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Abstract: In this research paper, a comprehensive performance analysis was carried out for a
48-watt transformerless DC-DC boost converter using a Proportional–Integral–Derivative (PID)
controller through dynamic modeling. In a boost converter, the optimal design of the magnetic
element plays an important role in efficient energy transfer. This research paper emphasizes the
design of an inductor using the Area Product Technique (APT) to analyze factors such as area
product, window area, number of turns, and wire size. Observations were made by examining
its response to changes in load current, supply voltage, and load resistance at frequency levels of
100 and 500 kHz. Moreover, this paper extended its investigation by analyzing the failure rates
and reliability of active and passive components in a 48-watt boost converter, providing valuable
insights about failure behavior and reliability. Frequency domain analysis was conducted to assess
the controller’s stability and robustness. The results conclusively underscore the benefits of incorpo-
rating the designed PID controller in terms of achieving the desired regulation and rapid response to
disturbances at 100 and 500 kHz. The findings emphasize the outstanding reliability of the inductor,
evident from the significantly low failure rates in comparison to other circuit components. Conversely,
the research also reveals the inherent vulnerability of the switching device (MOSFET), characterized
by a higher failure rate and lower reliability. The MATLAB® Simulink platform was utilized to
investigate the results.

Keywords: DC-DC boost converter; modeling of boost converter; design of inductor; performance
analysis of inductor; PID control; reliability evaluation

1. Introduction

In the dynamic field of power electronics, the demand for effective and versatile
energy conversion has resulted in significant advances in converter technologies. DC-DC
converters, in particular, are critical for enabling voltage conversion in a wide range of
applications, including portable electronic devices, renewable energy systems, and electric
vehicles [1]. Figure 1 depicts the essential configuration of a power electronic converter
platform, typically comprising two separate conversion stages known as the “Power” and
“Control” stages [2]. In the “Power stage”, the converter receives the input electrical signal,
which may be in the form of alternating current (AC) or direct current (DC) depending on
the application [3,4]. Components like diodes, switches, and filters are often integrated
into the input stage for conditioning and regulating the input power [5]. At the same time,
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the “control stages” manage the converter’s operation, encompassing controllers, sensors,
and feedback loops that monitor the system’s operating conditions and adjust the con-
verter’s behavior [6]. They include the controllers, sensors, and feedback loops that monitor
the system’s operating conditions and adjust the behavior of the converter accordingly [6].
Figure 2 shows the transformerless structure of DC-DC converter topologies and illustrates
the design structure of an inductor, “L” [7–10]. These structures are commonly referred
to as buck, boost, and buck–boost converters. These converter topologies contain active
and passive components like switches, diodes, inductors, capacitors, and resistance. In this
research, the main focus has been given on the transformerless or non-isolated version of
boost converter. A PID controller has been utilized to obtain the desired voltage regulation.
Several researchers have reported the incorporation of PID controllers with boost convert-
ers, but settling times and overshoots still need more attention in the efficient operation of
this converter at 100 and 500 kHz frequencies [11–15].
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Essentially, the inductor, “L”, retains the energy in the form of a magnetic field. Due
to this property, it is also known as a Magnetic Energy Storage Element (MESE) [16].
It typically consists of a coiled wire wound around a core material that is made up of
ferromagnetic material [17–19]. Within various converter configurations, the inductor,
“L”, plays a crucial role in enabling the energy transfer and conversion process, ensuring
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constant output voltage levels while controlling the switching operations. Various reports
have been made related to the derivation of inductance value instead of proper design
criteria and evaluation process, which still need proper attention [17–20].

In the field of electronics and power engineering, reliability and failure rates are the
fundamental elements that ensure the expected performance of components, devices, and
systems [21–23]. Assessing reliability through an analysis of failure rates is a crucial process,
providing insights into the operational dependability and lifespan of components in DC-
DC converters. Determining the rate of failure for each component yields an important
understanding of the performance characteristics of individual components in terms of
failure behavior, serving as valuable information for product design engineers [24–26]. The
following research work was incorporated into this research paper:

q A comprehensive performance analysis has been carried out for a 48-watt (Vi = 12 V,
Vo = 24 V, Io = 2 A, and fs = 100 kHz) transformerless DC-DC boost converter. The
converter was designed and simulated with the help of a PID controller used for
achieving precise regulation of the output voltage and ensuring a rapid response to
disturbances through dynamic modeling. The PID controller is a feedback control
system that adjusts the control input based on the error (the difference between the
desired set-point and the measured process variable).

q Further, to check the behavior of linear time-invariant systems and system stabil-
ity, frequency response analyses were carried out using Bode plots at 100 kHz and
500 kHz frequencies.

q Performance comparisons were made for uncompensated and compensated trans-
formerless boost converters at 100 kHz and 500 kHz switching frequencies.

q In this research paper, the converter’s performance analysis was carried out with
special attention to inductor design and component reliability evaluation.

q For the design of the inductor “L”, the “Area Product Technique (APT)” has been used
to analyze the factors likewise window area (WA), magnetic length (lm), cross-section
area (ACS), number of turns (N), and size of wire (in SWG) [16–22].

q Further, a performance investigation of the inductor “L” was carried out as a function
of load current, supply voltage, and load resistance at 100 and 500 kHz frequencies.

q Furthermore, considerable attention was directed towards analyzing the reliability
and failure rates of active and passive components within a 48-watt transformer-
less DC-DC boost converter. These analyses offer valuable insights into the antici-
pated operational longevity and potential failure patterns of each component within
a 48-Watt transformerless DC-DC boost converter. The evaluation of reliability con-
tributes significantly to comprehending the component’s enduring performance.

2. The Modeling of a Transformerless DC-DC Boost Converter

The modeling of converters is necessary because it offers a deep understanding of
their operation, facilitates design and optimization, supports control system development,
ensures stability, and predicts performance. In a boost converter, by adjusting the on-time
and off-time of the switch (duty ratio), the output voltage can be regulated to the desired
level. The duty ratio “K” is expressed as Equation (1):

K = 1 − Vi
Vo

(1)

The ripple current, “∆iL”, was evaluated by Equation (2):

∆iL =
(1 − K)KV0

fsL
(2)
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Similarly, the value of the inductor “L” was evaluated using Equation (3):

L =
(1 − K)2 KRL

2 fs
(3)

And further, the value of capacitor “C” was evaluated using Equation (4):

C =
KV0

fs RL VCPeak

(4)

Likewise, the total power losses “PLoss” and efficiency “η” were calculated by utilizing
Equations (5) and (6) accordingly:

PLoss = ∑ power loss across each component (5)

and
Efficiency ‘η′ =

PO
PLoss + PO

(6)

For the transformerless DC-DC boost converter’s modeling process, two dynamic
switching situations have been considered: first, when the switch is “ON”, and another
case when the switch is “OFF”, as depicted in Figure 3a. The fundamental state space
equation model has been shown in Equation (7).

.
x = Ax +Bu
y = Cx +Du

}
(7)

where A, B, C, and D = system matrices, x = state variable,
.
x = state variable derivatives,

u = input, and y = output.
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In each circuit state, the linear circuit is characterized using a state-variable vector
denoted as “x”, which includes the inductor current and the capacitor voltage. Lowercase
letters are employed to represent variables, encompassing their steady-state DC values
along with small AC perturbations, such as vo = Vo + v̂o.

During (0 < t ≤ KT) or KT, when the switch is “ON” for mode 1, the state and output
equations can be considered as Equation (8):

.
x = A1x +B1u
y = C1x +D1u

}
(8)

Equation (8) is also known as the “Large signal model” during the period “KT”. The
state equations for the above mode can be written by applying Kirchhoff’s law in both
loops (refer to Equation (9)):
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[ .
iL.
vC

]
=

[
0 0
0 − 1

RC

][
iL
vC

]
+

[ 1
L
0

]
vi +

[
0

− 1
C

]
iz

[vO] =
[
0 1

][ iL
vC

]
[ii] =

[
0 1

][ iL
vC

]
 ≡

[
vO
ii

]
=

[
0 1
1 0

][
iL
vC

]


(9)

Here, the output voltage “Vo” is constant; anything divided by “RL” can effectively be
replaced by a constant current source as “iz”.

Further, during the time interval (KT < t ≤ T) or (1 − K)T, the switch is “OFF”, as
shown in Figure 3b. During (1 − K)T, the state and output equations can be considered as
(refer to Equation (10)):

.
x = A2x +B2u
y = C2x +D2u

}
(10)

Equation (10) is also known as the “Large signal model” during the period ‘(1 − K)T’.
The state equations for the above mode can be written by applying Kirchhoff’s law in both
loops (refer to Figure 3b) and ultimately can be written as (refer to Equation (11)):[ .

iL.
vC

]
=

[
0 − 1

L
1
C − 1

RC

][
iL
vC

]
+

[ 1
L
0

]
vi +

[
0

− 1
C

]
iz[

vO
ii

]
=

[
0 1
1 0

][
iL
vC

]
 (11)

Further, the fundamental state space-averaged model is shown (refer to Equation (12)):

.
x = Ax +Bu
y = Cx +Du

}
(12)

To produce an average description of the circuit over a switching period, combining
both “large signal models” using the state space averaging method for modes 1 and 2,
given by Equations (9) and (11), ultimately provides an “Average large signal model” and can
be written in the form of Equation (13).

xavg = xKT .(K) + x(1−K)T .(1 − K) (13)

After combining, the average large signal model can be represented in the form of
Equation (13). So, before combining, we consider K = k. So, combining both modes for KT
and (1 − K)T using averaging methods, we obtain:

A = A1.k +A2.(1 − k)
B = B1.k +B2.(1 − k)
C = C1.k +C2.(1 − k)
D = D1.k +D2.(1 − k)

 (14)

So, after solving Equation (14), we obtain (refer to Equation (15))[ .
iL.
vC

]
=

[
0 − (1−k)

L
(1−k)

C − 1
RC

][
iL
vC

]
+

[ 1
L
0

]
vi +

[
0

− 1
C

]
iz[

vO
ii

]
=

[
0 1
1 0

][
iL
vC

]
 (15)

Here, Equation (15) is known as the “Average large signal model”. So, now from the
“Average Large Signal Model”, the “Steady-State Model” shall be obtained. For this, all
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derivative terms become zero and all variables change into upper case. So, by putting
.
x = 0,

k = K, vi = Vi , ii = Ii, and iz = Iz into Equation (16), we obtain:[ .
0
0

]
=

[
0 − (1−k)

L
(1−k)

C − 1
RC

][
IL
VC

]
+

[ 1
L
0

]
Vi +

[
0

− 1
C

]
Iz[

VO
Ii

]
=

[
0 1
1 0

][
IL
VC

]
 (16)

Equation (16) is known as the “Steady-State Model”. In Equation (15), the matrix “A”
is time-varying due to the presence of “k”, so we have to convert it into a “Time invariant
matrix”. This linearization technique is used when the steady-state part is removed and
another input “k̂” is added.

Small ac perturbations, represented by “ˆ”, are introduced in dc steady-state quantities,
or we can say that “Large signal model” is reduced to a “Small-signal model”. Therefore,
for this first scenario, we must map the state variables as k = K + k̂, where “K” is the
steady-state part and k̂ is the small-signal part. So, from Equation (15), we obtain:[

IL
.
+ îL

VC
.
+ v̂c

]
=

 0 − (1−K−k̂)
L

(1−K−k̂)
C − 1

RC

[ IL + îL
VC + v̂c

]
+

[ 1
L
0

]
[Vi + v̂i] +

[
0

− 1
C

]
[Iz + îz]

and
[

Vo + v̂o
Ii + îi

]
=

[
0 1
1 0

][
IL + îL

VC + v̂c

]
 (17)

Further, solving Equation (17), we obtain[ .
îL.
v̂c

]
=

[
0 − (1−K)

L
(1−K)

C − 1
RC

][
IL
VC

]
+

[
0 − (1−K)

L
(1−K)

C − 1
RC

][
îL
v̂c

]
+

[
Vo
L

− IL
C

]
k̂

+

[ 1
L
0

]
[Vi + v̂i] +

[
0

− 1
C

]
[Iz + îz]

and
[

v̂o
îi

]
=

[
0 1
1 0

][
îL
v̂c

]


[ .

îL.
v̂c

]
=

[
0 − (1−K)

L
(1−K)

C − 1
RC

][
îL
v̂c

]
+

[
1
L 0 Vo

L
0 − 1

C − IL
C

]v̂i
îz
k̂


and

[
v̂o
îi

]
=

[
0 1
1 0

][
îL
v̂c

]
 (18)

Equation (18) is known as the “Small-Signal Model”. From this model, the control
voltage gain, transfer function for load disturbance, and voltage transfer function can
be obtained.

3. The Employed Control Technique

The closed-loop control scheme is depicted in Figure 4 for the transformerless DC-DC
boost converter. These converters step up the input voltage to provide a stable output
voltage. However, they are subject to fluctuations in the input voltage and load conditions,
which makes it imperative to implement sophisticated control techniques for optimal
performance. A PID controller [11,14] is a versatile and widely adopted control strategy
known for its ability to maintain precise output voltage regulation.
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Proportional–Integral–Derivative (PID) Controller

A PID controller (refer to Figure 5a) is a feedback control loop mechanism that contin-
ually calculates an error signal as the difference between a desired set-point (reference) and
a measured process variable (output).
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Figure 5. Control scheme. (a) Proportional–Integral–Derivative (PID) controller; (b) linearized
feedback control system for transformerless DC–DC boost converter.

The controller applies the proportional, integral, and derivative terms to the error
signal to compute the control output, which adjusts the system’s process to bring the output
closer to the desired set-point [15–27].

• Proportional (P) term: The P-term generates a control output that is directly proportional
to the current error, thereby determining an immediate corrective action based on the
error’s magnitude. In boost converters, the P-term helps reduce steady-state errors by
adjusting the duty cycle of the switches.
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• Integral (I) term: The I-term integrates the error over time and applies corrective actions
to eliminate prolonged steady-state errors. In boost converters, the I-term aids in
removing offset voltage and ensuring tight regulation.

• Derivative (D) term: The D-term anticipates future errors by analyzing the rate of
change of the error signal. It provides a control action to mitigate rapid changes,
improving the converter’s transient response and stability.

An illustration of the PID control technique is presented in Figure 5a [28,29]. In this
diagram, the input signal is denoted as u(t), and the controller’s output is expressed as
“F(t)” (refer to Equation (19)):

F(t) = {KPe(t)}+
{

KI

∫
e(t)dt

}
+

{
KD

d
dt

e(t)
}

(19)

Middlebrook, along with Cuk and their colleagues from the California Institute of
Technology, introduced a steady-state averaging technique. This method yields a linear
model of the power stage, which includes the output filter as shown in Figure 5b, but it is
specifically designed for small signals. This linearization process is performed around a
stable, DC-operating point. Further, the effect of the above parameters on the stability of
the closed-loop system is listed in Table 1.

Table 1. Effect of tuning parameters of PID controller (“
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The inductor “L” plays a significant role in achieving voltage boosting and efficient
power conversion in various electronic applications, such as renewable energy systems,
mobile devices, electric vehicles, battery charging, and LED drivers [20]. Inductors, “L”,
store energy in their magnetic fields during the on-time of the switching cycle and release
it during the off-time, effectively raising the output voltage. Further, this stored energy is
transferred to the output during the off-time of the switching cycle. This energy transfer
allows for a voltage step-up without the need for a bulky and costly transformer, making
transformerless boost converters more compact and cost-effective [20,22]. The optimal
design of the inductor is a significant challenge and also an essential requirement to ensure
the optimal performance of the converter in various applications.

4.1. Factors Related to the Inductor Design

In the process of designing inductors, various factors like the selection of core materials,
considerations surrounding the saturation of magnetic cores, and the suitability of magnetic
core types emerge as important determinants in achieving optimal outcomes [16].

In addition to core material selection, it is also important to understand the physics
of saturation in magnetic cores, analysis of inductor power loss and self-heating with
allowable ripple currents, etc. [30–32].

4.1.1. Magnetic Core Saturation: Reasons and Impact

Saturation in the context of inductors refers to a case where the magnetic flux in the
core attains its highest limit. When the magnetic field in the core increases beyond a certain
point, the core material becomes saturated, and further increases in current do not result in
a proportional increase in magnetic flux [32,33].

When an electric current flows through the coil as shown in Figure 6a, it generates a
magnetic field. The magnetic core is then magnetized through this magnetic field, causing
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its internal magnetic domains to undergo a slow rotation. Once the magnetic core is fully
magnetized, the orientation of the magnetic domains aligns continuously with the magnetic
field, as shown in Figure 6a. At this point, even if an external magnetic field is provided,
the core no longer has rotating magnetic domains, indicating that the inductor has reached
a state of saturation.
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Figure 6. Perspectives of inductor saturation and its structure: (a) inductor with DC excitation with
core saturation process; (b) BH curve for different materials (1: sheet steel, 2: silicon steel, 3: cast steel,
4: tungsten steel, 5: magnetic steel, 6: cast iron, 7: nickel, 8: cobalt, 9: magnetite); (c) the schematic of
inductor “L” structure (toroidal).

Saturation is observed in the BH curve of a material, characterized by a rightward bend
in the curve as shown in Figure 6b. As the “H” increases, the “B” approaches a maximum
value asymptotically, representing the saturation level for the material. Beyond saturation,
the “B” field continues to increase but at a much smaller paramagnetic rate compared to
the ferromagnetic rate observed below saturation, as illustrated in Figure 6b [33].

The relationship between the magnetizing field “H” and the magnetic field “B” can
be expressed as the magnetic permeability “µ = B/H”. It is important to note that the
permeability of ferromagnetic materials is not constant but varies with “H”. In saturated
materials, the relative permeability increases with “H” until it reaches a maximum. Sub-
sequently, as it approaches saturation, the relative permeability reverses and decreases
towards one [34].

4.1.2. The Selection of Core Material

Selecting the appropriate core material is important in inductor design for optimal
performance and efficiency. The material’s magnetic permeability affects the inductance,
while saturation levels prevent distortion at high currents. Minimizing hysteresis and eddy
current losses is crucial for efficiency. Core materials have distinct frequency responses,
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and temperature stability ensures reliable performance. Balancing these factors with cost
considerations is essential for a successful and cost-effective inductor design [31].

4.1.3. Losses and Self-Heating

During the design of an inductor, it is important to focus on the losses and the
subsequent self-heating of the components. Losses in inductors primarily arise due to core
losses and copper losses:

(i) Core losses: Core losses have hysteresis and eddy current loss. Hysteresis losses
occur due to cyclic magnetization and demagnetization of the inductor’s core material. As
the magnetic field reverses, the core is influenced by a hysteresis loop, leading to energy
dissipation in the form of heat. Similarly, due to variations in the magnetic field, eddy
currents are introduced in the core material. These circulating currents result in resistive
heating, contributing to overall core losses [35].

(ii) Copper losses: These losses occur in windings due to the resistance of the wire.
When a current flows through the coil, heat is generated in proportion to the square of the
current and the resistance of the wire.

The cumulative effect of these losses results in the self-heating of the inductor. The
temperature rise within the inductor is influenced by factors such as the magnitude of
the current, the frequency, and the thermal properties of the core materials [30]. Efficient
inductor design involves minimizing these losses to prevent excessive self-heating. This
can be achieved by selecting core material with low hysteresis and eddy current losses and
using low-resistance conductors for winding.

4.1.4. Ripple Currents in Inductors “L”

Ripple currents in inductors refer to the AC component superimposed on the DC,
flowing through the inductor in the circuits, particularly in power converters. These
fluctuating currents rise due to the switching nature of converters and the charging and
discharging of capacitors. These ripple currents can cause saturation, EMI issues, voltage
spikes, and voltage stress in the system. So, it is important to pay careful attention to the
selection of inductor parameters and their associated factors.

In this paper, the “Area Product Technique (APT)” was employed for the design and
development of an inductor, “L”. It provides a systematic approach to ascertain the required
core size and turn count for an inductor, ensuring adherence to specific performance criteria,
including inductance and current ratings [16]. Essentially, an inductor “L” is made up
of a coil and a magnetizing core. The magnetic core includes the magnetic and physical
properties of the material. These properties include things like magnetic flux density or
Bm (i.e., how strongly it can attract magnetic fields), the size of its core cross-section “ACS”,
the window area “WA” (i.e., the space it occupies within the window), the magnetic length
“lm” (i.e., how far its magnetic effect extends), the permeability “µ” (i.e., how it responds to
magnetic fields), and various other characteristics. In the process of designing the inductors
“L” , the intricate interplay between these electrical and magnetic parameters plays a crucial
role, offering insights into the core material, coil wire thickness, number of windings (N),
and potential consideration of an air gap length.

Figure 6c shows the toroidal shape of the inductor. The “Area Product Technique (APT)”
is a structured technique that aids in the design of inductors for switching power supplies.

4.2. Evaluation of the Window Area (WA)

For calculating the window area ‘WA’, the mathematical relationship between N and J
is important to describe and is expressed as Equation (20):

WkWA =
NIrms

J
(20)

where ‘Wk’ is the “window utilization factor” and “J” is the current density (A / m2).
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The maximum value “Im” and the root mean square value “Irms” of the inductor
current are expressed by the crest factor “CK” (refer to Equation (21)) that replicates the
current wave shape through the inductor.

CK = Im/Irms (21)

From Equations (20) and (21), the WA can be obtained as (refer to Equation (22)):

WA =
NWkCK Irms

J
(22)

4.3. Evaluation of the Area Product (AP)

As per Faraday’s electromagnetic induction law,

e = L
di
dt

= NACS
dB
dt

(23)

After integrating Equation (23), it is given as:

LIm = NACSBm (24)

Here, Bm: the maximum core flux density, and Im: the maximum current in the
inductor windings.

Whenever the current flows in an inductor “L”, energy is stored and is expressed as
(refer to Equation (25)):

EL =
1
2

LIm
2 (25)

So, from Equations (20) and (21), the area product is given as (refer to Equation (26)):

AP =
2EL

CK JWKBm
(26)

Here, ‘J’ is known as the current density expressed in (A / m2).

4.4. Assessment of Permeance (P)

Permeance (P) stands as a vital parameter delineating the ease with which magnetic
flux can establish itself within a material or a magnetic circuit. Its calculation is expressed
as (refer to Equation (27)):

P =
µrCAµ0

(µ rlg
)
+ lm

H/Turn2 (27)

In Equation (27), ‘µ0’ and ‘µr’ represent the permeability of free space and the relative
permeability of the core material, respectively. Further, ‘lg’ signifies the air gap length (m),
‘lm’ indicates the length of the magnetic path of the core (in m), and ‘ACS’ represents the
core cross-sectional area (mm2).

4.5. Assessment of the Number of Turns (N) and Wire Size (a)

From the ratio of inductance and permeance, one can assess the required number of
turns. Similarly, for assessing the wire size, the RMS value of the current and its density
plays an important role. The number of turns “N” and wire size “a” were evaluated by
Equation (28).

N =
√

L/P
a =

(
Irms

J

)
mm2

}
(28)
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5. Reliability and Its Associated Factors

Reliability is a measure of the ability of a system, component, or process to perform its
intended function consistently and predictably under specified conditions for a defined
period. Reliability assessment involves evaluating the probability of failure, failure rate,
and other metrics to ensure that a system or component meets its intended purpose. In the
context of the design of an inductor “L”, reliability provides information about failure rates
and chances of failure, which play an important role for designers.

Reliability is commonly represented by a distinctive mathematical function known as
the “Reliability function”, expressed as “ R(t)” [24]. This function quantifies the probability
of a system to operate without any failures within a specified time [0, t]. “R(t)” is a
mathematical expression that symbolizes the system’s capacity to sustain its operational
integrity over time [25].

5.1. Failure Rate

Failure rate is often denoted as an important reliability metric used in various fields,
including engineering, electronics, and quality management. It measures the possibility
of a component or system experiencing a failure within a specific unit of time. The failure
rate is expressed in various units, such as failures per hour, failures per million hours, or
failures per operating cycle, depending on the context. It can be represented in two ways.

5.1.1. Instantaneous Failure Rate (λ)

The instantaneous failure rate, generally denoted as “λ” (lambda), represents the
probability of a component failing within a small time interval. It is expressed in failures
per hour or failures per unit of time (e.g., failures per minute). “λ” describes the rate at
which failures occur in a specific time. The instantaneous failure rate can vary over time,
especially in systems with wear-out processes.

5.1.2. Failure Rate in Time “λ(t)”

The failure rate in time is denoted as “λ(t)”, which provides information about the
number of failures that occur within a specific time interval. It is essentially a discrete
version of the instantaneous failure rate. λ(t) is typically expressed in failures per hour
or failures per unit of time over a specified time interval (e.g., λ(t) failures per 1000 h). It
showcases the probability of a component failing within a defined period and is used to es-
timate the reliability of a component or system over that time frame. Unlike the continuous
nature of λ, λ(t) provides information about the failure rate within discrete intervals.

Mathematically, “ λ(t)” is frequently expressed as the derivative of the reliability
function “R(t)”, as shown in Equation (29).

λ(t) = − d
dt
[R(t)] (29)

R(t) = e−
∫ t

0 λ(t)dt (30)

The reliability function, “R(t)”, represents the probability of the remaining operation
not experiencing a failure up to a specified time ‘t’, and it is expressed as Equation (30).

5.2. MTTF

The Mean Time to Failure (MTTF) represents the average time between the initial
operation of a component or system and the occurrence of its first failure. It is a measure of
reliability and is expressed in units of time, like hours, days, or years.

Mathematically, MTTF is defined as the integral of the system’s lifetime for the time-
dependent reliability function “R(t)” (refer to Equation (31)):

MTTF =
∫ +∞

0
R(t) (31)
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In cases where the failure rate λ(t) is constant or nearly constant over time, the MTTF
can be approximated as the reciprocal of the failure rate (refer to Equation (32)):

MTTF ≈ 1
λ
(Hours) (32)

6. Evaluation of the Part Failure Rate of Active and Passive Elements in a 48-Watt
Transformerless Boost Converter

6.1. Part Failure Rate of Inductor “L”
(
λPL

)
Reliability assessment models have failure rates and stress factors [26]. The part failure

rate for an inductor “L” is given (in failure / 106 h.) as (refer to Equation (33)):

λPL = (λB ) (ΠT ) (ΠE) (ΠQ) (33)

The ‘λPL ’ is known as the part failure rate for an inductor “L”, and application factor
(Π A), quality factor (ΠQ), and environmental factor (Π E) are known as stress factors [23,26].

6.1.1. Base Failure Rate (λB)

In the field of reliability engineering, the base failure rate, commonly denoted as (λ B),
is considered a fundamental metric. It depicts the intrinsic initial probability of failure
for a component or system during a specified unit of time under the prescribed operating
conditions.

Mathematically, it can be described as the failure rate occurring under conditions
where the different factors such as voltage, temperature, and other environments remain at
their nominal values, as illustrated in Equation (34).

λB = lim
∆t→0

[{
F(t + ∆t)− F(t)

∆t

}]
(34)

Here, “F(t)” depicts the total distribution failure time function.

6.1.2. Temperature Factor (Π T)

It is a critical environmental variable that influences the reliability of electronic compo-
nents and equipment. In the evaluation of reliability, the temperature factor [26] is denoted
as ‘ΠT’, and it plays a significant role in assessing the effect of temperature variations on
failure rates and system performance. This factor varies from component to component.
For an inductor “L”, it is expressed as (refer to Equation (35)):

ΠT = exp
{

−0.11
(8.617×10−5)

(
1

THs+273 − 1
298

)}
or, ΠT = exp

{
−0.11

(8.617×10−5)
.
(

1
{T A+(1.1)(∆T)}+273 − 1

298

)}
or, ΠT = exp

{
(−1276.55).

(
1

{T A+(1.1)(∆T}+273 − 1
298

)}
 (35)

where ‘THs’ is the hot-spot temperature in (°C), TA is the ambient temperature in (°C),
and ∆T is a change in temperature with respect to TA ( °C).

6.1.3. Quality Factor (ΠQ)

In reliability, the quality factor, also known as ‘ΠQ ’, is a performance factor that
includes component quality and performance. Unlike its electrical and mechanical counter-
parts, the quality factor focuses on determining how well a component or system meets the
desired reliability standards and user expectations.

6.1.4. Environmental Factor (Π E)

In terms of component reliability, the environmental factor plays a vital role. It denotes
the external conditions and influences present in an operational environment that can
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substantially affect the performance and lifespan of a component or system. Temperature,
humidity, vibration, shock, chemical exposure, radiation, dust, electromagnetic interfer-
ence (EMI), altitude, and more are examples of several sub-factors of the environmental
factor within component reliability. Each of these sub-factors can introduce risks to a
component’s reliability.

6.2. Part Failure Rate of the Switch (MOSFET)
(
λPSW

)
The part failure rate of the switch (MOSFET) (in failure / 106 h.) [21] is calculated as

Equation (36). Here, ΠT = temperature factor, λB = base failure rate, T J = junction tem-
perature (in ◦C), ΘJC = junction-to-case thermal resistance in (◦C/W), ΠE = environmental
factor, ΠQ = quality factor, and ΠA = application factor.

λPSW = (λB )(ΠT )(ΠE)(ΠQ)(ΠA)

where, ΠT = exp
{
(−1925).

(
1

(T J+273)
− 1

298

)}
or, ΠT = exp

{
(−1925).

(
1

(T A+ΘJC Ploss)+273
− 1

298

)}
 (36)

6.3. Part Failure Rate of the Diode
(
λPD

)
The part failure rate of the diode [26] is calculated (in failure / 106 h.) as (refer to

Equation (37)):

λPD = (λB )(ΠT )(ΠE)(ΠQ)(ΠS)(ΠC)

where, ΠT = exp
{
(−3091).

(
1

(T J+273)
− 1

298

)}
or, ΠT = exp

{
(−3091)

(
1

(T A+ΘJAPloss)+273
− 1

298

)}
 (37)

where TA = ambient temperature, λB = base failure rate, ΘJA = junction-to-ambient ther-
mal resistance, ΠE = environmental factor, ΠQ = quality factor, ΠS = stress factor,
ΠT = temperature factor, and ΠC = construction factor.

6.4. Part Failure Rate of the Capacitor
(
λPC

)
The part failure rate of the capacitor [26] is calculated (in failure / 106 h.) as (refer to

Equation (38)):

λPC = (λB )(ΠT )(ΠE)(ΠQ)(ΠV)(Πc)(ΠSR)

where, ΠT = exp
{

−(E A)
(8.617×10−5)

.
(

1
(T C+273) −

1
298

)}
or, ΠT = exp

{
(−11, 604.97Ea)

(
1

(T C+273 − 1
298

)}
 (38)

where TC = capacitor ambient temperature, ΠE = environmental factor, ΠQ = quality
factor, ΠA = application factor, ΠSR = series resistance factor, Πc = capacitance factor,
Ea = activation energy, and ΠV = voltage stress factor.

6.5. Part Failure Rate of the Resistor
(
λPR

)
The part failure rate of the resistor is calculated (in failure / 106 h.) as Equation (39).

Here, TRC= resistor case temperature, ΠE = environmental factor, ΠQ = quality factor,
and Πc = capacitance factor, and Ea = activation energy.

λPR = (λB )(ΠT )(ΠE)(ΠQ)(ΠP)(ΠS)

where, ΠT = exp
{

−(E A)
(8.617×10−5)

.
(

1
(T RC+273) −

1
298

)}
or, ΠT = exp

{
(−11, 604.97Ea)

(
1

(T RC+273) −
1

298

)}
 (39)
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7. Results and Discussion

In this research, the main focus was on the performance analysis of a 48-Watt (Vin = 12 V,
Vo = 24 V, Io = 2 A, and fs = 100 kHz) transformerless DC-DC boost converter, with emphasis
on the inductor design and evaluation of component reliability. Before going to the inductor
design and active and passive component reliability stages, a design-oriented analysis of
the boost converter was carried out using a PID controller.

7.1. Analysis of the 48-Watt Transformerless DC-DC Boost Converter Using a PID Controller

The duty ratio “K” (0.5 or 50%) was achieved by Equation (1). Prior to determining
the value of inductor “L”, the ripple current of the converter (∆i L = 8 A) was computed
using Equation (2). The values of inductance and capacitance (L = 7.5 µH and C = 83.33 µF
at 100 kHz, and L = 1.50 µH and C = 16.66 µF at 500 kHz) were obtained with the help
of Equations (3) and (4). An STD15NF10T4 MOSFET was chosen that has VDss = 100 V,
ID = 23 A, RDs = 65 mΩ, and Qg = 30 nC parameters. Similarly, the RB238T-60NZ Schottky
barrier diode was selected with ID = 40 A, VRm = 60 V, and Vf = 0.86 V.

After mathematical designing, the converter was simulated and analyzed in the
MATLAB® Simulink platform. Figure 7 shows the output current and voltage response for
the transformerless uncompensated DC-DC boost converter at 100 and 500 kHz frequencies.
From the output current response of the converter at 100 kHz frequency, the preshoot, over-
shoot, undershoot, and settling time were observed as 0.86%, 71.55%, 1.93%, and 1.84 ms,
respectively (refer to Figure 7a). Similarly, at 500 kHz, the preshoot, overshoot, undershoot,
and setting time were observed as 0.86%, 71.55%, 1.38%, and 433.28 µs, respectively (refer
to Figure 7a).
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Figure 7. MATLAB® Simulink results for uncompensated transformerless DC-DC boost converter.
(a) Output current response at 100 and 500 kHz (desired Io = 2 A); (b) output voltage response at
100 and 500 kHz (desired Vo = 24 V).

From the observations, it is evident that at a 500 kHz frequency, the settling time of
output current response frequency was very small in comparison to the 100 kHz switching
frequency, as well as the improved undershoot. Both responses provided an output current
(Io) of 1.92 A at 100 and 500 kHz switching frequencies, which is not equal to the desired
value (Io = 2 A).

In the same fashion, the output voltage (Vo) response of the uncompensated trans-
formerless DC-DC boost converter was recorded. At 100 kHz, the preshoot, overshoot,
undershoot, and settling time were observed as 0.86%, 71.55%, 1.93%, and 1.84 ms, respec-
tively, and further, at 500 kHz, these parameters were measured to be 0.86%, 71.55%, 1.38%,
and 433.28 µs, respectively, as depicted in Figure 7b.

From the observations, it is evident that the settling time of the output voltage response
at a 500 kHz frequency was very small in comparison to the 100 kHz switching frequency,
as well as the improved undershoot. Both responses at 100 and 500 kHz switching frequen-
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cies provided an output voltage (Vo) of 23.06 V, which is not equal to the desired value
(Vo = 24 V).

To obtain the desired system response, a PID (Proportional–Integral–Derivative) con-
troller, a widely used control technique in power electronics known for its effectiveness in
improving system performance and stability, was designed to control the output response
of the system obtained from Equation (18), as shown in Figure 6.

Figure 8 shows the step responses of uncompensated and compensated transformerless
DC-DC boost converter at 100 and 500 kHz frequencies. From the response (refer to
Figure 8a), it is evident that the uncompensated boost converter at 100 kHz exhibited a
rise time of 92.24 µs, a settling time of 7.8 ms, and an overshoot of 87.40%, as well as
showing a high steady-state error, which ultimately do not match the required system
specifications. As the system did not follow the required system response, a PID controller
was implemented. After implementing and tuning the controller (compensated boost
converter), the rise time reduced to 3.65 µs, the settling time to 31.26 µs, and the overshoot
to 3.42%, which ultimately match the system requirements (refer to Figure 8a).
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Figure 8. Step response of transformerless DC–DC boost converter (a) for uncompensated and
compensated boost converter at 100 kHz (b) for uncompensated and compensated boost converter at
500 kHz.

Further, the step response was obtained for an uncompensated and compensated
transformerless boost converter at 500 kHz. From the response (refer to Figure 8b), it
is evident that the uncompensated boost converter exhibited a rise time of 19.71 µs, a
settling time of 1.6 ms, and an overshoot of 86.63%, and showed a very high steady-
state error and poor transient response, ultimately not matching the system requirements.
After the implementation of the PID controller, the rise time was reduced to 0.81 µs, the
settling time to 1.28 µs, and the overshoot to 1.91%, which clearly shows a significant
improvement in system response. Table 2 shows the details of the performance parameters
of the step response with uncompensated and compensated conditions. This highlights
the PID controller’s effectiveness in reducing transient response and enhancing steady-
state performance at 100 kHz and 500 kHz frequencies. To identify the system stability,
frequency response, etc., Bode plots were analyzed. Figure 9 shows the Bode responses of
the uncompensated and compensated transformerless DC-DC boost converter at 100 and
500 kHz frequencies.

At 100 kHz, the uncompensated boost converter (refer to Figure 9a) exhibited the
peak gain of 27.4 dB at 1.17e+04 rad/s frequency, a phase margin (Pm) of 4.25 deg, and
a phase crossover frequency (Wpc) of 2.02e+04 deg. With the PID controller, the results
show a substantial decrease in peak gain to 0.29 dB at 6.06e+04 rad/s and phase crossover
frequency to 1.60e+05 rad/s, along with a significant increase in the phase margin of
163.05 deg while maintaining a positive gain margin (Gm). This clearly shows that the
system performed well in terms of stability due to a higher phase and positive gain margin.
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Table 2. Performance parameters of step response during uncompensated and compensated condi-
tions at 100 and 500 kHz frequencies.

Uncompensated Condition Compensated ConditionPerformance
Parameters 100 kHz 500 kHz 100 kHz 500 kHz
Rise Time 92.24 µs 19.71 µs 3.65 µs 0.81 µs

Settling Time 7.8 ms 1.6 ms 31.26 µs 1.28 µs
Overshoot 87.40% 86.63% 3.42% 1.91%

Reference Tracking No No Yes Yes
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Figure 9. Bode response of transformerless DC–DC boost converter: (a) for uncompensated and
compensated boost converters at 100 kHz; (b) for uncompensated and compensated boost converters
at 500 kHz.

In the same fashion, the Bode response was analyzed at a 500 kHz frequency. From
the results, the uncompensated boost converter (refer to Figure 9b) exhibited a peak gain of
26.8 dB at 5.47e+04 rad/s frequency, a phase margin (Pm) of 4.53 deg, and a phase crossover
frequency (Wpc) of 9.48e+04 deg. With the PID controller, the results show a substantial
decrease in peak gain to 0.16 dB at 1.93e+05 rad/s and phase crossover frequency to
5.60e+05 rad/s, along with a significant increase in the phase margin of 167.35 deg while
maintaining positive gain margin (Gm). This also shows that the system performed well in
terms of stability due to a higher phase and positive gain margin.

Figure 10 shows the Matlab® Simulink results of the output current (Io) and voltage (Vo)
at 100 and 500 kHz frequencies for the uncompensated and compensated transformerless
DC-DC boost converters. From Figure 10a, the output current response of an uncompen-
sated boost converter (at 100 kHz) exhibited a preshoot of 0.86%, overshoot of 71.55%,
undershoot of 1.93%, and settling time of 1.84 ms, and provided a 1.92 A output current,
which does not match the system requirements. Here, the system showed a high steady-
state error and poor transient response. After applying the PID controller, the system
showed a significant improvement in its output current response. The preshoot reduced
to 0.51% and overshoot to 0.24%, the settling time improved to 269.92 µs, and it provided
a 2 A output current, which meets the system requirements.
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Figure 10. MATLAB® Simulink results for uncompensated and compensated transformerless DC–DC
boost converters. (a) Output current response at 100 kHz (desired Io = 2 A). (b) Output voltage
response at 100 kHz (desired Vo = 24 V). (c) Output current response at 500 kHz (desired Io = 2 A).
(d) Output voltage response at 500 kHz (desired Vo = 24 V).

In the same fashion, the output voltage (Vo) response for both the uncompensated
and compensated boost converter is shown in Figure 10b at a 100 kHz frequency. From
the results of the uncompensated boost converter, it is clear that the system exhibited a
preshoot of 0.86%, overshoot of 71.55%, undershoot of 1.93%, and settling time of 1.84 ms,
and provided a 23.06 V output voltage, which does not match the system requirements
(24 V). Here, the system showed a high steady-state error and poor transient response.
After applying the PID controller, the system showed a significant improvement in its
output voltage response. The preshoot reduced to 0.51% and overshoot to 0.24%, the
settling time improved to 269.92 µs, and it provided a 24 V output voltage, which meets
the system requirements.

Further, the system response was recorded at a 500 kHz frequency. From the output
current response as shown in Figure 10c, the uncompensated boost converter (at 500 kHz)
exhibited a preshoot of 0.86%, overshoot of 71.55%, and settling time of 433.28 µs, and
provides a 1.92 A output current, which does not match the system requirements. Here,
again, the system showed a high steady-state error and poor transient response. After
applying the PID controller, the system showed a significant improvement in its output
current response at 500 kHz. The preshoot reduced to 0.51% and overshoot to 0.19%, the
settling time improved to 34.69 µs, and it provided a 2 A output current, which meets the
system requirements.

Similarly, the output voltage response of the uncompensated boost converter at
500 kHz from Figure 10d exhibits a preshoot of 0.86%, overshoot of 71.55%, and settling
time of 433.28 µs, and provides a 23.06 V output voltage, which does not match the system
requirements and shows the steady-state error. After applying the PID controller, the
system showed a significant improvement in its output voltage response at 500 kHz. The
preshoot reduced to 0.51% and overshoot to 0.19%, the settling time improved to 34.69 µs,
and it provided a 24 V output voltage as required, which meets the system requirements.
The findings demonstrate that the PID controller effectively reduces transient response
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time and overshoot, aligning the system with the desired output specifications. Further-
more, the improved stability margins achieved with the PID controller suggest enhanced
performance and robustness. The performance parameters of the uncompensated and
compensated boost converters are illustrated in Table 3. Figures 11 and 12 show the desired
Matlab® Simulation results of voltage and current across the switch, diode, inductor, and
capacitor (refer to Figure 11a–d at 100 kHz and Figure 12a–d at 500 kHz).

Table 3. Performance parameters of uncompensated and compensated 48-Watt (Vi = 12 V, Vo = 24
V, Io = 2 A, and fs = 100 kHz) transformerless DC–DC boost converters.

Output Current Response
(Io)

Output Voltage Response
(Vo)Performance

Parameters
100 kHz 500 kHz 100 kHz 500 kHz

Preshoot (without PID) 0.86% 0.86% 0.86% 0.862%
Overshoot (without PID) 71.55% 71.55% 71.55% 71.552%

Settling Time (without PID) 1.84 ms 433.28 µs 1.84 ms 433.280 µs
Undershoot (without PID) 1.93% 1.38% 1.93% 1.38%
Io and Vo (without PID) 1.92 A 1.919 A 23.06 V 23.05 V

Preshoot (with PID) 0.51% 0.51% 0.51% 0.51%
Overshoot (with PID) 0.24% 0.19% 0.24% 0.19%

Settling Time (with PID) 269.92 µs 34.69 µs 269.92 µs 34.69 µs
Undershoot (with PID) 2.12% 2.68% 2.12% 2.68%
Io and Vo (with PID) 2 A 2 A 24 V 24 V
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Figure 11. MATLAB® Simulink results: (a) voltage and current across MOSFET at 100 kHz;
(b) voltage and current across the diode at 100 kHz; (c) voltage and current across inductor at
100 kHz; (d) voltage and current across the capacitor at 100 kHz.
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(b) voltage and current across the diode at 500 kHz; (c) voltage and current across inductor at
500 kHz; (d) voltage and current across the capacitor at 500 kHz.

7.2. Design and Analysis of Inductor “L” in a 48-Watt Transformerless DC-DC Boost Converter

The inductor “L” was designed by utilizing the “Area Product Technique”. Equa-
tions (20), (21), and (25) were utilized to determine the fundamental elements such as
the window utilization factor (W k), the crest factor (C K), and energy stored in the
“L” (E L). After careful evaluation, the values were obtained as Wk = 0.6, CK = 4, and
EL = 240 × 10−6 jule, respectively.

The area product (A P) was calculated using Equation (26), resulting in AP = 266.66 mm4

by considering a flux density B′
m of 0.25 wb/m2 and J as 3 × 106 A/m2. Subsequently, the

core with a higher area product than the calculated (266.66 mm4) was selected [16]. A T44-26
toroidal iron powder core [16] was chosen for the inductor “L” design. The identified core ex-
hibits an area product ‘AP’ of 266 mm4, WA of 26.6 mm2, CA of 9.9 mm2, and lm= 26.8 mm.
Similarly, at 500 kHz, a T30-26 toroidal iron powder core [16] was chosen that exhibits an area
product of 69.6 mm4. The number of turns and wire size were calculated using Equation (28).
From the results, 18 turns with a wire size of 19 SWG were required for the inductor at
100 kHz. Similarly, at 500 kHz, the inductor needed 10 turns with 19 SWG wire.

Design-oriented analysis was conducted across various output current levels (1 to 4 A),
utilizing Equations (20)–(26) and, subsequently, Equations (27) and (28). The design out-
comes of inductor “L” for a transformerless DC-DC boost converter are shown in Figure 13.

The findings clearly show that when the load current increases, the area product (A P)
and window area (W A) of the inductor experience a proportional increase. Also, as the
load current rises from 1 A to 4 A, the number of turns (N) decreases, and at the same time,
the wire size (measured using “SWG” or Standard Wire Gauge) also gets smaller.
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Figure 13. Design outcomes of inductor “L” in 48-watt transformerless boost converter for Vi = 12 V:
(a) design of inductor at a frequency of 100 kHz; (b) design of inductor at a frequency of 500 kHz;
(c) core cross-sectional area “Acs” vs. output current at 100 kHz; (d) window area vs. output current
at 100 and 500 kHz; (e) number of turns “N” vs. output current at 100 and 500 kHz; (f) wire size
(SWG) vs. output current at 100 and 500 kHz.

In Figure 13a,b, the chosen toroidal cores are presented that reveal the parameters
obtained through analysis in terms of the number of turns, SWG, and area product. The
performance of inductor “L” was examined at 100 and 500 kHz frequencies. The findings
indicate that at higher frequencies, the size of inductor “L” decreases compared to 100 kHz,
consequently reducing the core and window size (refer to Figure 13c,d). As an outcome,
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to design the inductor “L” for a 48-watt (Vi = 12 V, Vo = 24 V, Io = 2 A, and fs = 100 kHz)
transformerless DC-DC boost converter, a T44-26 iron powder core with an area product of
266 mm4 and window area of 26.6 mm2, that needs 18 turns with a wire of 19 SWG with a
diameter of 1.08 mm and area of 0.81070 mm2, is needed.

Similarly, at 500 kHz, a T30-26 toroidal iron powder core was chosen that exhibited
an area product of 69.6 mm4 and required 10 turns with a wire size of 19 SWG. The
performance of the inductor “L” was thoroughly examined under various supply voltage
and load conditions to understand its behavior at both 100 and 500 kHz. Figure 14 depicts
the assessment of the inductor’s performance concerning load current (refer to Figure 14a),
supply voltage (refer to Figure 14b), and load resistance (refer to Figure 14c) under different
fixed input voltages and load conditions.
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Figure 14. Performance evaluation of inductor “L” at 100 and 500 kHz. (a) Response as a function of
output current at Vi = 8 V, 12 V, and 16 V. (b) Response as a function of input voltage at RL = 2.4 Ω,
4.8 Ω, and 24 Ω. (c) Response as a function of load resistance at Vi = 8 V, 12 V, and 16 V.

At 100 kHz, it is evident that with a rise in the load current, the inductance dimin-
ished. Conversely, at fixed input voltages (8 V, 12 V, and 16 V), the inductance showed an
increment. Additionally, the examination was conducted under diverse load conditions,
demonstrating that variations in the load correspond to an increase in inductance.

The responses were also examined at a frequency of 500 kHz, revealing that at elevated
switching frequencies, the needed inductance was minimized, resulting in a subsequent
reduction in core size. Further, the behavior of inductor “L” was examined by analyzing
the losses at 100 and 500 kHz frequencies as a function of the output current, input voltage,
and varying load conditions, as shown in Figure 15.
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Figure 15. Performance evaluation of inductor “L” through power loss assessment at 100 and 500 kHz
frequencies. (a) Losses versus output current at Vi = 8 V, 12 V, and 16 V. (b) Losses versus input
voltage at RL = 2.4 Ω, 4.8 Ω, and 24 Ω. (c) Losses versus load resistance at Vi = 8 V, 12 V, and 16 V.

The examination of power losses in inductor “L” provides significant insights. From
the results, it is evident that as a function of load current, power losses in inductor “L”
increased at both 100 and 500 kHz frequencies. Interestingly, it was observed that there was
not so much difference in losses at the 500 kHz frequency in comparison to the 100 kHz
frequency (refer to Figure 15a). It is also evident that inductors are less affected (in terms of
power losses) at higher switching frequencies in comparison to other active components.
Further, the losses were analyzed as a function of input voltage (refer to Figure 15b) and
load resistance (refer to Figure 15c), which affect the power loss behavior of inductor “L”.

Generalized Guidelines for Inductor Design in Transformerless DC-DC Converters

In this paper, the design of an inductor for a particular 48-watt transformerless DC-DC
boost converter is reported in a comprehensive manner through the “Area Product Tech-
nique (APT)”. In this particular section, efforts are made to provide a generalized guideline
for inductor design, not only for boost converters but also for other transformerless DC-
DC converters.

• Before going through the “Area Product Technique (APT)”, the ripple current and
inductor value should be calculated according to the type of transformerless DC-DC
converter topologies (using Equations (2) and (3) in the case of a boost converter).

• For designing an inductor, it is essential to obtain the mathematical information about

the stored energy in the inductor
(

∆IL = 1/2LI2
m

)
.

• The crest factor ( Ck) should be evaluated according to the load current (as per the
converter configuration and specifications) so that it can be used in the calculation of
the area product (Ap).
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• For designing the inductor, the “window utilization factor (Wk)” can be considered as
0.6 for single-winding and 0.3 to 0.4 for multi-winding inductors.

• Further, the current density ‘J’ can be considered as 3 × 106 A/m2.
• The flux density can be selected as 0.25, 1.5, and 1 for ferrite, amorphous, and CRNGO

cores, respectively.
• From the datasheets [16], the core which has a higher area product than the evaluated

values should be chosen in order to maintain the performance and safety margins
(factors like saturation margin, temperature rise, core saturation, etc.).

• The evaluation of the number of turns and wire size can be accomplished through
Equation (28). In this context, it is advisable to opt for a wire gauge with a cross-
sectional area exceeding the calculated value using datasheets [16] in order to reduce
the resistive losses and voltage drops, and for improving the long-term performance.

7.3. Analysis of Failure Rates and Reliability

In continuation from designing the inductor, a reliability assessment was carried
out to further investigate the performance of inductor “L”, which is characterized by
failure rates. For this purpose, the reliability and failure rates of each component were
evaluated and compared. Here, the Military Handbook 217F was utilized for the selection
of stress factors [26]. Table 4 shows the parameters used for a reliability evaluation of the
components. To determine the failure rate of inductor “L” (λPL ), “λB” was chosen to be
0.000030. Further, ‘ΠT’ was calculated using Equation (35) as 1.9144. Similarly, ‘ΠQ ’ and
‘ΠE’ were selected as 3 and 6, respectively.

Table 4. Operating parameters used during reliability evaluation of components (NA: not applicable).

Elements λB ΘJC (◦C/W) ΠQ ΠA ΠE ΠS ΠSR ΠC ΠV

Switch (MOSFET) 0.012 2.14 5.5 8 6 NA NA NA NA
Diode 0.0030 2 5.5 NA 6 0.1078 NA 1 NA

Inductor 0.000030 NA 3 NA 6 NA NA NA NA
Capacitor 0.00012 NA 3 NA 6 NA 1 2.7656 2

Using Equation (35), the failure rate of inductor “L” was obtained as 0.0010 failure/106 h.
Similarly, the failure rate of the switch (MOSFET) “λPSW ” was calculated using Equation (36).
The “λB” was chosen to be 0.012. Here, the ‘ΠT’ was calculated by selecting the hot-spot
temperature using the MOSFET datasheet as 1.5335. Further, the ‘ΠQ’, ‘ΠA’, and ‘ΠE’ were
selected as 5.5, 8, and 6, respectively.

After calculating all the factors, the failure rate of the switch (MOSFET) was calculated
as 4.8580 failure/106 h using Equation (36).

Similarly, in the case of the diode, the failure rate “λPD” was calculated as 0.0230
failure/106 h using Equation (37). Here, the ‘ΠT’ was calculated as 2.1510 using Equation (37).
Further, the ‘Πs ’, ‘ΠQ’, ‘ΠE’, and ‘ΠC ’ were calculated as 0.1078, 5.5, 6, and 1, respec-
tively. Similarly, the failure rate was calculated for the capacitor “λPC ” and load “λPR” using
Equations (38) and (39) as 0.0717 failure/106 h and 1.7265 failure/106 h, respectively.

Here, Figure 16 shows the failure rates and reliability assessment outcomes of the
components in a 48-watt DC-DC boost converter. Figure 16a–f showcase the failure rates
of the “L”, “SW”, “D”, and “C”, respectively. In each case, it is clear that the converter’s
performance also depends upon the optimal selection of the duty cycle. At a higher
duty ratio, the chances of failure are high. From the analysis, it is also evident that the
failure rate of inductor “L” is very small in comparison to other components in the 48-Watt
transformerless DC-DC boost converter, which clearly ensures low chances of failure and
long life in comparison to other components, as shown in Figure 16f.
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Figure 16. Failure rates and reliability assessment outcomes of components in 48-Watt (12–24 V,
2 A, 100 kHz) transformerless DC–DC boost converter. (a) Failure rate response of inductor “L” as a
function of duty cycle at 100 kHz. (b) Failure rate response of switch (MOSFET) as a function of duty
cycle at 100 kHz. (c) Failure rate response of diode as a function of duty cycle at 100 kHz. (d) Failure
rate response of capacitor as a function of duty cycle at 100 kHz. (e) Failure rate response of resistor
as a function of duty cycle at 100 kHz. (f) Comparison of failure rates of all components as a function
of duty cycle at 100 kHz. (g) Comparison of reliability for all components as a function of time.
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Conversely, the research also reveals the inherent vulnerability of the switching device
(MOSFET), in comparison to other components, characterized by the higher failure rate
depicted in Figure 16g. Further reliability analysis was carried out using Equation (30)
for each component and compared as shown in Figure 16g. The results highlight the
inductor’s exceptional reliability, which is distinguished by lower failure rates in compar-
ison to the other components. This affirms its robustness and long-term performance in
practical applications.

Generalized Guidelines for the Analysis of Failure Rate and Reliability

In this paper, the failure rate and reliability analysis was carried out for active and
passive components like a switch (MOSFET), diode, inductor, capacitor, etc., within a
particular 48-Watt transformerless DC-DC boost converter in a comprehensive manner. In
this particular section, efforts were made to provide generalized guidelines for an analysis
of failure rate and reliability for active and passive components of any DC-DC converters.

• Before analyzing the failure rate and reliability of active and passive components,
it is important to gather information about temperature levels. Generally, 25 ◦C is
considered a common ambient temperature, but for office automation products, it can
be considered to be 35 ◦C. For military and space use, it can further be considered to
be more than 50 ◦C.

• The part failure rate should be evaluated only in “failure/106 h”.
• In failure rate analysis, the calculation of junction temperature is a crucial requirement.

Sometimes. datasheets of power devices do not offer the junction-to-case thermal
resistance (ΘJC). Due to this, it becomes difficult to evaluate the junction temperature.
In this case, the junction temperature can be calculated by considering the datasheets
only with junction-to-ambient thermal resistance [TJ = TA +

(
ΘJA

)
(Ploss)].

• The base failure rate ( λB) should be considered the same as provided in military
handbooks without restricting the significant digits after the decimal point.

• The case temperature (TC) should be calculated by taking into account the case-to-ambient
thermal resistance (ΘCA) and ambient temprature (TA) [TC = TA + (ΘCA)(Ploss)].

• During the calculation of failure rates of inductors, the hot-spot temperature plays an
important role and can be calculated as ‘THS = TA + (1.1)(∆T)’. Here, “∆T” is the
average change in temperature compared to the ambient temperature.

• It is advisable that researchers consider the selection of voltage stress “Vs” in order to
evaluate the stress factor (Π S) mathematically. The voltage stress should be chosen as

0.054 (if Vs ≤ 0.3) and as V(2.43)
s (if 0.3 < Vs ≤ 1). Here, “Vs” is the ratio of the applied

voltage to the rated voltage.

8. Conclusions

In this research paper, a comprehensive performance analysis of a 48-watt transformer-
less DC-DC boost converter was carried out using a PID controller. Special attention was
paid to a design-oriented analysis of the inductor and the evaluation of active and passive
components’ reliability. This research paper provides the complete package to researchers
in terms of the design and control of a non-isolated DC-DC boost converter, with detailed
dynamic modeling of its active and passive components’ reliability.

The initial simulations exposed certain shortcomings in the uncompensated boost
converter, particularly in terms of overshoot, settling time, and steady-state error. At both
100 kHz and 500 kHz switching frequencies, the output current and voltage responses failed
to meet the desired system response. To bridge this gap and enhance system performance,
a PID controller was implemented.

To check the behavior of the linear time-invariant system and its stability, frequency
response analysis was carried out using Bode plots that clearly prove that the designed
system is stable. After implementing the PID controller, the results were remarkable, show-
casing a significant reduction in overshoot, improved settling time, and, most importantly,
outputs that met the desired current (2 A) and voltage values (24 V).
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To enhance system performance, the optimal design of the magnetic element,
i.e., the inductor, plays an important role. Various factors directly impact the reliabil-
ity of the inductor, including the core size, core type, number of turns, wire size, etc. It is
essential to thoroughly evaluate these factors for optimal reliability. These parameters are
primarily influenced by variations in load, supply voltage, and load current. Improper
identification of these factors may result in poor system reliability.

In this work, the “Area Product Technique” was used in terms of assessing the window
area (WA), core cross-sectional area (ACS), turn count (N), wire size, and core shape. The
outcomes clearly demonstrate that as the load current rose, the area product (A P) and
window area (W A) proportionally rose. Further, the design analysis revealed that an
elevation in the load current resulted in a reduction in the number of turns (N) and the
wire size (SWG). Furthermore, the examination carried out at both 100 kHz and 500 kHz
frequencies emphasizes that at higher frequencies, both the inductor size and the number
of turns decreased.

As a design outcome of the inductor in a 48-watt DC-DC boost converter, the
T44-26 toroidal iron powder core was chosen at 100 kHz, which exhibits an area product of
266 mm4 and requires 18 turns with 19 SWG wires. Similarly, at 500 kHz, a T30-26 toroidal
iron powder core was chosen that exhibits an area product of 69.6 mm4 and requires
10 turns with 19 SWG wire.

The investigation also explored the behavior of inductor “L” as a function of the
output current, input voltage, and load resistance at 100 kHz and 500 kHz frequencies.
At 100 kHz, it was evident that increasing the output current decreased the inductance,
while varying input voltages and load conditions demonstrated an incremental inductance
trend. The research also reveals that at higher switching frequencies (500 kHz), the required
inductance is low, which ultimately reduced the core size.

The behavior of inductor “L” was also examined on the basis of the power losses at
100 and 500 kHz frequencies at different operating conditions. The results clearly reveal that
the inductor showed higher losses at higher load currents. At higher switching frequencies,
these losses showed a very small difference in comparison to 100 kHz frequencies. One
can say that inductors are less affected (in terms of power losses) at higher switching
frequencies in comparison to other active components.

Further, a failure rate and reliability evaluation was carried out for active and pas-
sive components such as the switch (MOSFET), diode, capacitor, and resistor within the
48-watt boost converter. The results highlight the inductor’s exceptional reliability, which
is distinguished by lower failure rates in comparison to other components. This affirms its
robustness and long-term performance in practical applications. Conversely, the research
also reveals the inherent vulnerability of the switching device (MOSFET), characterized by
a higher failure rate and lower reliability. This research contributes to the advancement of
DC-DC converter technology, providing valuable insights into comprehensive performance
analysis of DC-DC boost converters with an emphasis on inductor design and component
reliability. These findings will aid in the development of more efficient and dependable
power conversion systems.

9. Technical Recommendations

Based on the comprehensive performance analysis, this section depicts the key recom-
mendations that are applicable to a wide range of power electronic devices. By focusing on
stability, inductor design, and component reliability, these recommendations open up the
possibility for improved efficiency and lifetime across this wide range of devices.

9.1. Optimization of Inductor Design

Besides the insights gained from this research work, researchers can explore further
design techniques such as the “Core Geometry Coefficient Technique (CGCT)” for inductor
design by adopting different levels of operating conditions like load variations, supply
voltage, load current, and frequency. In addition, investigations can be carried out for
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other core materials with higher saturation flux density to improve efficiency and reduce
power losses.

9.2. Comparative Assessment with Other Controllers

The research can be extended by conducting a comparative analysis with other control
strategies to evaluate the performance of PID controllers in different operating conditions.
This will provide information about the controller’s suitability for a diverse range of power
electronic applications.

9.3. Exploration of Higher Switching Frequencies

Researchers can investigate the performance of DC-DC boost converters at even
higher switching frequencies in order to examine the impact on inductor design and
component reliability.

9.4. Implementation of Redundancy Strategies

Researchers can carry out investigations on the implementation of redundancy strate-
gies for components such as the MOSFET (because, according to our research, the MOSFET
has poor reliability and a higher failure rate in comparison to the other power compo-
nents) to improve the overall system reliability. This may involve exploring redundant
configurations or fault-tolerant designs.

9.5. Consideration of Environmental Factors

This research can be extended by analyzing the impact of environmental factors
on the reliability of power electronic devices. This consideration is essential for de-
signing these devices that can withstand temperature variations, humidity, and other
environmental conditions.

9.6. Expand Reliability Evaluation Using Weibull Analysis and Collaboration with Industries

The proposed reliability evaluation can be extended further by using advanced soft-
ware of the Weibull theory. For this, researchers can share their research with industry
partners and manufacturers to implement and validate the proposed outcomes in real-
world applications. Industry collaboration ensures practical relevance and facilitates the
adoption of research outcomes.

10. Economical Considerations and Recommendations

In addition to the technical insights provided, this section addresses the economic
implications of the research, offering recommendations to enhance the cost-effectiveness,
operation, and reliability of the 48-watt transformerless DC-DC boost converter.

10.1. Component Selection for Cost Efficiency

• During the component selection, focus should be given to both technical performance
and economic feasibility.

• A thorough analysis of commercially available components can help to achieve a
careful balance of performance and cost.

• According to the outcomes of this research, researchers are recommended to carefully
choose components that balance the technical performance and economic feasibility.

• Researchers can use the obtained reliability data in identifying cost-effective alterna-
tives that do not compromise the overall system performance.

• The investigation of various core materials for inductors, such as toroidal iron powder
cores (T44-26 and T30-26), not only improves performance but also introduces the pos-
sibility of cost savings. Researchers can investigate alternative materials with higher
saturation flux density, which balances the technical as well as cost considerations to
ensure optimal resource utilization.
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• Researchers can incorporate economic considerations into the component selection
process. This involves conducting an in-depth assessment of commercially available
alternatives, taking into account factors such as component costs, availability, and
long-term reliability.

• With the help of the “Area Product Technique”, researchers can enhance their research
work by not only enhancing the performance of the inductor but also minimizing the
material costs.

10.2. Maintenance and Serving Strategies

• It is recommended that researchers implement a cost-effective maintenance protocol in
order to minimize servicing costs. This may include preventive measures, maintenance
procedures, and methods to improve the lifespan of critical components, such as the
switching device (MOSFET).

• Researchers can use these reliability data to develop predictive and preventive main-
tenance protocols that meet the specific requirements of the identified components.
The maintenance costs can be reduced by addressing potential failure points in ad-
vance, which results in a longer lifetime for the device, ultimately increasing the
system’s reliability.

• Researchers can address potential issues in advance to reduce maintenance costs and
increase reliability.

• To enhance the overall system reliability and reduce maintenance costs, researchers
are encouraged to explore redundancy strategies for higher-failure-rate components
like MOSFETs. This will further minimize the servicing costs of the converter.

10.3. Reliability Enhancement and the Total Cost of Ownership

• As the inductor exhibits exceptional reliability, efforts can be made to improve the
reliability of other components, especially for the switching device. This can minimize
the total costs of ownership over the device’s life cycle.

• Strategies for reliability enhancement.
• Researchers are recommended to focus on strategies that contribute to improving the

reliability of specific components, particularly with lower failure rates. By selecting the
critical components, the reliability of the entire system can be significantly improved
by reducing the failure rate, which ultimately reduces the associated servicing costs.

• Researchers can conduct a comprehensive evaluation of servicing costs throughout
the device’s life cycle, from initial manufacturing to ongoing operational and mainte-
nance costs.

• Researchers can expand their findings by providing insights into the economic implica-
tions of reliability enhancements. By prioritizing reliability in design and maintenance
strategies, researchers can offer a minimization in the total cost of ownership.

• Researchers can consider the use of cost-effective materials and design selections
without reducing reliability. By optimizing the design for reliability, researchers can
contribute to an economically sustainable approach that corresponds with the overall
objective of reducing the total cost of ownership.

10.4. The Optimization of Design Parameters

• It is recommended that researchers consider the economic effects of design selections,
especially related to the inductor.

• Evaluating the trade-offs between factors such as the core size, wire size, and number
of turns can contribute to an economically optimized design.

10.5. Life Cycle Cost Analysis

• With the emerging power electronics technology, it is important to move beyond
traditional cost assessments and adopt a holistic approach for life cycle cost analysis.
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• Researchers can include a life cycle cost analysis to fully understand the economic
implications of their power electronic devices.

These technical and economic recommendations and guidelines can facilitate re-
searchers in terms of operational efficiency, reduced servicing costs, and increased overall
economic feasibility in their future research work.
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28. Ekinci, S.; Hekimoğlu, B.; Kaya, S. Tuning of PID Controller for AVR System Using Salp Swarm Algorithm. In Proceedings of the

2018 International Conference on Artificial Intelligence and Data Processing (IDAP), Malatya, Turkey, 28–30 September 2018;
pp. 1–6. [CrossRef]
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