and the consequences of the SMPSs operation.

Analytical models, rather than physical models, are preferred
for power electronics applications. Analytical models provide
an external representation of the inductor using a relationship
that gives the inductance versus current (with temperature as a
parameter). Many approaches use general and well-known mod-
eling techniques; two of them are based on a function that shows

a shape similar to the inductance variation to be reproduced, such
as the arctangent [9] and polynomial models [17].

Considerable attention has been paid to ferrite as a core
material owing to its low losses over a wide frequency range and
high specific resistivity [18]. However, ferrite exhibits an abrupt
decrease in the inductance when saturation is achieved [10],
[19], [20].

Several analytical models have been proposed that show dif-
ferent tradeoffs between the accuracy and calculation resources.
The improved arctangent-based method [12] provides good
accuracy for the entire inductor curve, including the temperature
variations. Such a model can be implemented in a simulation to
reliably reproduce the current waveform in a dc–dc converter
at the operating temperature [21]. The piecewise-affine formu-
lation [22] improves the use of the computational resources
of Oliveri et al. [12]. Hammerstein modeling can also provide
nonlinear functions in power electronics, as in [23], where it is
applied to characterize different ferrite inductors using a pulse
compression identification technique. In [24], a neural network
model (E-αNet) was developed to reproduce the ferrite power
inductors inductor behavior up to saturation also considering
the core temperature. The so-called local approach generally
adopts different approximations depending on the current. The
main disadvantage is the discontinuity of the inductance curve,
which can only be used for small current variations [11]. The
solution proposed in this article takes advantage of a polynomial
model that approximates the inductance variation, including
temperature dependence [25]. The inductor temperature can be
considered constant during the switching period. Therefore, a
model of the inductor at a given temperature is suitable for re-
producing the current waveform when the temperature is known.
However, during operation, the inductor modifies its behavior
owing to a thermal transient, whose duration is of the order of
tens of seconds; consequently, the inductance variation versus
temperature has been considered. This implies that different core
temperatures require different TON values to exploit saturation,
whereas all the other parameters remain unchanged. The devised
QCOT is useful since it varies the switching frequency, main-
taining the duty cycle imposed by the converter control, always
assuring a proper TON value. The goodness of the model consists
of reproducing the current profile under operating conditions,
including the temperature increase due to losses [21], [26] and
dangerous operations, potentially causing thermal runaway [16],
[27], [28], [29], [30].

III. INDUCTOR MODELING BY POLYNOMIAL

The proposed approach considers an inductor modeled using
a polynomial function. This model was successfully applied to
the behavior of saturable reactors in [25]; here, it was adapted
to ferrite power inductors, including temperature [16], [31]. It
reproduced the sharp transition from linear to saturation, and
proved to be computationally lightweight, providing a good ap-
proximation with a third-order polynomial [16], [17]. In contrast
to saturable reactors operated in ac, the power inductors used in
SMPSs operate with a dc offset and superimposed ac signal;
therefore, a different characterization system is required [32].
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TABLE I
MODEL COEFFICIENT OF THE INDUCTOR

The polynomial coefficients are considered to be linearly de-
pendent on the temperature, implying that the magnetic flux
increases linearly with temperature for a given magnetizing
current. The characterization of the work in [33] in terms of the
saturation flux shows that a linear trend can approximate it for
the temperature range 25–125 ◦C. Moreover, we experimentally
verified this behavior in the studied inductor.

The inductance is modeled as

L(iL, Tcore)=

{∑3
m=0 Lm(1+βmTcore)i

m
L , L(iL)>Ldeepsat

Ldeepsat, otherwise
(1)

where Lm are polynomial coefficients, and the linear depen-
dence of the inductor temperature Tcore (◦C) is expressed by
the proportionality factors βm. The parameter Ldeepsat is the
inductance value when deep saturation (also known as hard
saturation) is reached, where the flux density is almost constant.
The first term in (1) corresponds to the thermal behavior of a
traditional linear inductor. Once the coefficients are known, (1)
can be easily implemented and requires minimal computational
resources. However, the coefficients Lm, βm, and Ldeepsat need
to be previously identified; they were obtained experimentally
using the method explained in Section IV. Once the model is
identified, the practical limit or saturation point (Lsat), where
the differential inductance is halved, can be retrieved.

IV. INDUCTOR CHARACTERIZATION

The main issues related to inductor model identification for
linear inductors are discussed in [34]. However, as explained
above, a nonlinear inductor requires a different characterization
method. This was performed using the test system described
in [32] and [35] to obtain a representation of the inductor as
in (1).

The operating principle of the characterization system can be
summarized as follows. The inductor under test was inserted into
a dc/dc converter with a variable active load. It is automatically
controlled by a LabVIEW-based instrument that imposes 1) the
switching frequency, 2) the duty cycle of the power switch, 3) the
dc bias current by varying the load value, and 4) the inductance
L, which is calculated by the ratio between the voltage applied to
the inductor (maintained constant) and the slope of the current.

The measurement system was applied to a 330 μH inductor
delivered by a Coilcraft model DO-5010H-334. The identified
coefficients corresponding to (1) are given in Table I, and their
characteristic curves are shown in Fig. 1, considering the temper-
ature. For low currents, the inductance is constant, and the tem-
perature does not affect this value, which corresponds to a linear
inductor operation. By increasing the current, the inductance

Fig. 1. Inductance versus current versus core temperature of the Coil-
craft 5010H-334.

Fig. 2. Electrical scheme of a boost converter.

varies with temperature, resulting in different current curves. It
should be remarked that, from the characteristic curves shown in
Fig. 1, the use of the Coilcraft 5010H-334 inductor in linear zone
can be performed with a current up to 1 A. Instead, by nonlinear
operation, the operating point can be increased by 40%, meaning
a current of 1.4 A with a temperature core of 85 ◦C. At this point,
the rated inductance is reduced to approximately 200 μH. The
same current with linear operation would require a larger core
inductor, such as 5040H-330, which exhibits a larger volume
of approximately 70%. This demonstrates that a design with a
nonlinear inductor improves power density. An increase of 40%
in the rated current can be assumed as a safe tradeoff between
limiting the nonlinear operations and achieving a high-density
SMPS design and can be considered as a practical target by the
designer.

V. ESTIMATION OF THE MAXIMUM CONDUCTION TIME AND

CURRENT PEAK

After the inductor characterization, there is need to calculate
its current when it is operated in a converter. The inductor current
estimation is performed considering a boost converter as a case
study; the analysis can be extended to other SMPS without losing
generality because the inductor is supplied by a constant voltage
for a given time interval as in basic dc/dc converters and in many
other topologies. The time interval depends on the switching
frequency and the duty cycle. The voltage and time intervals
were chosen based on the converter.

In a boost converter (see Fig. 2) with a linear inductor operated
in a continuous current mode, the current flowing through the
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Fig. 3. Comparison of current waveforms with linear and nonlinear
inductors.

inductor exhibits a triangular shape, and the current variation
can be easily calculated. Instead, 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.

Fig. 3 compares the current waveforms for linear and saturated
inductors with the same average current. The mean value iL
of the current does not vary because it depends on the load
(neglecting losses in first approximation); consequently, the two
areas defined by the nonlinear curve under and over the mean
value iL must be the same. Instead, because of the upward
concavity of the current waveform for the nonlinear inductor,
the current peak iL−nl,max increases, and the current variation in
the nonlinear case ΔiL−nl is higher than the value in the linear
case ΔiL.

The following section presents an analysis of the nonlinear
inductor. If the inductance is not constant, the general relation-
ship between inductor voltage vL and flux Φ must be considered

vL(t) =
δΦ(iL, Tcore)

δt
(2)

where Tcore is the core temperature, which is practically constant
during the switching period.

Equation (2) can be expanded as

vL(t) =
dΦ(iL)

diL
· diL(t)

dt
= L(iL)

diL(t)

dt
(3)

where inductance is considered a polynomial function of the
current, as in our case, using (1). Equation (3) can be solved
numerically in a time interval equal to the TON, where vL is a
constant

iL(k + 1) = iL(k) +
vLΔt

L(iL(k))
. (4)

Discretization (4) follows the Euler method to simplify the de-
scription. However, the fourth-order Runge–Kutta method was
used in our simulations to achieve a better accuracy. Equation
(4) requires n steps corresponding to n+ 1 points from t = 0 to

TON, with Δt = TON/n. The starting value is iL(0), that is, the
minimum value of the current iL,min.

Initially, (4) is solved, starting with iL,min = 0 for a time
interval equal to TON, thus generating a vector containing n
samples of the current. Next, the current samples were fitted
with a polynomial function of time using the coefficients aj

iL(t) = a0 + a1 · t+ a2 · t2 + · · ·+ a5 · t5. (5)

In this study, a fifth-order polynomial for (5) was used to
achieve a reasonable accuracy. To retrieve an interpolating
polynomial curve, an LSR is applied to the discrete waveform
obtained by (4) such that the coefficients aj of (5) can be found.
The LSR can be applied because the error in the measured time
is much lower than the error in the current measurement, which
follows the Gauss theorem because it is retrieved experimentally,
and all events are independent (no memory effect occurs) with
the same variance.

To perform LSR, (5) is written in a matrix form as follows:
matrix A has as many columns as the number of coefficients
to be identified (corresponding to the degree of the polynomial
plus one) and a number of rows equal to n = TON/Δt. Each
row contains the time raised to the power corresponding to the
coefficient of the current

A =

⎡
⎢⎢⎢⎢⎣

1 0 . . . 0

1 Δt . . . Δtm

...
...

. . .
...

1 TON . . . Tm
ON

⎤
⎥⎥⎥⎥⎦p =

⎡
⎢⎢⎢⎢⎣
a0

a1

...

am

⎤
⎥⎥⎥⎥⎦y =

⎡
⎢⎢⎢⎢⎣

iL(0)

iL(Δt)
...

iL(TON)

⎤
⎥⎥⎥⎥⎦ .

(6)
Due to the error distribution, a solution as yT = p ·A+ e
can be obtained, where e denotes an error vector. Under the
hypothesis of a normal distribution of the error and null mean, the
Gauss Markov theorem gives the solution vector of coefficients
as

p =
(
ATA

)−1
ATy. (7)

The coefficients aj must satisfy the following condition:

iL =
1
TON

∫ TON

0
iL(t)dt. (8)

The value iL is the dc current through the inductor. This is
imposed by the load. By substituting (5) into (8), the mean value
of the current is given by

iL = a0 +
1
2
a1 · TON +

1
3
a2 · T 2

ON + · · ·+ 1
6
a5 · T 5

ON. (9)

From (5), it can be noted that coefficient a0 represents the
minimum value of the current iL,min obtained for t = 0.

Once interpolation was performed, it was possible to invert
(9) to calculate a new value of a0. By substituting a0 in (4) as
a new starting point i′L,min, the procedure can be repeated until
convergence is obtained, that is, when the difference between
the new starting point and the previous starting point is less than
the tolerance ε. In the discontinuous current mode operation of
the SMPS, iterations are unnecessary because the value of iL,min

is always null.
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Algorithm 1: Estimation Algorithm for Calculating iL,max

and iL,min.

1: iL,min ← 0 �Initialize with a zero-initial current
2: iL(0)← iL,min �Set the initial current i(0)
3: repeat
4: for k ← {0, . . . , n− 1} �n steps are required for

calculation of (4)
5: L=L0(1+β0Tcore)+L1(1+β1Tcore)i(k)+. . .

�Inductance calculation (1)
6: if L < Ldeepsat �Inductance saturation evaluation
7: L← Ldeepsat �Inductance set to the saturation

value (1)
8: end if
9: iL(k + 1)← iL(k) + vLΔt/L �Step for

calculation of (4)
10: end for
11: iL = 1

TON

∫ TON

0 iL(t)dt �Mean current evaluation
(8)

12: LSR algorithm �Algorithm for the aj evaluation
13: iL(0)← a0 �Set the initial current iL(0)
14: until |i′L,min − iL,min| < ε �Repeat the process until

tolerance ε is reached
15: iL,max = a0 + a1 · TON + a2 · T 2

ON + . . .
�Maximum current evaluation (10)

After convergence, the curve that reproduces the current is
identified using polynomial (5). The maximum current value
can be obtained by (5) and evaluated for t = TON

iL,max = a0 + a1 · TON + a2 · T 2
ON + · · ·+ a5 · T 5

ON. (10)

The calculation method explained here is concisely schema-
tized in Algorithm 1. It provides the peak current (iL,max) through
an inductor for a given TON.

Therefore, the evaluation of the maximum current was re-
peated by applying Algorithm 1 to the different core temper-
atures. Each iteration yields a triplet of iL,max, TON, and Tcore.
Considering that this study aims to derive the maximum allowed
conduction time for a fixed maximum current, the dataset of
the collected triplets can be arranged in a lookup table (LUT).
Complementary, the dataset can be used to obtain the regression
f and the relationship between the maximum conduction time,
peak current, and core temperature as in (11). In the practical im-
plementation, it allows retrieving the TON based on the measured
temperature and the maximum current imposed to the inductor

TON,max = f (iL,max, Tcore) . (11)

VI. VALIDATION

A. Boost Converter and Measurement Setup Description

The boost converter used for the validation test was supplied
with Vs = 24 V. It adopts an FDP12N60NZ MOSFET as the
switch, and an STTH806 rectifier as the diode. The component
selection was driven by the need for a reliable and available
prototype setup with a significant safety margin, but also flexible

Fig. 4. Proposed block diagram of the control system.

in order to leave the possibility to scale-up the power rating in
future works. The operation of the control system is illustrated
in the block diagram, as shown in Fig. 4. The QCOT module
is drawn by gray lines; it represents an add-on compatible
with the existing control. The prototype is shown in Fig. 5(a).
The inductor under test was a ferrite core inductor (Coilcraft
DO-5010H-334, LNOMINAL 330 μH). This component is charac-
terized as explained in Section IV. A UT70B digital multimeter
from Lafayette equipped with a K-type thermocouple (range
of −40÷260 ◦C; accuracy of ±0.75%) is used to measure the
core temperature of the inductor. The temperature distribution
of the inductor [see Fig. 5(b)] was measured through thermal
imaging using a camera model FLIR SC660; its temperature
measurement capability ranges from −40 to 1500 ◦C with 1
◦C accuracy. For better visualization in each thermal image, the
color palette was started at room temperature and ended at the
highest temperature of each measurement. The thermal analysis
verifies that during operation, 1) the temperature of the core is not
influenced by the heatsink of the MOSFET, and 2) the temperature
measurements made with a thermocouple in contact with the coil
core are coherent with thermal imaging.

The classical pulsewidth modulation (PWM) control loop is
updated with information from the LUT, providing theTON based
on both the maximum current peak imposed on the inductor
and the core temperature. The switching frequency in the PWM
modulator was calculated from the TON and required duty cycle.
The entire test rig is shown in Fig. 5(c). The photograph and the
thermal images have been performed removing the converter box
only for the time needed to take the picture. In the following,
three situations are described.

1) Operation of the converter in an open loop with a con-
stant TON, to show how the current peak increases as the
temperature of the inductor increases.

2) Starting from the same operating point of the last test,
an operation with the proposed QCOT, showing that
the current peak remains constant owing to the control
system, which avoids thermal runaway.

3) An example of the thermal runaway due to the excessive
mean inductor’s current.

B. Operation With Constant TON

The main waveforms of the boost converter operated with a
constant TON and switching frequency of 46 kHz are shown in
Fig. 6(a) for different core temperatures. This shows the evolu-
tion of temperature during operation in an open loop. Fig. 6(b)
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Fig. 5. (a) Prototype of the boost converter used for test. The free-wheel diode is mounted on the backside of the PCB. (b) Thermal image of the
converter in standby. (c) Photograph of the test rig.

Fig. 6. (a) Example of an open-loop thermal runaway: duty cycle (top), output voltage (middle), and current through the inductor (bottom) of the
boost converter increasing the temperature at a constant frequency of 46 kHz corresponding to a fixed TON of 10.9 μs. The mean current is 1.4A.
(b) Thermal image of the converter when the inductor reaches the temperature of 105 ◦C.

shows thermal images obtained at the highest temperature. The
converter starts at environmental temperature (25 ◦C), and dur-
ing operation, it reaches 105 ◦C. At Tcore = 60 ◦C, the inductor
is still in linear operation; after 150 s, its temperature is equal
to 80 ◦C, and an increase in the current peak can be observed.
This increase is further evident after 813 s (Tcore = 105 ◦C).
Photographs and thermal images were obtained by removing the
converter box only for the time required to capture the images.
It should be noted that an increase in the temperature modifies
the current waveform. The power inductor operates in the lin-
ear zone only at low temperatures and exhibits a well-known
triangular shape. Subsequently, the temperature increase drives
it toward saturation, with a consequent increase in the current
peak. It demonstrates that a constantTON operation cannot ensure
safe operation in saturation because the current peak depends
on the temperature. It assesses the need to estimate TON versus
temperature. Finally, it is worth noting that the traditional voltage
closed-loop feedback worsens the thermal runaway, which is
inherently unstable. This increases the duty cycle to maintain a
constant output voltage against losses. Consequently, the current

peak further increases, increasing the losses and, therefore, the
temperature, thus generating the thermal runaway.

C. Operation With QCOT Technique

By applying Algorithm 1, triplets (iL,max, TON, and Tcore)
were retrieved for a specific mean current of the inductor
corresponding to a given load value and output voltage. Two
case studies were presented by choosing an output voltage of
48 V and two different mean inductor current values (1.4 and
1.9 A) obtained with two loads of 63 and 50 Ω, respectively.
Fig. 7 depicts a 3-D representation of the triplets (iL,max, TON,
and Tcore) obtained by running Algorithm 1 when the load is
63 Ω. It can be noted that for high temperature and conduction
time, the maximum achievable current highly exceeds the rating
current of the inductor, limiting, therefore, the operating region
of the converter. However, reducing either the temperature or
the conduction time reduces the current peak to a safer value.

Fig. 8 presents the current peak as a function of conduction
time, which was parameterized to the core temperature. It is
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Fig. 7. Surfaces representing maximum current peak versus core tem-
perature versus conduction time obtained for the 63 Ω load.

Fig. 8. Relationship between peak current and the conduction time for
different core temperatures obtained for the 63 Ω load.

worth noting that the current peak presents a linear trend as a
function of the conduction time (see Fig. 9), except when the
core temperature and high conduction time bring the inductor
to deep saturation. In the latter case, the current slope versus
conduction time increased, rapidly increasing the current peak.
Similar results are shown in Fig. 10 for the case study with a
load of 50 Ω, where the converter has a smaller region in which
the current peak is below the maximum rated inductor current. It
is worth noting that for the highest and lowest temperatures, the
maximum current exhibited a linear trend as a function of the
conduction time. Instead, for intermediate temperatures (e.g.,
45 and 55 ◦C), the slope increased after exceeding a specific
conduction time.

The two case studies were first simulated to address an ade-
quate load value, and then implemented on the boost converter
previously described to validate the proposed method. The
simulation resulted in LUTs being used to set the conduction
time. The first case is presented in Fig. 11(a) (load of 63 Ω
corresponding to a mean inductor current of 1.4 A with a 40%
increase to the rated value), where the inductor saturation is

Fig. 9. Surfaces representing maximum current peak versus core tem-
perature versus conduction time obtained for the 50 Ω load.

Fig. 10. Relationship between peak current and the conduction time
for different core temperatures obtained for the 50 Ω load.

correctly exploited, and the temperature stabilizes at about 90
◦C [see Fig. 11(b)]. The maximum current peak was set to 1.8
A and the current waveform was not linear for temperatures
higher than 60 ◦C. The control system regulates the output
voltage (operational safety is assured by TON control) by varying
the switching frequency in the range of 46–74 kHz. For the
chosen iL,max, an appropriate conduction time is set based on
the measured inductor temperature (see Fig. 8). Similar results
were obtained in another case study (see Fig. 12) with an output
load of 50 Ω, corresponding to an inductor mean current of 1.9
A. In this case, the current peak was set to a higher value (2.6
A), overcoming saturation, and the conduction time regulation
was obtained by varying the switching frequency in a broader
range of 40–105 kHz. Although the current peak was maintained
constant, a temperature runaway was experienced, and the mea-
surements were stopped to prevent any damage to the converter
after the safe temperature threshold was reached at 105 ◦C. From
the tests reported above, it can be deduced that, by using an
inductor up to saturation to reduce its core size in an SMPS, the
TON time of the power switch must be tuned during operation to
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Fig. 11. (a) Example of stable operation exploiting nonlinearity: duty cycle (top), output voltage (middle), and current through the inductor (bottom)
of the boost converter with variable TON and frequency as the temperature rises. It can be noted that the peak current remains constant despite
the temperature variation because the ON time is reduced by the control system. The temperature stabilizes at about 90 ◦C after about 7 min from
startup. (b) Thermal image of the converter when the inductor reaches the temperature of 90 ◦C.

Fig. 12. Example of thermal runaway due to the excessive mean current: duty cycle (top), output voltage (middle), and current through the inductor
(bottom) of the boost converter with variable TON and frequency as the temperature rises. It can be noted that the peak current remains constant
despite the temperature variation because the ON time is reduced by the control system. The temperature is not stable and exceed 105 ◦C, therefore,
the measurement was stopped to prevent any damage.

ensure that the current has a constant peak value. Therefore, the
constant TON technique was modified into a QCOT technique.
This implies a frequency variation whose range depends on the
load value. The higher the load current, the wider the frequency
variation interval. The QCOT ensures stable operation with
an increase of up to 40% in the inductor mean current with
respect to the maximum allowed by the manufacturer. The power
switch is commutated at the end of the TON, without the need
for a dedicated circuit for current-threshold detection. Even if
the proposed approach requires temperature measurement, the
related circuit is simpler than the current detection and does not
require fast intervention because the thermal evolution of the
inductor is slow and can take tens of seconds. Furthermore, the
temperature measurement prevents a thermal runaway. Finally,
it can be observed that the proposed QCOT allows a higher mean
current through the inductor (up to 40%), which can be chosen
with a smaller core compared to a linear operation. In our case,
the volume of the inductor was reduced by 70% compared with
that of the 5040H-330 inductor that operates in the linear zone.

VII. DISCUSSION AND FUTURE OUTLOOK

The aim of this article is to demonstrate the feasibility of using
saturable inductors in SMPS applications, highlighting the po-
tential benefits in terms of inductor size reduction. The adaptive
ON time control based on the thermal model of the inductor is
implemented as an effective strategy to prevent thermal runaway
caused by saturation. This feasibility has been assessed by a
low-voltage, low-power dc–dc boost converter with a switching

frequency ranging from 40 to 105 kHz. This converter has been
initially conceived to test and characterize nonlinear inductors
based on LabVIEW. Then, we devised the QCOT control as an
add-on requiring low computational resources (represented by
gray color in Fig. 4). In this way, the dynamics of the system
is always governed by the PI controller that imposes the duty
cycle whereas the QCOT manages the switching frequency for
given temperature. The QCOT module introduces a negligible
delay since it requires reading the LUT and a division. The
adopted setup has the following limits: it uses a relatively
high 330 μH inductance, the maximum switching frequency
is limited by the MOSFET conduction resistance and by the
LabView implementation. On the other hand, this experimental
setup assesses using a smaller and lighter SMPS through the
exploitation of inductors up to the saturation point. A modern
implementation would benefit of higher switching frequencies
allowing for smaller inductances and of the use of a low-cost
microcontroller for the QCOT algorithm implementation, e.g.,
the TMS320F28379D from Texas Instrument (clock frequency
up to 200 MHz), allowing for the implementation of the QCOT
at much higher switching frequency with the use of smaller
inductors.

The proposed QCOT has been tested with a constant input
voltage; however, the variable input can be managed by a family
of LUTs calculated in the expected range of input voltages. For
a given input voltage, the corresponding LUT is selected.

With the implementation of the LUT family, the QCOT can
address significant variations in input voltage, which is of partic-
ular interest in applications, such as LED drivers and automotive
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systems, where large voltage surges are common. Indeed, in
case of SMPS exploiting nonlinear inductors, also the maximum
input current must be regulated by the QCOT to avoid the deep
saturation of the inductor core.

On this basis, for any given inductor, its operating range can
be extended up to the 40% of the rated current, the proposed
characterization allows defining the operating frequency range;
the constraint for the choice of the microprocessor is represented
by the maximum switching frequency for the PWM modulator.
Once the inductor characterization is performed offline, the
implementation as an add-on is simple.

VIII. CONCLUSION

The exploitation of the nonlinearity of a power inductor up to
the saturation zone in SMPSs requires that the conduction time of
the power switch is tuned based on the inductor behavior, which
depends on both current and temperature. However, it allows a
current threshold higher than that of a linear inductor with the
same rated value, but with a reduced volume, thus improving
the power density.

This article proposes a method for retrieving the current flow-
ing through a nonlinear inductor that operates up to saturation.

This method was exploited by an algorithm to estimate the
time required for the current to reach the maximum value cor-
responding to the conduction time of the power switch. It is a
recursive algorithm from which a complete characterization of
the inductor in terms of TON versus current peak and versus core
temperature is obtained. These curves, which were implemented
in a LUT, were used to implement a quasi constantTON technique
in the boost converter. The QCOT implementation is an add-on
tool that preserves the dynamic of the PI control and imposes
the switching frequency maintaining the duty cycle. Two case
studies were proposed with two different loads to demonstrate
that an increase of 40% in the rated current corresponding to
saturation exploitation can be managed by the QCOT algorithm.
The QCOT increased the switching frequency to tune a suitable
TON value. A current exceeding saturation leads to thermal run-
away, which is stopped by temperature detection. The increase
in the operating current of 40% resulted in a 70% reduction in
the volume and a cheaper inductor.
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