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Data-Driven Component-Level Design of Switching
Power Converters Using Predictive Modeling

Skye Reese

Abstract—This article shows how the design of switching power
converters at the component level can be assisted by data-driven,
automated, systematic methods. This work uses regression machine
learning (ML) techniques, where predictive component models are
trained using large amounts of component data and design-oriented
parameters derived from the data. For a given converter topology
and specification set, the ML-based component models are used
to predict converter power loss, bill-of-material (BOM) cost, and
footprint area. This allows for an algorithm to iterate over design
parameters to optimize the objective function in terms of efficiency,
size, cost, or a combination of these performance metrics while
also meeting all design constraints. Once the algorithm converges,
the optimized parameters are applied to filter the original dataset,
identifying components that are most likely to be chosen for the
specific design. The developed design automation approach allows
for comparisons between topologies, device technologies, and op-
erating modes, and reduces the design time by quickly providing
component recommendations. To illustrate an application of the
ML-based design approach, the tool is applied to the design of
48-t0-12 'V, 5 A synchronous buck dc—dc converters using silicon or
gallium nitride power semiconductors, where the design objective
is to minimize loss while meeting BOM cost and area constraints.

Index Terms—Converter optimization, data-driven component
models, machine learning (ML), power converter design, switched-
mode power converters.

I. INTRODUCTION

COMMON objective in designing switched-mode power
converters is to meet the specifications while minimizing
loss, size, cost, or a combination of these converter performance
metrics. This objective is achieved via a design process typically
consisting of many iterative design steps, as outlined in the
flowchart of Fig. 1. The figure emphasizes the scope of the
approach presented in this article, which focuses on streamlining
component selection to make this step more systematic and
efficient, thus reducing the need for manual design iterations.
Consider, as an example, the design of a simple synchronous
buck converter shown in Fig. 2. Given the specifications, the
design objectives, and the converter steady-state solution, oper-
ating characteristics, and loss models, the designer may proceed
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Fig. 1. Flowchart showing where the presented design approach fits into the
overall power electronics design process. Automating the component selection
step contributes to the overall goal of automated converter design assistance.
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Fig. 2. Top-level flowchart of how the ML-based design tool is used to select
components in a synchronous buck converter example.

to manually select the power stage components among many
thousands of available options, the switching frequency, and
the operating mode, e.g., hard-switched continuous conduction
mode, discontinuous conduction mode, or soft-switched zero-
voltage-switching quasi-square-wave mode. Considering just
the selection of the transistors (01, @2, the inductor L1, and the
capacitors Ci,, Coy, after taking an initial Pareto front of a set
of collected commercially available components, there are 830,
1100, and 18 000 possible transistors, inductors, and capacitors,
respectively. If all components were considered, the design space
would consist of approximately 10'7 combinations. The design
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Flowchart of the converter design tool using machine learning-based predictive component modeling. Each highlighted item is discussed in detail in a

corresponding section: data acquisition and preprocessing in Section III, design-oriented parameters in Section IV, ML modeling in Section V, optimization in
Section II, component selection in Section VI, and the design problem formulation and implementation for buck converter examples in Section VII.

challenges become even more pronounced in power electronics
systems that involve more complex converter topologies and
tradeoffs in converter architectures and operating modes, per-
formance metrics, and modulation strategies [1].

Given that an exhaustive search is impractical, a common
heuristic approach involves the designer manually narrowing the
design space, guided by domain expertise and prior experience.
Such standard design approaches can be improved by incorpo-
rating more systematic data-driven approaches, and such design
automation methods have been gaining attention [1], [2], [3],
(41, [51, [6], [71, [8], [9], [101, [111, [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21].

Data-driven heuristic design automation methods reported
in power electronics literature address the following three key
issues:

1) data acquisition;

2) the application of machine learning (ML) tools;

3) optimization over large design spaces.

Empirical data acquisition has been limited in scope to mod-
eling aspects where experimental setups for systematic char-
acterization are feasible, such as core loss modeling [4], [5],
[6]. For a broader design context, component or converter-level
data can be collected using analytical modeling and simulation
methods [7], [8], [9], [10], as well as automated extraction from
datasheets [11], [12].

Many of the data-driven methods currently proposed in lit-
erature incorporate ML models to capture trends in the pre-
sented datasets. For example, the authors in [7] and [8] used
reinforcement learning, whereas Li et al. [9] used a multilayered
batch-normalization artificial neural network (ANN) to deduce
important features and make predictions about the power loss of
a given design. An ANN combined with transfer learning is used
in [10] to determine the frequency, inductance, and capacitance
to optimize efficiency, while Lin et al. [1] used a physics-in-
architecture recurrent neural network to select optimal operating
conditions and structure for a three-level NPC dual-active-bridge
converter.

The next stage common across data-driven methods is an
optimization structure to solve the combinatorial optimization
problem in terms of component parameters or operating con-
ditions. For example, Li et al. [9] used a genetic algorithm
(GA) to search across the design space and make predictions
about power loss at each iteration, and then employs look-up
tables to identify specific components. Deep deterministic policy
gradient, a policy-based learning process, is used in [8] to deter-
mine optimal parameters for an optimized switching frequency,
while [10] uses particle swarm optimization. A multiobjective
combinatorial optimization algorithm is used in [13] to find
optimal magnetic and capacitive component parameters.

The data-driven approach [18] and the design tool presented
in this article and depicted in the block diagram of Fig. 3 differ
from the previously proposed approaches in all three considered
directions, including the following:

1) data acquisition;

2) the structure and the application of ML models;

3) the way an optimization step is implemented.

First, comprehensive component datasets are assembled
by systematically scraping distributor sites and component
datasheets. Compared to previously reported approaches, the
datasets are based on real, commercially available components,
and include pricing and packaging data. Furthermore, the ap-
proach extends the component datasets with design-oriented
parameters necessary for converter loss modeling [19]. These
design-oriented parameters are derived in an automated manner
using predictive ML modeling. Second, trends among compo-
nent parameters are captured using relatively simple regression
ML models. Unlike deep learning methods, the selected regres-
sion ML models are easy to train on moderately sized datasets
and require minimal computational effort to generate predic-
tions. This efficiency is particularly important, as ML-based
component models are frequently invoked within the optimiza-
tion step. Notably, the one-time trained component models can
be reused across the design of various converter topologies. This
contrasts with many previously reported methods, where ML
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models are tailored to specific topologies and must be retrained
for each new topology or design problem. Finally, inspired by the
methods discussed in [20] and [22], the developed ML models
enable continuous optimization over the large design space,
leading to inherently fast and robust convergence. The contin-
uous optimization also implies that the results reveal valuable
insights into the impact of component parameters, and are less
sensitive to specific component availability. In the final step of
the proposed design process, component sets are provided using
real, commercially available part numbers, aiding the designer
in achieving the design objectives. To facilitate the use and
further developments, the code repository for all the developed
processes and methods has been published [23].

The rest of this article is organized as follows. Section II
describes the overall structure of the ML-based design tool,
the block diagram of which is shown in Fig. 3. Section III
discusses gathering and preprocessing the data on transistors,
inductors, and capacitors. Section IV details the development
of design-oriented parameters that combine datasheet data with
device physics in order to represent the main loss mechanisms
that contribute to converter power losses. Section V describes
how the ML models are constructed to capture trends among
component parameters, and how these models are used to predict
the quantities needed in the converter optimization step. Limita-
tions of the ML-based component models are also discussed.
Section VI details the final step of the approach, where the
ML-based results are used to develop small subsets of com-
ponents. These subsets are used within a search algorithm that
leads to final component selection. Section VII tests the design
tool on 48-to-12 V, 5 A dc—dc buck converter examples using
silicon (Si) or gallium nitride (GaN) power semiconductors,
and includes experimental validation using the components sug-
gested by the design tool. Finally, Section VIII concludes this
article.

II. ML-BASED CONVERTER DESIGN APPROACH

The block diagram in Fig. 3 visualizes the design approach
developed in this article. The scraped component data (see
Section II) is combined with derived design-oriented param-
eters (see Section IV) and used to train ML models (see
Section V), which use design variables O and inputs 7' to
predict the component parameters X necessary to evaluate loss
Ploss.tota, BOM cost Uy, and BOM footprint area A. For
each transistor, inductor, and capacitor included in a design, the
parameter sets for O, T, and X are, respectively, the same (as
shown in Table V of Section V), which implies that the one-time
trained ML models are generally applicable to the design of
different converter topologies. Furthermore, the ML models can
represent the relationships between component parameters as
continuous functions, capturing underlying trends and patterns.
Consequently, the combinatorial optimization problem is trans-
formed into a continuous one.

At each iteration, the selected optimization algorithm uses O
and X to compute the objective function f(X,0) and check
the constraints, then iterates over the design variables O. When
the algorithm converges, the predicted theoretical optimal
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parameters Xopt are used to reduce the component dataset to
a size easily handled by a search algorithm (see Section VI),
which returns the recommended component part numbers and
operating conditions.

A. Optimization Problem Formulation

The converter design is posed as a constrained optimization
problem

ming f(X,0)
Utot S Umax,total (1)
Atot S Amax,total-

The objective is to minimize a user-defined converter perfor-
mance metric f(X,0), such as power 10ss Plogs o1, under
user-defined constraints, such as BOM cost U and BOM area
A limits. The objective function f(X,0) and the constraints
can be defined in many different ways, depending on the
user’s specified design objectives. In the example presented in
Section VII, the objective function is selected to be the total loss
Ploss.iota1- Alternatively, the objective function may, for example,
be defined as a product or a normalized sum of Ploss total, Utots
and/or A.

Input T is split up into inputs related to the overall converter
Teon and inputs related to each device Tgy, Tr,, T for transistors,
inductors, and capacitors, respectively. The mapping from O, T,
to X required to compute f(X, O) is facilitated by the one-time
trained ML-based component models

0,7 — X.
ML models

@)

The component ML models mg, m,, m¢ predict XQ, X, Xe,
which are all the parameters required for computing the power
loss, cost, and area-related quantities of each component. A
flowchart of how the ML models are structured and incorporated
into the design approach is shown in Fig. 4. The output of the
optimization algorithm Xopt, Oopt is used to filter each com-
ponent dataset, essentially serving as a secondary Pareto-front
standard that takes into account the specific design, topology,
and design objective. These subsets of components are used in an
exhaustive search across component combinations, as discussed
in Section VI.

B. Optimization Algorithm

By reducing the optimization problem to a continuous form,
a variety of well-established and widely-used continuous opti-
mization algorithms can now be integrated into the flowchart of
Fig. 3. The selected algorithm is constrained optimization by
linear approximation (COBYLA) [24], which is a constrained,
bounded, multivariate optimization method, an implementation
of which is available via the Scipy optimize class [25]. COBYLA
creates successive linear approximations of both the objective
function and constraints. At each iteration, the algorithm min-
imizes the linear approximation of the objective function and
constraints within a trustregion. The resulting candidate solution
is then evaluated against the original objective function and
constraints. The trust region is progressively reduced to refine
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the search, with convergence achieved when the trust region size
falls below a specified threshold.

The algorithm hyperparameters are chosen to assist in suc-
cessful convergence and effectively search over the entire design
space. The number of iterations was set to 1000, as convergence
failure beyond 1000 iterations typically indicated overly re-
strictive constraints, rendering the design unfeasible. Successful
termination typically occurs within a few minutes on a standard
desktop. The termination threshold was set to balance escap-
ing local minima and maintaining precision near the optimum.
Constraint violation tolerance was set near zero, to reflect strict
design requirements. Future work could improve the handling
of constraint violations by accounting for uncertainties in ML
model predictions.

C. Design Tool Implementation

The design tool diagrammed in Fig. 3 and implemented in
Python is built so that it can be applied to any converter topology
and any set of design specifications, and the corresponding code
is open-sourced [23]. The inputs 7" are broken into two groups:
design- and topology-specific.

The first topology-specific input is the set of component
indices to be included in the optimization process. The designer
can choose to include any number of transistors (@), inductors
(L), and capacitors (C'). The second topology-specific input is
the set of optimization variables, where the designer determines
which variables the tool should iterate over. The third topology-
specific input is the set of steady-state solution equations, includ-
ing standard relationships between control variables, such as the
duty cycle and switching frequency, and operating characteris-
tics, such as the conversion ratio, voltage and current stresses,
and switching ripples. The fourth topology-specific input is a
power loss model. This loss model consists of two parts: the
computation of relevant datasheet-based and physics-based loss
parameters for each component, and the equations that compute
the total power loss based on the precomputed physics-based
loss parameters and the operating conditions. The pretrained ML
models, the optimization algorithm, and the final step in which
specific component candidates are selected remain the same
regardless of the specific converter topology or design-specific
inputs.

The design-related inputs include the selected converter topol-
ogy label, the operating mode selection, and the design specifica-
tions: input and output requirements, any component rating and

= = Trained >
OOP“ fave o

Flowchart showing a zoomed-in version of how the pretrained ML models are used in the design tool.

value constraints, the selected converter metric to be optimized,
and the design constraints, e.g., on power efficiency, BOM cost,
or BOM footprint area.

D. Results

The tool produces results of interest at two stages of the
ML-based design process, as shown in Fig. 3. First, the optimiza-
tion step outputs Xop, Oopt, Offer quick performance estimates
and enable evaluations of the impact of component parameters,
as well as comparisons of different topologies, operating con-
ditions, and constraints without the need to consider specific
components. The generated optimized component parameters
X, opts Oopt, can also be used as the initial values for the exhaustive
search step regardless of changes in component availability.
Second, the component selection step identifies and ranks viable
component combinations that meet design constraints and op-
timize the objective function. Designers can choose from these
combinations based on the performance ranking and additional
factors such as up-to-date availability, pricing, or manufacturer
preferences. The selected component combination can then be
used to evaluate expected performance metrics including a de-
tailed breakdown of power loss, cost, and area contributions, as
shown in the examples provided in Section VII.

III. DATA ACQUISITION AND PREPROCESSING

The first step to developing the ML-based optimization tool
is generating high-quality, high-quantity sets of training data
for the ML-based component models. This section describes
the process for obtaining and cleaning the datasets of power
transistors, fixed inductors, and Class II multilayer ceramic
(MLC) capacitors via outlier removal and Pareto dominance.

Using web-scraping tools available in Python [26], the com-
ponent information on 22 000 power FETs, 48 000 fixed in-
ductors, and 110 000 Class II MLC capacitors were gathered
from commercial distributor sites, including DigiKey [27] and
Mouser [28]. Some important device parameters and charac-
teristics are only available in component datasheets, which
vary in format and are not as easily accessible electronically.
Examples include MOSFET body-diode reverse recovery charge
(Qrr) and device capacitance values, both important for mod-
eling switching losses. To address this, a Python PDF-reader
tool (Beautiful Soup [29]) was used to scrape PDF datasheets,
resulting in a comprehensive dataset for 3100 transistors. A reg-
ular expression-based method was developed to extract specific
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Fig.5. Example of retaining the lowest envelope of data using the Pareto front
in 2-D, where the only considered features are Vyss and Rop.

parameters from the scraped PDF data. This process was chal-
lenging due to inconsistent formatting among manufacturers,
where labels such as @, appeared as variations such as “Q RR,”
“Qrr,” “Q rr,” “Qr,” or “Q_rr,” and the spacing between labels
and corresponding values differed significantly.

After gathering the data, various preprocessing techniques are
applied to improve the quality of the datasets and retain the most
relevant components. These techniques include outlier removal
and Pareto dominance.

A. Outlier Removal

Visualizations of the data show that some components appear
to be outliers with characteristics substantially different than the
majority of similar components in the dataset. Upon manually
investigating these individual outlier components, it is found
that the parameter values reported on a distributor main webpage
(and thus, what was scraped) occasionally differ from the values
in the component datasheets. Various ML-based outlier removal
techniques are available to automate the outlier identification and
removal process. Here, we use a multivariate outlier removal
method based on the Mahalanobis distance [30], where each
datapoint is considered with respect to the trend. Cleaning
the data in this way improves the predictive accuracy of ML
models because model algorithms can be adversely influenced
by outliers.

B. Pareto Dominance

Pareto dominance is a technique useful for determining the
best envelope of components based on parameters, i.e., dimen-
sions of interest [31]. Pareto dominance applied to converter
design looks at all of the specified features for a dataset and
determines if a component is strictly worse than the rest and,
therefore, unlikely to be used in an optimized design [18]. Taking
the Pareto front on n dimensions yields an (n — 1)-dimensional
surface of Pareto optimal data points. This is most clearly seen
when taking the Pareto front on two dimensions (e.g., voltage
rating Vg and on-resistance R,y ), as shown in Fig. 5 for silicon
(Si) power MOSFETs. The features included in taking the Pareto
front for transistors, inductors, and capacitors are shown in
Table I.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 8, AUGUST 2025

TABLE 1
FEATURES INCLUDED IN TAKING THE PARETO FRONT OF EACH COMPONENT’S
DATASET
Features
Transistors | Vs, Ron, @, U, A
Inductors | Iyax, Rec, U, A, H
Capacitors Viated » Us A, H

U = Component cost, 4 = Package area, and H =
Package height.

IV. ESTIMATION OF DESIGN-ORIENTED PARAMETERS

A method of representing the losses found within a converter
is important in the optimization algorithm step in Fig. 3 to
determine component parameters such that the losses can be
minimized. However, this is a challenging problem because
the device physics and loss mechanisms are complex and the
relevant datasheet information is limited.

Converter loss models based on device datasheet parameters
have been extensively investigated in the literature [32], [33],
[341, [35], [36], [37], [38]. These models involve tradeoffs
between accuracy, complexity, and the need to perform addi-
tional physics-based or empirical modeling steps to augment
the datasheet data. An example of such a loss model using
the datasheet and design-oriented parameters is provided for
the synchronous buck converter in Appendix, Table XI. One
may observe that even relatively simple loss models require
parameters not directly available in device data on distributor
sites or device datasheets.

This section discusses novel physics- and data-based ap-
proaches to the estimation of several design-oriented parameters,
aiming to leverage predictive modeling to quantify the primary
loss mechanisms associated with transistors, capacitors, and
inductors.

A. R,, Versus T; Dependence

Transistor on-resistances are reported on the distributor sites,
but usually only at an operating temperature of 7; = 25°C. To
better represent practical operating conditions, where the tran-
sistor typically reaches an elevated temperature of, for example,
T; = 100°C, this section aims to determine a multiplier k7

Ron(T; = 100°C)
Ron(T; = 25°C)

The transistors are split into five groupings; low-voltage
(<200 V) and high-voltage (> 200 V) Si, low-voltage (<100 V)
and high-voltage (>100V) GaN, and silicon carbide (SiC).
These groupings were determined by examination of the kr ver-
sus Vg plots of each device type, which indicate slope changes
at 200 V and 100 V for Si and GaN, respectively. The R,, versus
T} plots included in the datasheets of ~25 components for
each grouping were manually digitized. The components were
randomly selected but intentionally spanned a range of voltage
ratings and device manufacturers. From the manually digitized
graphs, the multiplier k7 at 100 °C was recorded.

Table II shows a summary of the linear relationships and
datasheet-validated performance results of the kr estimation.

kr = 3)
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TABLE I
Rox TEMPERATURE MULTIPLIER k7 (Vpss) FOR EACH OF THE FIVE
TRANSISTOR GROUPINGS, DETERMINED BY THE LINEAR BEST-FIT LINE OF THE
k1 VERSUS Vjpss [V] DATA BASED ON MANUALLY DIGITIZED RON(Tj) PLOTS
FOR A RANDOM SELECTION OF COMPONENTS IN EACH GROUPING

Grouping kr(Viss) MAPE [%]
Low-voltage Si 0.2331og;o Vigss + 1.15 9
High-voltage Si 0.3531og( Viss +0.83 6
Low-voltage GaN | 0.066log;, Vs + 1.34 3
High-voltage GaN | 0.148log;, Vass + 1.15 4
SiC 0.5721og; Vass — 0.523 17

Performance results are based on the mean absolute percentage
error (MAPE) [39] of ~ 5 transistors that were hidden during
training, comparing the estimated k7 values with the respective
datasheet-calculated kp values. A cross-validation technique
was used for MAPE scoring, where data are set aside for training
and testing in a cyclical manner and the average score of all
iterations is returned.

B. Body Diode Reverse-Recovery Parameters

In a hard-switched converter, losses due to diode or body-
diode reverse recovery can be very significant. This switching
loss P is modeled using the reverse recovery charge )y, and the
reverse recovery time t,,. Datasheets usually report only one set
of @y, ty values at a specific operating point and under specific
test conditions characterized by the diode current I prior to
turn-OFF, and the slope ‘%’ of current decay. As summarized
in Appendix, a device physics-based approach discussed in [34]
and [40] can be used to determine the device time constants 7,
and 7, which then allow one to estimate @y, tr, and P under
the operating conditions considered in the design.

C. Charge-Equivalent Capacitance

In ahard-switched half-bridge stage, the energy loss due to the
device output capacitance Cyg can be found using the charge-
equivalent capacitance Cys g given by

1
Votr

where V¢ is the voltage to which the device is exposed during the
circuit off-state [37], [38], [41]. As shown in (4), Cys ¢ requires
Coss as a function of drain-to-source voltage V. MOSFET
datasheets typically include Cogs(Vgs) in graphical form, as well
as Coss measured at a particular voltage Vis meas. Unfortunately,
Vis.meas varies drastically between datasheets, implying inconsis-
tent Cyss comparisons. For any given device, Cgs, g can be found
by digitizing the Coss(Vys) graph, but it is difficult to automate
this process on large MOSFET datasets. Due to this limitation, the
approach taken here aims to approximate the Coss(Vys) curve
for all components by combining the machine-scraped single
reported values (Coss, Vis.meas) With trends determined by manual
examination of select Cyg(Viss) curves.

The MOSFETs are once again divided into five categories:
low-voltage Si, high-voltage Si, SiC, low-voltage GaN, and
high-voltage GaN. For each group, the Cys versus Vg plots

Vorr
Cds,Q = / Coss(vds) dVd< (4)
0
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Fig. 6. Normalized Css versus Vs curves for a randomly selected assortment
of low voltage, Si MOSFETS from a variety of manufacturers. The Vys values
are normalized by 0.1Vj, and the Cog values are normalized by Cog,0.1 =
Coss(0~1‘/;lss)~

TABLE III
~(Vbss) FOR EACH OF THE FIVE GROUPINGS OF TRANSISTORS, ALONG WITH
THE RESPECTIVE MAPE COMPARING THE PREDICTED y WITH THE ~y
MANUALLY OBTAINED FROM THE DATASHEET FOR A SELECTION OF
OUT-OF-SAMPLE COMPONENTS

Grouping v(Vass ) MAPE [%]
Low-voltage Si 0.0021 Vg + 0.251 11
High-voltage Si 0.00089 Vs + 0.427 33
Low-voltage GaN | 0.00062 Vi + 0.355 8
High-voltage GaN | 0.00039 Vgss + 0.353 20
SiC 0.451 15

Note that the slopes 7y for SiC components can be well-approximated by a constant
mean value.

for a select number of components with varying voltage ratings
and device manufacturers are collected and digitized into a
machine-readable format. The plots confirmed that the same
Viss Tanges are appropriate for Si and GaN devices as those
used for k7. These datapoints are then normalized by 0.1V
and Cogs 0.1 = Coss(0.1Vgs) as found from the digitized Clgs
versus Vg curve. As an example, Fig. 6 shows the normalized
Coss plots collected for low-voltage Si components, revealing an
approximately linear trend on the log—log scales

0.1vdss>’y
Vs '

By plotting the slope ~ as a function of Vg, the approximate
linear fit for (Vg ) can be determined

Ooss ~ Coss,0.1 < (5)

Y= 'Ylvass + 7 - (6)

Given (6), Vs of the component, and the machine-scraped (Clygs,
Viasmeas) values, (5) can be used to determine Clgs 0.1 and then
calculate the charge equivalent capacitance using (4), without
the need to digitize all Cyg versus Vg plots.

Similarly to the validation approach described in
Section IV-A, components not used to generate the (V)
equations are selected from each of the five transistor groups.
First, the Vs of the component and the corresponding ~(Vyss),
as shown in Table III, are used to calculate +. In comparison,
the true v is determined by finding the slope of the manually
digitized Cyg versus Vys plot reported in the datasheet. The
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Fig. 7. AC versus VV“[“d for a variety of Class Il MLC capacitors.
rate

MAPE values between the predicted and reported values of
~ are shown in Table III for each of the component groups,
showing that (5) and (6) offer a good prediction of Cig(Vas)
and thereby of Cy, ¢ in (4).

D. Bias Dependence of Class Il Ceramic Capacitors

For Class II MLC capacitors, capacitance depends strongly
on the applied dc bias voltage Vg, because of the effects of the
change in permittivity of the material. Although AC versus V.
graphs are available in a variety of formats, these are extremely
difficult to gather in large quantities in an automated manner.
The process is even more difficult because of the inconsis-
tency with where such information is provided, such as man-
ufacturer datasheets, online tools, or separate characterization
sheets.

In this work, data-based techniques are used to automate the
capacitance versus dc bias characterization across the dataset of
Class I MLC capacitors. Using online graph-to-data digitization
tools, the graph data of AC' versus V. were collected for 50
Class II MLC capacitors from a variety of manufacturers, case
sizes, voltage ratings, and capacitance.

An approximately linear relationship can be observed on the
log-linear plot of AC' versus % in Fig. 7. These datapoints
were used to train a linear regression ML model to find the
expected capacitance Cyyq. at zero dc bias. The known quantities
in the design are V., which is determined by the voltage seen
across the capacitor, and Cyq., which can be calculated using
the standard set of steady-state equations. Cyg. and Vg, are used
along with scraped quantities Vi,eq, A as inputs to predict output
Covdc- The MAPE was found to be 14.5%. The predicted output
value of Cyyyqc is considered the minimum nominal capacitance.
Covade 18 the quantity scraped via automation and can then be
used as an input for predictions of other capacitor parameters
such as cost U.

E. Inductor AC Loss Parameters

Datasheet parameters for fixed inductors typically include
the nominal inductance L, inductance at saturation current
Ly @ Iy, de resistance R, rms current rating at certain tem-
perature rise ;s @ AT, geometrical parameters of the package,
and a core-material designation. Datasheets may also include the
(Q-factor at a particular frequency () @ f and the self-resonant
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frequency fis. Unfortunately, the datasheet parameters are in-
sufficient to accurately predict ac winding or core losses when
inductors are used in switched-mode converters.

The goal of the approach presented in this section is to esti-
mate the parameters required for the calculation of ac winding
losses and core losses in off-the-shelf inductors, as summarized
in Appendix. The presented approach is restricted to com-
mercially available surface-mounted metal-powder-core fixed
inductors.

Starting from the geometric parameters of a component, the
ac loss parameter estimation algorithm iterates over the number
of turns Ny, adjusting the wire cross-sectional area to meet the
datasheet value of Ry.. Next, the algorithm estimates the number
of winding layers to fit the winding into the available window
area and the relative permeability of the material necessary to
obtain the datasheet value of inductance L. In each iteration, the
Dowell’s method [42, Sec. 10.4] is used to calculate the Q-factor
of the inductor. Assuming approximately equal contributions of
winding loss and core loss to the inductor ()-factor, iteration
over Nyms stops when the estimated () is closest to the datasheet
value. Unfortunately, for many inductors, the ()-factor is not re-
ported in the datasheets. This challenge is addressed by a simple
linear correlation using the core volume V, of the component

Q@100 kHz ~ 0.0052 V[ mm?] + 12. (7)

The correlation (7) is based on data collected from a subset of
inductors where @ is reported. Larger inductors generally having
a larger (Q-factor is consistent with the analysis in [43] and the
data-based results reported in [44].

Once the number of turns Ny,s, the wire size, and the number
of layers are determined, the estimated R,./Rq. follows using
the Dowell’s method. To further simplify loss modeling, a piece-
wise fit on the log—log scales

Rac(f)/Rae ~ max (17 (f/fb)b) ®)

is adopted so that ac winding losses can be found for an arbitrary
inductor current waveshape using only two design-oriented pa-
rameters: the break frequency f; and the exponent b. Finally,
the Steinmetz core-loss parameters K, «, and [ are adopted
from [45] for the metal powder material with p, closest to the
estimated value for use in core loss estimation.

To validate the approach, the ac loss parameter estimation
method has been automated and applied to a selection of 14
surface-mount powder-core fixed inductors from various man-
ufacturers. The winding-loss results are summarized in Ta-
ble IV, which uses the loss model equations from Table XI in
Appendix: Fygc using Ry, Py using the PWL fit (8) for
Ry, and the losses Py, obtained with R, /R4 measured
experimentally using a Bode 100 network analyzer.

As a case study, the winding losses are calculated for a
representative inductor current waveform that has a dc compo-
nent Iy, = I /2 and a triangular waveform with 100% ripple
magnitude Ai = I, /2 at a switching frequency f,, where

fsw = max(5 fy, 20 kHz) 9)

and fj, is the frequency at which the measured R,/ Rq. exceeds
1.1.
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TABLE IV
RESULTS OF Rxc ESTIMATION FOR SELECTED FIXED INDUCTORS

Inductor L Irms PLw,dc PLw,m PLw
index [uH] (Al (W] (W] (W]
1 2.2 12.0 1.58 2.13 1.78
2 5.6 12.5 1.50 1.89 2.32
3 10.0 5.6 1.77 2.47 3.00
4 10.0 7.0 2.54 3.04 2.71
5 4.7 1.2 0.10 0.12 0.10
6 1.0 11.0 0.10 0.16 0.16
7 6.8 5.5 0.24 0.34 0.39
8 1.2 30.0 1.61 1.64 2.78
9 4.7 27.0 0.79 1.15 1.68
10 2.2 7.1 0.29 0.33 0.30
11 1.0 10.1 0.25 0.45 0.45
12 10.0 30.0 0.51 1.05 1.71
13 1.0 23.0 2.27 2.30 3.44
14 1.0 43.5 1.01 3.98 1.31

The inductor part numbers by index are as follows:

(1: SRP1038A-2R2M, 2: SRP1265A-5R6M,

4: 74437368100, 5: 744766904,

7: THLP2525CZER6R8M11,  8: LMLP13B3MI1R2DTAS,
10: DFEH7030D-2R2M=P3,  11: HCM0503-1R0-R,

13: 744373965010, 14: XAL1010-102MED).

3: SRP8540A-100M,

6: SRP4020FA-1ROM,
9: HCMA1707-4R7-R,
12: SRP2313AA-100M,

SRP8540A-100M
Experimental Data
102{ —— Dowell Fit
—— Simple PWL Fit

Rac/Rdc

b = 0.796, f, = 22.83 kHz

10°

102 10° 104 10° 10°
Frequency (Hz)

Fig. 8.  Ryc/Rqc estimation results for SRP8540A-100M inductor, compared
to Bode 100 measurements.

Fig. 8 illustrates the estimation results verified by R,. mea-
surements using the Bode 100 impedance analyzer for an exam-
ple inductor where the predicted fit closely matches the measure-
ments. The results in Table IV show that the basic model Py 4c
always underestimates the winding loss. Despite some notable
errors compared to [ ,,, which can be attributed to various
assumptions the estimation algorithm must make, the improved
estimate P, mitigates the underestimation and provides a more
accurate representation of the inductor winding loss.

V. ML MODELS

ML models can be used to capture trends among large quan-
tities of component data [18], [44]. Fig. 3 shows how after
one-time training, ML-based component models mq, m,, mc
are used within the optimization loop to quickly estimate the
component parameters needed to calculate converter power
loss, BOM cost and footprint area. In this work, supervised
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Fig. 9. Examples of datasets and ML regression models trained on Pareto
dominant data points for (a) inductors with a fixed I current rating using
only energy as an input, and (b) Si MOSFETs with a fixed R, rating using only
Viss as an input.

learning-based ML models are developed, utilizing regression
tools from [46]. Regression models offer a straightforward and
efficient training and prediction process, making them a suitable
choice for application in the design tool of Fig. 3, where the
ML-based component models are invoked frequently within the
optimization step.

Section V-A discusses how the ML models are structured,
Section V-B summarizes the selected models, while Section V-C
concludes with a discussion about the limitations of the ML
models.

A. ML Model Structure

The preprocessed datasets' acquired as described in
Section III are used to train the ML models. As an illustration,
Fig. 9 shows 2-D plots of the datapoints after taking the Pareto
front on all dimensions shown in Table I for inductor and
transistor data. The data are overlaid by a linear and a random
forest regression, respectively, after training on the Pareto front.
As a result of using the Pareto front of the dataset for training
and testing, the data variance is reduced and the regression will

I Datasets were last scraped on 13 September 2023.
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TABLE V
ML MODEL STRUCTURE AND TRAINING RESULTS ON THE TRANSISTOR, INDUCTOR, AND CAPACITOR DATASETS GIVEN INPUTS O, 1", AND OUTPUTS X

Component Ionputs to ML r;odel Outputs X MAPE [%]
Q; _ {Viss i» N-channel, o
(distributor site) {Boni} FET technology} {Qg.1, Ui, A} {43, 27, 347}
Qi {R } {Vdssﬁiv Ui: Ai, {Coss ,0.1,4 V;is,meas,i’ {347 17,
(datasheet) ont N-channel, FET technology} | 7c;, 7pr.i} 40, 58}
. ; . {RdC7UaA7 fbvba Kf67 {27’ 47, 24, 71, 10, 36,
Lz {fsw: AlL} {Irated 5 Isaturatlon B L} a, 67 Nmms, Am ‘/7 Vcore} 3’ 0'6’ 26’ 23’ 33? 26}
Ci {Aci} {Viated ,i> Ci } {Ui} {84}

Note that the transistor models are split into outputs X gathered from distributor site parameters and from PDF datasheet parameters. The models are trained using the kernel ridge
regression algorithm. MAPE compares the model predictions to the corresponding parameter values for components in the testing dataset.

predict values closer to the best envelope. Fig. 9(a) shows how
the inductor volume versus energy rating can be represented by
a linear log—log relationship, whereas Fig. 9(b) illustrates how a
more complex regression can be used to capture characteristics
of available components.

In general, as shown in (2), the known inputs to the developed
ML models are a combination of component specifications T’
based on the converter design and variables O over which the
multivariate optimization algorithm iterates. The ML models
need to predict the quantities X used to evaluate power loss
models (such as the loss model discussed in Appendix), as well
as the BOM cost U and footprint area A contributions of the
considered converter transistors, inductors, and capacitors. The
input/output structure of the developed ML models is summa-
rized in Table V.

B. Selected ML Models for the Optimization Tool

Various factors were considered when selecting an ML regres-
sion algorithm for the tool: performance, run-time, application,
and complexity. All models were implemented via the Scikit-
learn Python package [46], and therefore, were similarly easy to
implement. Linear regression was computationally the simplest
and fastest, while random forest had slightly higher accuracy
but longer run-time compared to other models. Ultimately,
kernel ridge regression was selected for its high predictive
accuracy, robustness against overfitting, and efficient run-time
performance, which is essential for the optimization tool given
the large number of predictions required over many iterations.
Kernel ridge regression is a multivariate method that employs
L2-norm regularization to address multicollinearity by limiting
the magnitude of the coefficients in the linear equation [47].
Notably, kernel ridge regression is inherently continuous be-
cause it constructs predictions as a smooth combination of kernel
functions, all of which are continuous. This enables the use of
continuous optimization methods, which is a key distinguishing
feature of the approach presented in this article.

The dataset was divided into 75% for training and validation
and 25% for testing. The ML models were trained on the training
data and evaluated on unseen test data using 5-fold cross-
validation with randomization applied to shuffle the data points.

The regression hyperparameters were tuned using Random-
izedSearchCV, an automatic hyperparameter tuner in the Scikit-
learn library.

Table V shows the MAPE performance results on the testing
data for transistors, inductors, and capacitors. The component
cost models are based on low-volume, single-component dis-
tributor quotes. The testing results show that some values are
well-predicted, while others show significant difference between
the predicted and true values. These differences are expected
given knowledge about the dataset as discussed in Section V-C,
and are accounted for by incorporating the component selection
process addressed in Section VI.

C. Model Limitations

As can be observed from the MAPE performance metrics
shown in Table V, as well as the examples of regressions overlaid
on the datapoints in Fig. 9, the presented ML models are subject
to multiple limitations.

First, given a limited set of known input quantities 7", O used
to predict any of the values in X, there is inherently a high
standard deviation in the output. This is reflected in the MAPE
scores when evaluated on the training data itself, which were
similar to the MAPE scores when evaluated on the testing data
shown in Table V. As an illustration of why this phenomenon is
to be expected, consider an example of N-channel Si MOSFETs.
Fig. 9(b) shows an example where Vg is the only known input,
and it can be seen that the standard deviation in output R, * U
is high for some Vg values. To expand this concept, given an
initial value of the optimization variable R,, and the known
required voltage rating Vs, one can expect that there will be
significant variation in the predicted quantity, such as gate charge
Q4. All three quantities can then be used to predict the cost
U, but even if @, is perfectly known rather than predicted,
cost will vary significantly among components in the transistor
dataset.

Next, one may observe a weak correlation between a transistor
package (and thus, its footprint area) and its electrical parame-
ters. This is shown in Table V, where the prediction error for the
transistor footprint area is very large.

Another limitation lies in the dynamic nature of component
prices and availability. This can be mitigated, in part, by period-
ically updating the datasets and retraining the ML models.

A key limitation lies in the quality and quantity of component
data available for training. Datasheets, traditionally designed for
manual use by design engineers, contain extensive but often in-
sufficient and nonmachine-readable information. This presents
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leading to the final component combination selection. The tool can also be used to identify the optimal switching frequency given the selected components.

substantial challenges, as discussed in Sections III and IV.
Advances by manufacturers, distributors, and computer-aided
design (CAD)-tool vendors, in combination with open-source
initiatives such as [4], [11], are expected to improve the avail-
ability and quality of component data, enabling further develop-
ments of data-driven design approaches like the one presented
in this work. Higher quality, larger datasets would enhance
the prediction accuracy of all parameters, particularly those
derived from scraping PDF datasheets (such as reverse-recovery
parameters ), and t,;). In addition, larger datasets could make
neural networks a more viable option with potential performance
advantages.

VI. COMPONENT SELECTION

Once the optimization algorithm has converged, the optimized
set of component parameters is used to create subsets of the com-
ponent datasets and then perform an exhaustive search to identify
a set of actual components that minimizes the objective function,
as shown in Fig. 3. As previously noted, this component selection
step mitigates errors associated with ML model predictions. This
section describes the process by which the optimized parameter
sets are used to filter the datasets to a subset of components
best suited for the design, and how these subsets are used in a
matrix-based exhaustive search for component selection.

A flowchart of the component selection step is shown in
Fig. 10. Fig. 10(a) outlines the process for selecting the n
components to include in the datasets for the exhaustive search.
First, preliminary dataset filtering is performed based on require-
ments such as the voltage rating Vs for power transistors or the
capacitance C'ay required to meet the ripple requirement. Then,
the components are ranked based on

len(p, ) (p R )
¥ :min, | V \Pa,i ~ Pa,i,opt) (10)

J€lp Pa,i,max

Here, m is the number of components, min,, [S] is defined as a
function that returns the n smallest elements from the set S, [ p is
the length of each component dataset, s is the score for jth com-
ponent in the set, p,, is the set of component parameters as shown
in Fig. 10, and pq_;,opt is taken from the set of optimized param-
eters Oopt, X, opt- One may note that taking an absolute value
|Pa — Pa,opt| in (10) might result in selecting a component with
parameters closer to the optimized set. However, since a pre-
ferred component should have parameters at least as good as the
optimized parameters, the absolute value is not taken in (10). The
number n of components to retain presents a tradeoff between the
execution time for the exhaustive search, and how close the end
result may be to the minimum of the considered objective func-
tion. This tradeoff is examined in the design examples in the next
section. Fig. 10(b) depicts the search process conducted across
the n"" possible component combinations to identify the highest-
performing designs that satisfy the design constraints. Subse-
quently, a sweep over the switching frequency can be performed
to determine the optimal frequency for the selected component
combination.

VII. DESIGN EXAMPLES

The tool described in Sections II-VI is used to design 48 V-
to-12'V, 5 A synchronous buck converters using Si or GaN
transistors, based on Fig. 2 and according to the specifications
and constraints shown in Table VI. The optimization problem
is defined in (1), with the objective function defined as the total
power loss

f(X7 O) = -Ploss,total (11

where the power loss model is described in Appendix, Fig. 13
shows the flowchart in Fig. 3 filled in with the inputs and results
analysis of this design example. The lists of component indices
are

Q=1[Q1,Q2], L=[Ly], C =[C1,Cs]. (12)
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Fig.12.  Predicted Pjyss/ Powt asafunction of the number n of highestscoring
components per dataset selected to perform the exhaustive search step. The
Pjoss/ Pout associated with the component combination leading to the lowest
loss is shown here at the switching frequency fsw returned by the optimization
algorithm.

B B TABLE VII
Oopr: RESULTS FOR O AFTER THE OPTIMIZATION ALGORITHM CONVERGED

TABLE VI
SYNCHRONOUS BUCK CONVERTER EXAMPLE SPECIFICATIONS AND
CONSTRAINTS
Constraint Value
Vi 48V
Vdss,required 60V
%ut 1 2 V
I()ut 5 .A.
10V (Si) or
Ve
5V (GaN)
Umax,total $5_$1 1
Amax,total 800 me
Aig, / I, 70%
9 — Si
N
. Ga
'o\? 7
QS 6
RS
o =
o ~_
4 o —
3
5 6 7 8 9 10 11

Total cost constraint Umax, totar [$]

Fig. 11.  Results of the optimization step of the design tool given a range of
Unmaz,total for the buck converter example designed using Si or GaN power
FETS. Pyoss/ Pout is f(X, O) evaluated at Xopt, Oopt.

The converter specifications and constraints are
TCOH
= [V;na V;uh Iouta ‘/21357 VGG

Umax,lotala Amax,totah (AiL/IL)max}' 13)

The transistor, inductor, and capacitor inputs T, optimization
variables O, and outputs X are shown in Table V, where U is the
BOM cost and A is the BOM footprint area. At this stage in the
tool’s development, all other converter components (gate drivers,
controller) are assumed to collectively have approximately the
same impact on the converter losses, size, and cost in all con-
sidered designs, and are therefore excluded from calculations of
f(X,0) and the constraints.

This section is organized as follows. Section VII-A runs the
design tool for the specified buck converter example and selects
four specific design points to complete the component selection.
Section VII-B discusses the experimental testing results on the
prototypes built using the selected components.

A. Design Example Implementation

To examine the impact of the BOM cost constraint Upax total
on the achievable power loss, the design tool is run repeatedly
over a range of Upax total from $5 to $11, and for two transistor

Si GaN
A B A B
Ploss/ Pout [%] 5.3 3.5 9.0 2.7
Ron,Ql [mQ2] 10 6 20 7
Ron,QQ [mQ2] 13 6 48 4
fsw [kHz] 150 | 50 1500 | 300
Aip /Iy, 0.37 | 0.29 | 0.26 | 0.09
Aci [mm?] TE 9 10
Ay [mm?] 8 10 | 11 7

types, silicon (Si) and GaN. The BOM footprint area constraint
is kept constant, as shown in Table VI. On a standard desktop, the
algorithm converges in less than one minute for each run. Fig. 11
shows the power loss predicted based on the optimized compo-
nent parameters as a function of the increasing cost constraint
Unax.tota- As expected, the optimized power loss decreases as
the BOM cost constraint is increased, until the losses reach a
lower limit. Also, a minimum cost constraint is necessary for
the tool to converge to a feasible design. A comparison is made
between Si- and GaN-based optimized designs. One may note
how the GaN-based designs outperform Si-based designs as the
cost constraint is increased. Fig. 11 also demonstrates the tool’s
multiobjective optimization capabilities by repeatedly running it
with varying constraints. The figure presents a Pareto front illus-
trating the tradeoff between power loss and cost for two different
transistor technologies. The results show that Si-based designs
achieve lower losses under strict cost constraints, whereas GaN
transistors offer higher efficiency as cost constraints are eased.
Next, two specific cost constraints are used to examine the
Si- and GaN-based designs: $5 (Sig and GaN,4 designs) and
$11 (Sip and GaNpg designs). Table VII shows the converged
values of the optimization variables. One may observe that the
trends in the optimization variables match expectations, because
more expensive designs allow for lower switching frequencies,
reduced transistor on-resistances, and smaller inductor current
ripple. One may note the differences in parameter breakdown
between different technologies under varying cost constraints.
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One counterintuitive result is that the optimization converges to
Ron,1 < Rop2 for Siand GaN designs with the smaller cost con-
straint. One would expect the opposite given that the converter
operates at relatively low duty cycle D =~ 12/48 = (.25, and the
(- rms current is larger than the Q1 rms current. A closer inspec-
tion shows that the designs with reduced cost constraints are op-
timized with Ry, 1 < Ron,2 because a lower budget is available
for inductors, which, in turn, leads to higher optimized switching
frequency under the more restrictive cost constraint. At higher
switching frequencies, () transistor turn-OFF loss Pqofr becomes
more significant, as discussed in Appendix. The increase in this
loss mechanism tends to favor a larger (1 device with a smaller
Ron1 and larger Cig, leading to an overall lower total power
loss.

The four specific design points Si4, Sip, GaN 4, GaN 3, were
used to complete the design approach. For each design, the
optimized parameters X, O were used to filter the datasets and
perform the component selection, as described in Section VI.
Fig. 12 shows the predicted power loss performance for various
values of n components retained in the reduced datasets for
transistors, inductors, and capacitors. The component selection
step of the tool was chosen to consider n = 10 components,
determined by their s; scores that yielded the best performance.
This results in a search run-time of 2—4 min on a standard
desktop. This n value represents a good tradeoff between run-
time and the selected components leading to a highly efficient
converter. Increasing the run-time slightly (from < 1 min. to
2-4 min.) results in a significant improvement in predicted
converter efficiency as the tool is now able to see a sufficiently
large number of component combinations even in the context
of the specific loss equations, whereas a significant increase in
run-time (from 2—4 to 20-30 min.) leads to a relatively small
predicted efficiency improvement. These results show how the
ML model-based component parameter recommendations are
a good starting point for component selection, and that the
automatic component selection step can help mitigate errors in
the parameter recommendations that occur as a result of ML
model errors and limitations.

The final step is the f,, sweep given the selected components.
The results for each of the four designs are summarized in

| ML model/
optimization
algorithm step
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Fig. 11
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Fig. 12
Fig. 16

Design approach flowchart, similar to that of Fig. 3, now with the specifications and the results for the presented design examples.

TABLE VIII
SWITCHING FREQUENCIES AND CORRELATED POWER LOSS AT THE
CONVERGED fsw VERSUS AFTER THE fsw SWEEP

Design Step Jsw [kHz] Ploss/Pout [%]
S Algorithm 150 53
A Sweep 100 49
Algorithm 1500 7.9
GaNa I —geep 2500 7.0
. Algorithm 50 44
B Sweep 100 i3
Algorithm 330 23
GaNp I —geep 200 22

In both cases, the P, /P, calculations are made given the parameters of the
selected components.

Table VIII, where one may observe how adjusting fg, yields
small further improvements in power loss.

Table IX shows the break-down of individual loss, cost, and
area contributions of @)1, Q2, L1, C1, and C5 at the selected
design points. The table compares the loss breakdown of the
optimized parameters determined by the ML-based optimiza-
tion step against the loss breakdown given the datasheet pa-
rameters of the selected components. It can be seen that the
breakdowns are similar between the two results. In most cases,
the largest contributor to overall loss, cost, and area is the
inductor.

B. Hardware Prototypes

The selected components listed in Table X were used to build
experimental hardware prototypes. The power stages of the
assembled boards are shown in Fig. 14, and typical operating
waveforms are shown in Fig. 15. Each prototype was tested
across a range of operating frequency f and output power
Pyt Fig. 16 compares the experimentally measured total power
loss against the predicted total power loss, calculated using
the selected components and the optimized operating condi-
tions. The predicted loss is broken down into individual loss
contributions. One may note how the experimentally measured
losses qualitatively match the predicted trends between the four
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TABLE IX
Loss, COST, AND AREA CONTRIBUTION BREAKDOWN BY COMPONENT AND SPECIFIC LOSS CONTRIBUTION

Si GaN
A (< $5) B (< $11) A (< $5) B (< $11)
Attribute Component | X,y | Selected | Xy | Selected | X | Selected | Xope | Selected
P Q1 0.10 0.11 0.05 0.11 0.18 0.16 0.04 0.06
Qe Q2 0.41 0.34 0.18 0.36 1.35 0.47 0.18 0.17
P Q1 0.03 0.03 0.01 0.009 0.03 0.07 0.03 0.03
Qa Q> 0.02 0.03 0.01 0.009 0.01 0.07 0.02 0.03
Poofr Q1 0.12 0.05 0.02 0.05 1.99 0.70 0.08 0.05
Pow Q1 0.57 0.76 0.27 0.17 0 0 0 0
Loss [W] pﬁds 0 002 | 005 | 002 | 002 | 007 | 031 | 010 | 011
Prydc Ly 0.55 1.2 0.74 0.52 0.36 0.14 0.62 0.18
P1yac Ly 0.38 0.12 0.11 0.20 0.17 0.27 0.04 0.13
Pr. Ly 0.70 0.21 0.45 0.27 1.00 2.24 0.27 041
Ppcs 0.21 0.25 0.25 0.27 0.26 0.31 0.25 0.26
Total 3.12 3.15 2.11 2.63 5.42 4.73 1.63 1.40
Q1 0.71 0.57 1.13 0.94 1.89 1.58 3.14 2.53
Q> 0.60 0.57 0.99 0.57 1.61 1.58 2.64 2.53
Cost [$] Ly 3.11 1.97 8.16 7.37 1.10 0.41 4.76 4.02
C1 0.30 0.66 0.38 0.91 0.22 0.66 0.26 0.91
Co 0.28 0.26 0.34 0.96 0.18 0.26 0.19 0.96
Total 5.00 4.03 11.00 10.75 5.00 4.49 11.00 10.95
Q1 16 11 19 11 0.81 0.81 0.81 0.81
Q2 18 11 20 11 0.81 0.81 0.81 0.81
Area [mm?] L1 197 301 511 517 52 44 307 256
C 11 5 9 8 9 5 10 8
Co 8 3 10 5 11 3 9 5
Total 250 331 569 552 74 54 328 270

The expected performance was generated for the synchronous buck converter examples with the cost constraint U, ., (., €qual to $5 or $11, using Si or GaN
MOSFETs, given the commercially available components shown in Table X. In a few instances, due to availability, a component with attributes similar to
the recommended component was selected for the prototype. All calculations shown here are completed using f;,, returned by the optimization step. One may
note the similarities between the results from the optimization step and those with the selected components. Appendix A discusses each power loss contribu-
tion for the buck converter example in detail.

TABLE X

SELECTED COMPONENTS FOR THE PROTOTYPES SHOWN IN FIG. 14

Design | Component Mifr. part no. Parameters
Viss = 60V,
o)) PXNO12-60QLJ R nd: LA
Sig Q- PXNO012-60QLJ RV‘*SS_:J’(;)\;Q
on = .
I, TMPA 1707SP-330MN-D L =33uH
Ch GRM31CCT2A475MEI L C = 4.7 uF
Cs CL21A226MAYNNNE C =22,F
Vass = 80V,
o EPC2052 RO: SS: 13.5mg
GaN 4 Qs EPC2052 R‘/‘*Sfl??%\:m
on — -
I, 240-MGAHO0603R68M-10CT-ND | L = 0.68 il
Ch GRM31CCT2A475MEI 1L C = 4.7 uF
Cs CL21A226MAYNNNE C =22 ,F
o} SIS176LDN-T1-GE3 RV‘*SS_ =1 g (3)\1];19
on — -
Sip Q- PXNO012-60QLJ RVdSS_ jf%\;g
on_ — N
T, AMDLA2213Q-470MT L =47l
Ch GRM32EC72A106MEOSL C =10uF
s C3216X5RIE476MI60AC C =47 uF
Qs EPC2204 }Z“SS - 51%01;/’9
2 = 5.
GaNp Q2 EPC2204 1:_{/ dss = 51%0;]/’9
on — -
I SRP1510CA-100M L=10uH
C, GRM32EC72A 106MEOSL C =10uF
Cs 3216X5RIE336M160AC C =33uF

Fig. 14.  Experimental prototypes. (a) Si4. (b) Sig. (¢c) GaN 4. (d) GaNp.

designs: GaN 4 had the highest loss, then Siy4, then Sip, then
GaNp. However, the measured losses are somewhat higher
than the predicted losses in Fig. 16 due to inaccuracies in the
presented loss characterization for the buck converter.

The difference in efficiencies between GaNp and Sigp was
not as high as expected. Since more of the cost budget was
spent on GaN components, less was available to be spent on
the inductor. After analyzing the results, it was determined
that most of the discrepancy in the loss model is due to terms
involving the switching frequency f, i.e., inductor ac losses
and switching losses. In particular, the inductor temperature rise,
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Fig. 16. Comparison between experimentally measured losses and losses pre-

dicted by the loss model described in Appendix for each of the four prototypes:
Sia, GaN g4, Sip, GaNp.

especially in cases of high Aiy, /I, suggests that the inductor
ac winding loss estimation method could be improved. For
example, methods developed in [6] could improve the inductor
core loss estimation. Other differences in the observed efficiency
versus the predicted efficiency can be attributed to ()1 losses,
particularly the estimation of Cgs 4, which uses an estimated
Closs,0.1 that differs from the datasheet-based value, and the Q)
loss estimation, which uses estimated 7. and 73, parameters. It is
noted that the evaluation of design-oriented parameters and the
power loss equation discussed in Section IV and Appendix are
both simplified estimation approaches, which contribute to the
differences between theoretical and measured losses.

Overall, from the results shown in Fig. 16, it can be concluded
that the ML-based converter design method developed in this
work can be useful in rapidly determining high-performing
designs. It is noted that additional measures can be taken to
improve the theoretical loss models used in the tool. Additional
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design examples, illustrating the generalized nature of the tool,
can be found in [21].

VIII. CONCLUSION

This work presents a data-driven approach, implemented as
a tool, to assist designers in quickly selecting components for
converter designs that achieve high performance across multiple
metrics, including efficiency, cost, and size. The approach lever-
ages a unique combination of data acquisition and ML-based
regression models for components, enabling efficient optimiza-
tion over a large design space through a continuous optimization
process.

Component data is gathered from distributor websites on
22 000 power transistors, 48 000 fixed inductors, and 110 000
Class I MLC capacitors. In addition, automated scraping of
PDF datasheets is used to augment the power FET dataset with
additional datasheet parameters, including device capacitance
and body-diode reverse recovery parameters. Methods are also
introduced for component data preprocessing, including outlier
removal and Pareto dominance, to improve component data
quality and relevance for the power converter design. Novel
automated methods combining data-driven and physics-based
approaches are introduced to enhance component datasets with
design-oriented parameters essential for power loss modeling.
For power FETs, these parameters include the temperature de-
pendence of transistor on-resistance, equivalent charge capaci-
tance, and body-diode reverse recovery parameters across vari-
ous operating conditions. For fixed inductors, predictive models
are developed to account for core losses and ac copper losses,
while the dependence of capacitance on dc bias is modeled for
Class IT MLC capacitors.

Trends in component parameters are effectively captured us-
ing simple regression-based ML models that are relatively easy
to train on moderatly sized datasets and require minimal com-
putational resources to make predictions. In particular, kernel
ridge regression is selected, which offers high predictive accu-
racy, robustness against overfitting, continuous predictions, and
efficient run-time performance. The continuity and efficiency are
important, as these ML-based component models are frequently
used during the optimization process. Furthermore, the one-time
training of these models allows them to be reused universally
across the design of various converter topologies. The developed
ML models support continuous optimization over a large design
space, enabling relatively fast and robust convergence. The
results of the optimization step provide valuable insights into
the influence of component parameters while reducing sensi-
tivity to specific component availability. Finally, the optimized
component parameters are used to filter the large component
datasets to allow for a computationally efficient search leading
to the component selection. The results are sets of commercially
available part numbers rank ordered by performance, assisting
designers in meeting their design objectives efficiently.

The developed tool is applied to the design of 48-to-12 V,
5 A synchronous buck dc—dc converters using either Si or
GaN transistors, where the objective is to minimize loss while
meeting BOM cost and area constraints. As an example of
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the tool’s multiobjective optimization capabilities, Pareto fronts
are generated that illustrate the tradeoffs between achievable
loss and cost. The results reveal that Si-based designs tend
to exhibit lower losses when cost constraints are tight, while
GaN transistors deliver superior efficiency as the cost constraint
is relaxed. Four designs—GaN- and Si-based under both low
and high cost constraints—are selected to demonstrate how
the tool recommends specific sets of component part numbers.
These designs are then implemented as experimental prototypes,
validating the efficiency, cost, and size trends predicted by the
tool.

The complete code for the tool, encompassing data acquisition
and processing, ML modeling, optimization, and component
selection steps, is published to support further open-source
development [23]. Limitations of the approach and the de-
veloped tool are highlighted, especially pointing to the need
for more comprehensive, machine-readable component data,
which would enable further developments of data-driven design
automation tools for power electronics.

APPENDIX
L0ss MODEL FOR A SYNCHRONOUS BUCK CONVERTER

This section describes a loss model for the buck converter
shown in Fig. 2. The converter operates from Vj, input dc voltage
and produces V,; dc output voltage at I, dc output current. It
is assumed that the converter operates in continuous conduction
mode with inductor current ripple Ai < Ioy.

As shown in Table XI, the conduction loss Fg. of the MOSFETS
(21 and ()5 is obtained using the standard expression, with the
multiplier k7 to account for the anticipated temperature rise.
Estimation of k7 is discussed in Section IV-A.

Estimation of the switching loss Py, due to the reverse
recovery of the body diode of the synchronous rectifier (o
is challenging. Power MOSFET datasheets most often include
a single value @)y 4 for the reverse recovery charge, obtained
for recovery from conducting current I 4 at a certain current
decay rate Sy = (di/dt)q, as well as single values for the reverse
recovery time t 4, and the amplitude I, 4 of reverse current
during recovery. Starting from the datasheet-reported values
Qrr,ds IF.ds Sd, ter,ds Iir,qa. the diode reverse recovery model [40]
can be used to determine the time constants associated with the
pn-junction: effective carrier lifetime 7. and time constant 7, of
the current decay when the junction is reverse-biased. Once 7. g
and 7, 4 are determined, the model can be used to calculate )\,
ty, and [, at different operating conditions characterized by Iy
and S. Details of this datasheet-based reverse-recovery model
can be found in [34] and [40].

In this work, the datasheet-reported values Qi.q, ter.a, Sas
and Ir 4 have been scraped from all power MOSFETs in the
datasheet-based dataset. The corresponding calculated values of
Te,a and 7y 4 are used to train ML models for power MOSFETS,
as discussed in Section V and summarized in Table V. In the
optimization step, the ML model-predicted values for 7. and
Ty are used to calculate @)y, £, and then the loss contribution
Py as shown in Table XI, based on the operating conditions in
the considered converter design. In the buck converter example,
Ip = I, — Ai, while the operating decay rate S has an assumed
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TABLE XI
Loss MODEL EQUATIONS FOR THE BUCK CONVERTER BASED ON DATASHEET
PARAMETERS AND THE DESIGN-ORIENTED PARAMETERS ESTIMATED AS
DESCRIBED IN SECTION IV

Loss | Loss Modelin tion
symbol | description oceling equatio
Poe Conduction > ic10 kT Ron ilms
Reverse-recover
Per charge Y (IFtrr + er ) Vin fsw
Charge-equivalent 9
Pous capacitance Cas.QVin fow
iy o1tos
P, Off-transition Sl o
Qoff 4SCOSS 0.1 fSW
Pog Gate-charge >iz1.2 @, VG fow
Rd 12 +
P Windin o
™ § iy Ruc (i fon ) T2
Py Core Ve -iGSE(B, t, K¢e, @, §)
PPCB PCB RPCB I%,rms rT

value of 100 A /us. One may note that the expression for Py in
Table XTI assumes a “snappy” diode, which tends to overestimate
the reverse-recovery related loss on Q.

Hard discharging of @); output capacitance and charging of
(2 output capacitance contributes to the switching loss Pogs,
which can be modeled using the charge-equivalent capacitance
Cas,q [37], [38], [41]. The automated estimation of Cls, ¢ across
the MOSFET dataset is discussed in Section IV-C. Note that one
assumption made in this estimation method is that Co 0.1 iS
assumed to be equivalent between ()1 and ()2, and Cog 9.1 of
(1 is used in calculations.

An overlap in device voltage and current during the Q)
switch-OFF transition leads to a Pgor switching loss, which
assumes a linear decay of current in the (), channel from
Lotr, 1 = Iow + At to zero over the interval toy. This results
in an increase in voltage across the output capacitance of the
device, approximated as Cig o.1. Here, to can be considered a
constant for a given device voltage rating and type, and Cog 0.1
is the device output capacitance Ciyg at Vs equal to 10% of
the rated voltage. Automated estimation of Clogs 0.1 across the
MOSFET dataset is discussed in Section IV-C.

The inductor loss model reported in Table XI includes the
inductor winding loss P, due to the dc resistance R4 re-
ported in datasheets, as well as the loss due to the winding
ac resistance as a function of frequency R,.(f) in (8) (m = 11
current harmonics are considered in the loss model calculations).
Furthermore, inductor core loss P, is estimated using the im-
proved generalized Steinmetz equation (iGSE) approach [48].
For the inductor in the buck example, the inputs are the flux
density waveformB = [-AB,+AB,—-AB],t = [0,DT,, Ty],
AB = LAy, /(NwumsA.), and core volume V.. Automated esti-
mation of the design-oriented parameters needed for the inductor
loss model is discussed in Section IV-E.

Finally, the total converter loss is obtained as

Ploss,total = PQc + Per + Pst + PQoff

+ Py + PLw + PLc + Ppcs- (14)
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