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    Abstract — This paper introduces a dynamic 
cosimulation approach to evaluate the effect of the selection 
of magnetic core material in toroidal inductors for DC-DC 
converters under varying load conditions. This 
cosimulation approach is based on the combination of 
transient analysis and finite element analysis to investigate 
how different high-frequency magnetic materials perform 
as potential core components for the converter's inductor. 
The study considers a DC-DC buck converter modeled in 
Simulink and a detailed toroidal core inductor modeled 
through COMSOL Multiphysics. The LiveLink for 
Simulink tool available in COMSOL Multiphysics is 
utilized for accurate inclusion of the nonlinear inductor 
model and its integration into the dynamic buck converter 
model. The study provides insights into the behavior of 
different magnetic materials under high current exposure, 
and their suitability for use in DC-DC converters. The 
results of this investigation can provide practical guidance 
for designing and optimizing DC-DC converters in various 
electrical systems, with a focus on selecting appropriate 
magnetic materials for toroidal inductors. 

I. INTRODUCTION 

DC-DC converters are widely utilized in the automotive, 
aerospace, and power grid industries, among others. High-
power-density magnetic designs are in high demand in all these 
industries. The key to reducing the weight and volume of power 
converters lies in a compact and efficient magnetic design [1]. 
The size of the inductor is impacted by several design 
considerations, such as the number of stages and the choice 
between continuous and discontinuous conduction modes [2]. 
The selection of appropriate dimensional ratios for the core can 
significantly reduce the size of the inductor [3], and additional 
size reduction can be achieved through the implementation of 
improved cooling methods [4]. Typical switching frequencies 
of DC-DC converters lie in the range of 1 kHz to 1 MHz, 
depending on the semiconductive devices used [15]. Therefore, 
high frequency magnetic design is required. The designer has 
access to a range of magnetic materials for high frequency 
applications, such as powder, ferrite, and tape wound cores [5]. 
The correct choice of magnetic material is imperative to ensure 
a cost-effective inductor with minimum size and maximum 
efficiency for the specific converter to be designed. 

Several researchers have proposed solutions that integrate 
FEM-based simulation tools with time-domain electrical 

system (TDES) simulation tools (either offline or in real-time) 
to enhance the electromagnetic design of power components. 
This allows combining the benefits from both tools: TDES 
software can model large-scale systems and take advantage of 
a comprehensive library of components, while FEM-based 
software can take into account the detailed geometrical and 
material properties of power components, which is particularly 
useful for design purposes. The multiphysics features of 
contemporary FEM tools further enable considering multi-
objective design optimization of power components. 

Dennetiere et al. developed a link between EMTP 
(Electromagnetic Transients Program) and FEM software 
Flux3D to study transformer energization including accurate 
representation of core nonlinearity and anisotropy [6]. This link 
enabled the calculation of mechanical stresses and internal 
fluxes under realistic conditions. Dufour et al. developed a link 
between real-time simulator RT-LAB and FEM software 
JMAG for hardware-in-the-loop testing of a motor controller 
connected to a permanent magnet synchronous motor virtual 
motor drive, aimed at improving motor and control design 
methodologies [7]. Melgoza et al. developed a method to 
interface ATP (Alternative Transient Program) with a custom-
made FEM code for accuracy-enhanced inrush current studies 
of transformers [8]. 

Asghari et al. reviewed the most common techniques to 
interface circuit simulation programs with FEM-based software 
for detailed modeling of electromagnetic behavior of power 
apparatus [9]. It was concluded that an indirect approach, in 
which the FEM and circuit simulator portions are handled and 
solved separately, is very suitable when dealing with multirate 
simulations (such as those typical in converter-dominated 
systems) and is more straightforward to implement when using 
existing simulation programs. Faruque et al. further expanded 
on the topic of software interfacing for power applications [10]. 
This paper highlighted the need for interfacing multi-
domain/physics simulation tools to tackle the increasingly 
complex power systems, especially considering the penetration 
of distributed sources and storage units interconnected by 
means of high-power electronic converters. This paper 
discussed current capabilities and challenges for linking TDES 
and FEM simulation programs, such as COMSOL Multiphysics 
with MATLAB/Simulink, and ANSYS with CASPOC.  

This study aims to examine the transient analysis of a 75 W, 
15 V DC-DC buck converter, with a particular focus on the 
selection of magnetic materials to be used in the toroidal core 
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inductor. Different powder cores are selected as recommended 
in [5]. The online high-frequency magnetics design software 
Frenetic AI is utilized to determine the number of turns and 
dimensions for each material considered. The behavior of the 
selected materials is evaluated under different load conditions 
(nominal load, saturation, and deep saturation) using a 
cosimulation approach via the live interface between Simulink 
and COMSOL Multiphysics (LiveLink for Simulink [11]). The 
main findings of this research paper highlight that the dynamic 
performance of the converter under varying conditions is 
significantly affected by the properties of each magnetic 
material, as observed through transient analysis.  

II. DC-DC BUCK CONVERTER 

The buck converter is a widely used direct current (DC) 
voltage regulator in power applications such as grid integration 
of photovoltaic (PV) systems. It is characterized by its average 
output voltage, 𝑣௢, being lower than the input voltage, 𝑣௜. The 
schematic representation of a typical buck converter is shown 
in Figure 1.  

The initial design of the converter is carried out in this work 
through a two-stage process. The first stage involves the 
calculation of main parameters of the converter, and the second 
stage involves the design of the nonlinear toroidal inductor, as 
described below. 

 
Fig. 1. Typical DC-DC buck converter representation. 

A. Buck Converter Design 

The buck converter operates in two modes: continuous 
conduction mode (CCM), and discontinuous conduction mode 
(DCM). In CCM, the inductor current remains non-zero 
throughout a single switching cycle. This results in a continuous 
input current due to the inductor being connected in series with 
the power source [12]. 

The initial parameters of the buck converter are obtained 
from the equations presented in [13]. In order to achieve 
appropriate power conversion for 𝑣௜ =  30 V and 𝑣௢ =  15 V. 
The switching frequency is selected as 50 kHz with a duty cycle 
𝐷 = 0.5, so that: 

𝑣௢ = 𝐷𝑣௜  (1) 

To ensure that the buck converter is operated in CCM mode, 
the lower margins of inductor (𝐿୫୧୬) and smoothing capacitor 
(𝐶୫୧୬) are calculated as follows: 

𝐿୫୧୬ =  
(ଵି஽) ோ

ଶ௙ೞೢ
 (2a) 

𝐶୫୧୬ =  
( ଵି஽)

ଵ଺ ௅ (௙ೞೢ)మ (2b) 

where 𝑅 is a resistive load, 𝑓௦௪ is the switching frequency of 
the semi conductive device, and 𝐿 is the inductor value selected 
for the design. In practice, 𝐿 is typically chosen to be about 10 
times the margin inductor value. The resulting values for the 
cases studied in Section IV of this paper are listed in Table 1.  

B. Toroidal Inductor Design 

The performance of a buck converter is significantly 
impacted by the design of its magnetic components [5]. 
Inductor design plays a crucial role in the overall design stage. 
To determine the number of turns required to achieve a 
minimum of 1 mH, this work studies the use of three high-
frequency magnetic materials, as listed in Table 2. The use of 
Frenetic AI resulted in the selection of a T35/22/9.8 core type, 
as well as the calculation of the required number of turns for 
each type of material. T35/22/9.8 represents the core 
dimensions: outside diameter of 35.2 mm, inside diameter of 
22.5 mm, and height of 9.8 mm (with two stacks), as presented 
in Table 2. 

For COMSOL simulations, the toroidal inductor 
dimensions and materials from Frenetic AI’s design 
(T35/22/9.8) are introduced as listed in Table III, also including 
an external region of air to provide an outside boundary to the 
problem.  

TABLE 1: BUCK CONVERTER SELECTED PARAMETERS 

Parameter Value 

Input Voltage, 𝑉௜௡ 30 V 

Output Voltage, 𝑉௢ 15 V 

Duty Cycle, 𝐷 0.5 

Inductor, 𝐿 1 mH 

Smoothing Capacitor, 𝐶 22 uF 

Load, 𝑅 3.75 

Switching frequency, 𝑓௦௪ 50 kHz 

 
TABLE 2: TOROIDAL INDUCTOR DESIGN FOR DIFFERENT HIGH-

FREQUENCY MAGNETIC MATERIALS AND CORE TYPE T35/22/9.8 

Magnetic Material Number of Turns 

High Flux 60 123 

XFlux 60 122 

MPP 60 180 

 
TABLE 3:  INDUCTOR PARAMETERS IN COMSOL 

Inductor 
Core 

Circle dimensions 
(radius) 

Applied 
Material 

Outside Air region 50 mm Air 

Outer Coil 21.35 mm Copper 
 Inner Coil 7.5 mm 

Outer Core 11.25 mm 
HiFlux 60 

Inner Core 17.6 mm 
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III. MODELING APPROACH 

A. Cosimulation Model 

The main representation of the cosimulation approach for 
buck converter modeling is shown in Fig 2. The buck converter 
is modeled in Simulink in open-loop mode feeding a variable 
resistive load to evaluate different loading conditions. The 
converter’s inductor is modeled in COMSOL Multiphysics 
based on its geometrical configuration and material properties, 
considering the non-linear (B-H curve) behavior of the core 
material. A current-dependent inductance model is 
implemented in Simulink and fed by the inductance value 
calculated by COMSOL for each timestep of the simulation. At 
the same time, COMSOL’s inductance calculation depends on 
the current of the converter, creating a live interaction between 
Simulink and COMSOL, as illustrated in Fig. 2. 

 
Fig. 2. Basic representation of cosimulation model of buck converter. 

B. FEM-based inductor model 

FEM-based inductor calculation is performed using 
COMSOL Multiphysics. A 2D geometrical approximation is 
considered in the AC/DC - magnetic fields module of 
COMSOL. The magnetic energy method is used for the 
calculation of inductance. This method requires the calculation 
of magnetic energy density distributed in the inductor core, its 
integration over the core area, and the calculation of inductance 
using the following equation: 

𝐿 = 2𝐻𝑊௠/𝐼ଶ (3) 

where H is the core height in meters,  𝑊௠  is the magnetic 
energy per meter, and I is the current applied to the inductor 
coil. A sample COMSOL simulation is shown in Fig. 3, which 
evidences the concentration of magnetic flux in the inductor 
core due to its high permeability.  

C. Simulink converter model 

An open-loop buck converter topology is modeled with the 
parameters presented in Table 1. This model is shown in the 
purple block of the diagram shown in Fig. 4. The Simulink 
model includes a variable inductor based on eq. (4), with the 
purpose of modeling an inductor able to provide an immediate 
inductor value in response to load changes.  

𝑖௅(𝑡) =
ଵ

௅(௧)
 ∫ 𝑣௅(𝜏)𝑑𝜏

௧

଴
 (4) 

 
 

Fig. 3. COMSOL-based model of toroidal inductor. 

The elements required to implement eq. (4) in Simulink are 
shown in the yellow block of Fig. 4.  Furthermore, the 
COMSOL component of the model for cosimulation is shown 
as a green block in the same figure. It can be noticed that the 
variable inductor model requires an initialization step that 
provides the first value of inductance, so that the simulation 
process can start for t = 0. The initial value selected for this 
purpose is 1 mH, which aligns with the designed inductor value. 

IV. RESULTS AND DISCUSSION 

The test cases under study consider the buck converter 
parameters listed in Table I, as well as the nonlinear inductors 
with core materials listed in Table II. Three cases are studied: 
a) nominal load of 3.75 Ω, b) overload condition of 2 Ω to 
evaluate converter performance under inductor saturation 
condition, and c) overload condition of 0.5 Ω to evaluate 
converter performance under deep saturation condition. The 
results obtained with each material under evaluation are 
compared for the three cases. For each case, the cosimulation 
model was executed with a uniform time step of 2 µs. All 
simulations were performed using a computer server running at 
2.40 GHz with 256 GB or RAM. 

A. Nominal load condion (3.75 Ω) 

Fig 5(a) shows the transient behavior of the inductance 
value under nominal load. Although the value of inductance is 
similar for all three materials when steady state is reached, its 
transient behavior is different due to differences in their BH 
curves, which is reflected in the transient current and voltage 
responses observed, as seen in Figs. 5(b) and 5(c). Although 
some differences are evident during transient state, a similar 
output voltage is achieved with all materials under evaluation. 

B. Overload condition (2.0 Ω) 

In this case the differences in the transient behavior of 
different materials becomes substantially more evident. 
Specifically, the MPP core inductor exhibits very poor 
performance, reaching deep saturation that results in wildly 
varying inductance and corresponding spikes in inductor 
current and output voltage, as seen in Fig 6. This large and fast-
rising overcurrent and overvoltage values would trigger 
protection elements of the converter. This complex behavior is 
only possible to predict by means of a detailed nonlinear 
inductor model included in the transient converter simulation. 

50 kHz 
switching 

signal 

COMSOL inductor 
model 

Simulink converter 
model 
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Fig. 4. DC-DC Buck converter Simulink model interfaced with COMSOL. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 5. Results for nominal load condition. 

 

 
(a) 
 

 
(b) 

 

 
(c) 

Fig. 6. Results for overload condition - 2 Ω. 
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C. Deep saturation condition (0.5 Ω) 

For this final case the load is substantially larger than the 
nominal load, so the inductor is expected to reach deep 
saturation. This is evident from Fig. 7(a), which shows how the 
inductance value oscillates between a maximum and a 
minimum value, corresponding to the limiting slopes of the B-
H curve for each core material. Very large and sustained 
overcurrent and overvoltage oscillations are observed in all 
cases (Figs. 7(a) and 7(b)). Although in practice the protection 
element(s) of the converter are expected to act at the first spike 
of the transient response (around 0.7 ms), the plot for a longer 
period of time is presented to showcase the appropriate 
performance of the cosimulation model. 

Overall, it is observed that the converter load has a very 
important effect on the shape and behavior of the transient 
response for each material considered. Different inductance 
values are achieved during transient state, which strongly affect 
the output voltage obtained by each converter. 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 6. Results for overload condition – 0.5 Ω. 

V. CONCLUSIONS 

This paper proposed the use of a novel cosimulation 
approach to investigate the impact of magnetic material 
selection on the dynamic behavior of DC-DC buck converters. 

The results and observations of this study demonstrate that the 
unique magnetic characteristics of each magnetic material can 
significantly impact the transient and steady state performance 
of the converter under different loading conditions. Thus, the use 
of cosimulation tools can offer valuable insights into the 
appropriate selection of magnetic materials to achieve a cost-
effective inductor with minimum size, which can benefit a wide 
range of industries that utilize DC-DC converters.  

Further research should focus on the experimental 
verification of the simulation results achieved in this work, as 
well as its extension to other DC-DC converter topologies. 
Furthermore, a similar approach can be applied to study the 
behavior of other magnetic components in grid applications, 
such as transformers and motors.  
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