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ABSTRACT Capacitor designs employed in DC-link applications of power electronic converters must 

minimize equivalent series resistance and parasitic inductance due to the adoption of wide bandgap 

semiconductors, which enable operation at significantly higher temperatures, voltages, and switching 

frequencies. The paper focuses on characterizing metallized plastic film capacitors by analyzing the 

influence of materials, dimensions, and construction features, both of the capacitive element and of the 

connections and terminals, on parasitic inductance and associated losses, thereby supporting the 

development of an equivalent circuit model. A comprehensive literature review establishes the theoretical 

foundation for the analytical formulation, which is then applied to the structural characteristics of the 

capacitor under investigation to derive the parameters of the equivalent circuit. The calculated values of 

equivalent series inductance and equivalent series resistance are validated through comparison with 

measurements obtained from different capacitor models. The results confirm the accuracy of the proposed 

calculation method, as the observed deviations remain within acceptable limits, considering the inherent 

variability of raw materials, manufacturing processes, and measurement procedures. 

KEYWORDS Metallized plastic film capacitor, Equivalent circuit of the capacitor, Equivalent series 

inductance, Equivalent series resistance. 
 

 

 

I. INTRODUCTION 

The use of wide bandgap (WBG) semiconductors, including 

those manufactured with silicon carbide (SiC), has already 

become a reality as a replacement for their silicon (Si) 

counterparts, enabling operation at significantly higher 

temperatures, voltages, and switching frequencies. These 

types of semiconductors make power electronics modules 

more powerful and energy-efficient, driving advancements in 

energy processing for automotive electric traction and 

renewable energy applications such as solar and wind. 

However, the increase in switching frequency raises the 

levels of current and voltage derivatives (di/dt and dv/dt) over 

time, making the system more susceptible to parasitic 

elements such as inductors and capacitors [1], [2]. 

Thus, in order to keep pace with the advancement of 

semiconductors, the other components that constitute the 

power modules of static converters must also evolve. One of 

the main components involved in this process is the capacitor 

applied to the DC-Link of the converter. The equivalent 

series inductance (ESL) present at the semiconductor 

terminals is primarily responsible for voltage spikes during 

the turn-off event, and these spikes can lead to premature 

failures in both the semiconductors and the capacitor. The 

inductances of the capacitor and the connection busbars 

significantly contribute to this parasitic inductance; 

therefore, they must be minimized to reduce the impact on 

the circuit [3], [4], [5]. 

With the trend toward higher switching frequencies, it is 

essential to reduce parasitic inductance and, consequently, 

the inductance of the DC-link capacitor [6]. Additionally, as 

switching frequency increases, switching losses also rise, and 

combined with higher operating temperatures, capacitor 

losses must be minimized to maintain the maximum hotspot 

temperature within acceptable limits for proper functionality, 

according to product design specifications. Achieving these 

improvements in capacitor performance requires detailed 

knowledge of its characteristics and how each component 

impacts parasitic inductance and losses, enabling the 

identification of the most suitable product design for the 

intended application. 

Several studies and papers address this topic, aiming to 

quantify capacitor losses and parasitic inductance. However, 

since equivalent circuit analysis is highly dependent on 

product design and application, evaluations are often specific 

to the capacitor model under investigation. In [7], a 

comprehensive approach is presented for both losses and 

ESL, but applied to low-power capacitors with cable 

connections. In [8], a distributed circuit model is evaluated 

for inductance calculation, but applicable to stacked 

multilayer capacitors. In [3], an equivalent circuit model for 

metallized plastic film capacitors is developed and adjusted 

based on comparisons between model and measurements, 

though without analytical formulation of the components. In 

[9], the calculation of self and mutual inductance of line filter 

capacitors is carried out; thus, the analysis is performed for 
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frequencies above the resonance frequency. In [10], a 

distributed equivalent circuit for capacitor representation is 

presented; however, not all components are calculated, as 

some are defined based on measurements. 

Aiming to mitigate these gaps, this paper seeks to map the 

capacitor and to quantify the influence of materials, 

dimensions, and design, both of the capacitive element and 

of the connections and terminals, on parasitic inductance and 

losses. Based on this analysis, the goal is to develop the 

calculation of the components of the capacitor equivalent 

circuit, during the project design phase, while the electrical 

and mechanical characteristics are being established, 

supporting evidence-based choices regarding cost–benefit 

performance, without the need for prototype manufacturing. 

This paper is derived from specific constructive 

characteristics, and no equivalent literature was found to 

enable a comparison of results. Therefore, the evaluation of 

the analytical model is carried out experimentally by 

comparing calculated and measured values. 

 

II. METALLIZED PLASTIC FILM CAPACITOR 

Metallized plastic film capacitors are suitable for high-power 

applications at low and medium voltage levels due to their 

low losses and high reliability [6]. 
 

A. METALLIZED PLASTIC FILM 

The metallized plastic film consists of a base film, which 

forms the capacitor dielectric and is typically made of 

polypropylene (PP), polyethylene terephthalate (PET), 

polyethylene naphthalate (PEN), or polyphenylene sulfide 

(PPS), with a thickness on the order of a few micrometers. 

The base film is coated on one side with a thin metal layer, 

with a thickness on the order of a few nanometers, generally 

composed of an aluminum base with an overlaid zinc layer 

[7], [11], [12].  

Although metallization profiles may vary, they follow a 

standard configuration consisting of: a heavy edge, located at 

one end of the base film width and characterized by greater 

thickness; a free margin, located at the opposite end of the 

base film width and without metallization; and an active area, 

which lays between the heavy edge and the free margin and 

has a smaller thickness compared to the heavy edge [7]. The 

representation of the metallized film is shown in Fig. 1. 

To characterize the film metallization profile, the electrical 

property of surface resistivity is used, which corresponds to 

the resistance between two parallel surfaces of a square, 

independent of the area of the square. The measurement of 

the surface resistivity is expressed in ohms per square (Ω/□) 

[7], [13]. 
 

 
FIGURE 1. Metallized film. 

 

The metallization profile develops along the width of the 

metallized film. Along its length, the profile remains 

constant, simply replicating the configuration observed 

across the width. 

B. CAPACITIVE ELEMENT 

The capacitive element consists of a plastic core, whose 

diameter may vary depending on the application, around 

which two metallized films are wound in parallel. The 

metallized layer of the second film is positioned in contact 

with the non-metallized side of the first film. The films are 

arranged so that their heavy edges are on opposite sides, 

making each end of the capacitive element correspond to one  

pole (electrode) of the capacitor. Additionally, an axial offset 

is applied between the films, with the heavy edge slightly 

elevated to improve the electrical contact between the 

metallized layer and the external connection and to enhance 

electrical insulation between films of opposite polarities [7]. 

After winding the metallized films, a zinc coating is 

deposited on both ends of the capacitive element (end-spray). 

This coating, composed of zinc grains, serves to interconnect 

all turns of the metallized film with the same polarity and to 

provide a base for the electrical connection to the capacitor 

terminals [7]. 

The calculation of the capacitor’s metallized film length is 

based on the capacitance equation, considering that the 

capacitor electrodes are arranged in a stacked configuration 

[14], [15]. The length of the metallized film is determined 

according to (1). 
 

𝑙𝑓 =  
𝐶 ∙ 𝑒𝑓

2 ∙ 𝜀0 ∙ 𝜀𝑟 ∙ (𝑏𝑓 − 2 ∙ 𝐵𝐿 − 𝐷𝑒𝑓)
 (1) 

 

where 𝑙𝑓 is the film length (m); 𝐶 is the capacitance (F); 𝑒𝑓is 

the base film thickness (m); 𝜀0 is the vacuum permittivity 

(F/m); 𝜀𝑟is the relative permittivity of the dielectric; 𝑏𝑓 is the 

film width (m); 𝐵𝐿 is the free margin of the film (m); and 

𝐷𝑒𝑓is the offset between films (m). 

After calculating the film length, the external diameter of 

the capacitive element can be determined. The external 

diameter is given by (2). 
 

𝑑𝐸𝐶 =  √
8 ∙ 𝑙𝑓 ∙ 𝑒𝑓

𝜋
+ 𝑑𝑐𝑜𝑟𝑒

2
 (2) 

 

where 𝑑𝐸𝐶  is the external diameter of the capacitive element 

(m); and 𝑑𝑐𝑜𝑟𝑒 is the core diameter (m). 

The height of the capacitive element is calculated as shown 

in (3). 
 

ℎ𝐸𝐶 =  𝑏𝑓 + 𝐷𝑒𝑓 (3) 
 

where ℎ𝐸𝐶  is the height of the capacitive element (m). 
 

C. ASSEMBLED CAPACITOR 

The capacitive element forms the core of the capacitor, as it 

comprises the dielectric and the electrodes. However, the 

electrical connection between the capacitive element and the 

external part of the capacitor is established through cables, 

strips, and busbars, while the terminals are responsible for 

supplying electrical power to the capacitor. Consequently, 

their structure is closely related to the product’s intended 

application. 
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III. EQUIVALENT CIRCUIT 

The approach for analyzing and calculating the capacitor 

equivalent circuit varies significantly with changes in 

product design, particularly regarding the evaluation of 

parasitic inductance, due to the geometry of the components 

and the interaction between them. Capacitors for power 

electronics, applied in DC-link configurations of converters, 

offer a wide range of constructive possibilities. Therefore, for 

the development of this paper, the following design 

characteristics are considered, which are widely employed in 

DC-link capacitors: 

a) Non-segmented metallization profile without series-

connected capacitors. 

b) Double-end circular capacitive element, where the 

electrodes are connected on opposite sides. 

c) Two metallized films with identical characteristics in 

width, base film thickness, and free margin. 

d) Radial feed, with terminals positioned on the same side. 

e) Electrical connection through strips. 

f) Female screw terminal with cylindrical body and 

hexagonal base. 

The capacitive elements, electrical connections, and 

terminals constitute the components considered in the 

evaluation of the capacitor equivalent circuit. This analysis 

will be carried out in two stages: first, the assessment of 

losses through the equivalent series resistance (ESR), and 

subsequently, the evaluation of parasitic inductance through 

the ESL. 
 

A. EQUIVALENT SERIES RESISTANCE 

For the capacitive elements, the analysis is based on a 

distributed equivalent circuit model, considering only the 

resistance and capacitance of the circuit, which allows 

representing the multiple layers that compose the capacitor. 

A simplified representation of the distributed equivalent 

circuit is shown in Fig. 2, where R denotes the surface 

resistivity of the metallized layer and C represents the 

capacitance between two consecutive electrodes within the 

analyzed area. It is observed that the capacitance is multiplied 

by two, which occurs due to the stacking of metallized film 

layers [7]. 

To ensure that the distributed equivalent circuit accurately 

represents the capacitor, it must be correlated with its 

physical structure. Fig. 3 illustrates the division of the 

metallized film into small square areas, referred to as mini-

squares. Based on the analysis of the electrical characteristics 

of these mini-squares, the distributed equivalent circuit is 

developed [7]. 

For the development of this paper, a circuit model with a 

central resistor is used, where the capacitors are positioned at 

the ends and the resistors in the central regions of the 

subcircuits. In this circuit model, the beginning and the end 

of the metallized film are composed of half of a mini-square, 

causing the first and the last capacitors in the circuit to have 

half the capacitance of the other capacitors [7]. 

 

 
FIGURE 2. Simplified distributed equivalent circuit [7]. 

 

 

FIGURE 3. Capacitor physical representation [7]. 
 

The accuracy of the distributed equivalent circuit, which 

represents a continuous physical structure, increases as the 

number of mini-squares composing it grows [7]. The circuit 

was divided into fifteen mini-squares, as this quantity yielded 

satisfactory results in the analyses presented in [7]. Fig. 4 

shows the circuit, where R1 to R15 correspond to the surface 

resistivity of the metallization of the first film, R16 to R30 

correspond to the surface resistivity of the metallization of 

the second film, and C1 to C16 correspond to the capacitance 

in the area formed by the mini-square, noting that C1 and C16  

have half the capacitance of the other capacitors in the circuit. 

Components R1 to R30 and C1 to C16 represent the region 

where there is overlap between the two films, and to represent 

the surface resistivity of the film ends, where there is no 

overlap, components Rsa and Rsb were added. 

The mini-square dimensions are calculated based on the 

region where the films overlap, as described in (4). 
 

𝑀𝑆 =  
𝑏𝑓 − (2 ∙ 𝐵𝐿 + 𝐷𝑒𝑓) 

15
 (4) 

 

where 𝑀𝑆 is the mini-square dimension (m). 

The distributed equivalent circuit represents the capacitor 

along the width of the metallized film, and to replicate it 

along the length of the film, it is necessary to calculate the 

number of mini-squares along the length, as shown in (5) [7]. 
 

𝑛𝑀𝑆 =  
𝑙𝑓

𝑀𝑆
 (5) 

 

where 𝑛𝑀𝑆 is the number of mini-squares along the length of 

the film. 

The resistance values of R1 to R15 and R16 to R30 depend 

on the designed metallization profile of the films. Therefore, 

it is necessary to define the position of each resistor relative 

to the width of the films, starting from the heavy edge, as 

presented in (6) and (7) for the first film.  
 

𝑃𝑅1 = 𝐷𝑒𝑓 + 𝐵𝐿 +
𝑀𝑆

2
 (6) 

 

𝑃𝑅2 = 𝑃𝑅1 + 𝑀𝑆 (7) 
 

where 𝑃𝑅1 is the position of R1 on the film (m); and 𝑃𝑅2 is 

the position of R2 on the film (m). 

The calculation of the positions of resistors R3 to R15 is 

performed successively, as shown in (7). 
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FIGURE 4. Distributed equivalent circuit for fifteen mini-squares. 
 

The positions of resistors R16 to R30 in the second film 

follow the same approach, considering that R30 is located at 

the heavy edge, as occurs with R1 in the first film. Therefore, 

the position of resistor R30 is equal to that of R1, the position 

of R29 is equal to that of R2, and so on. 

The resistance values of resistors Rsa and Rsb are defined 

based on the relationship between the regions located at the 

ends of the films and the mini-square dimensions, where 

there is no overlap, considering the surface resistivity of this 

region equal to the designed resistivity of the heavy edge, as 

presented in (8). 
 

𝑅𝑠𝑎 =  𝑅𝑠𝑏 =  
𝐷𝑒𝑓 + 𝐵𝐿

𝑀𝑆
∙ 𝑅𝐵𝑅 (8) 

 

where 𝑅𝑠𝑎 is the resistance at the end of the first film (Ω); 

𝑅𝑠𝑏  is the resistance at the end of the second film (Ω); and 

𝑅𝐵𝑅 is the surface resistivity of the heavy edge (Ω/□). 

The capacitance values of capacitors C2 to C15 correspond 

to the capacitance of each mini-square and depend on its area 

relative to the total electrode area of the capacitive element. 

The capacitance values of capacitors C1 and C16 are half the 

capacitance of a mini-square, as previously mentioned. The 

calculation of the mini-square capacitance is given by (9) [7]. 
 

𝐶𝑀𝑆 =  
𝐶𝑑𝑒𝑠

15 ∙ 𝑛𝑀𝑆
 (9) 

 

where 𝐶𝑀𝑆 is the capacitance of the mini-square (F); and 𝐶𝑑𝑒𝑠 

is the total designed capacitance of the element (F). 

After defining all components of the distributed equivalent 

circuit, the calculation of the equivalent impedance is 

performed. From the circuit equivalent impedance, it is 

possible to obtain equivalent capacitance and equivalent 

resistance. The total capacitance of the capacitive element 

and the total series resistance of the metallization of the 

metallized plastic film can be calculated by considering the 

presence of multiple parallel circuits along the length of the 

films, as presented in (10) and (11) [7]. 
 

𝐶𝐸𝐶 =  𝐶𝑒𝑞 ∙ 𝑛𝑀𝑆 (10) 
 

𝑅𝑠𝑓𝑖𝑙𝑚 =  
𝑅𝑒𝑞

𝑛𝑀𝑆
 (11) 

 

where 𝐶𝐸𝐶  is the total capacitance of the capacitive element 

(F); 𝐶𝑒𝑞  is the equivalent capacitance of the distributed 

equivalent circuit (F); 𝑅𝑠𝑓𝑖𝑙𝑚 is the total series resistance of 

the metallization of the plastic film (Ω); and 𝑅𝑒𝑞 is the 

equivalent resistance of the distributed equivalent circuit (Ω). 

The capacitor dissipation factor (DF) is the ratio between 

active power and reactive power, or, more simply, the ratio 

between the ESR and the capacitive reactance of the 

capacitor. The ESR consists of dielectric losses and 

conductor losses, such as those in terminals, connections, 

end-spray, and metallization of the plastic film (electrodes). 

Dielectric losses can be represented by a resistance that 

should be inversely proportional to frequency, since at low 

frequencies these losses are predominant compared to 

conductor losses. Therefore, dielectric losses can be 

calculated according to (12) [7], [11]. 
 

𝑅𝑝𝐸𝐶 =  
𝑅𝐷

𝑓
=  

𝐷𝐹𝑓

2 ∙ 𝜋 ∙ 𝐶𝑑𝑒𝑠 ∙ 𝑓
  (12) 

 

where 𝑅𝑝𝐸𝐶  is the resistance representing dielectric losses 

(Ω); 𝑅𝐷 is the resistive component of dielectric losses (Ω); 𝑓 

is the frequency (Hz); and 𝐷𝐹𝑓 is the dielectric dissipation 

factor at low frequencies. 

Equation (12) is applicable in situations where the 

dielectric exhibits a constant dissipation factor at low 

frequencies, as is the case for polypropylene film [7]. 

The resistance of the end-spray, which connects the 

multiple turns of the film, depends on the contact area with 

the metallization of the plastic film, with the worst case 

occurring when the zinc grains only contact the film 

metallization through its thickness [14]. However, due to the 

offset between the films, there is penetration of grains 

between them, increasing the contact area with the film 

metallization. Since the penetration depth of the grains in the 

offset region is not uniform, penetration in half of this region 

is considered for calculation purposes. 

To calculate the thickness of the heavy edge of the 

metallized film layer, the metallization pattern is assumed to 

be made of aluminum and zinc at the heavy edge, while the 

active area consists only of aluminum, represented by the 

extended-edge metallization profile. Based on the resistivity 

data of the heavy edge and the active area, the thicknesses of 

the aluminum and zinc layers, and the total thickness of the 

heavy edge are determined employing (13), (14) and (15) 

[14]. 
 

𝑒𝐴𝑙 =  
𝜌𝐴𝑙

𝑅𝐴𝑇
 (13) 

  

𝑒𝑍𝑛 =  
𝜌𝑍𝑛

𝑅𝐵𝑅 ∙ 𝑅𝐴𝑇
∙ (𝑅𝐴𝑇 − 𝑅𝐵𝑅) (14) 

  

𝑒𝐵𝑅 =  𝑒𝐴𝑙 + 𝑒𝑍𝑛 (15) 
 

where 𝑒𝐴𝑙  is the thickness of the aluminum layer (m); 𝜌𝐴𝑙 is 

the aluminum resistivity (Ω·m); 𝑅𝐴𝑇 is the surface resistivity 

of the active area (Ω/□); 𝑒𝑍𝑛 is the thickness of the zinc layer 

(m); 𝜌𝑍𝑛 is the zinc resistivity (Ω·m); and 𝑒𝐵𝑅 is the thickness 

of the heavy edge (m). 

The end-spray resistance (18) consists of the surface 

resistance, formed by the contact between zinc grains and the 

thickness of the heavy edge of the film metallization (16), 

and the resistance resulting from the penetration of zinc 

grains into the offset region between films (17) [14]. 
 

𝑅𝑠𝑢𝑝 =  
𝜌𝑍𝑛 ∙ 𝑒𝑚𝑒𝑡

𝑙𝑓 ∙ 𝑒𝐵𝑅
 (16) 

 

𝑅𝑝𝑒𝑛 =  
𝜌𝑍𝑛

𝑙𝑓
∙ (

𝑒𝑚𝑒𝑡

𝑒𝑓
+

2 ∙ 𝑒𝑓

𝐷𝑒𝑓
) (17) 

 

𝑅𝑚𝑒𝑡 =  
𝑅𝑠𝑢𝑝 ∙ 𝑅𝑝𝑒𝑛

𝑅𝑠𝑢𝑝 + 𝑅𝑝𝑒𝑛
 (18) 
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where 𝑅𝑠𝑢𝑝 is the surface resistance of the end-spray (Ω); 

𝑒𝑚𝑒𝑡  is the end-spray thickness (m); 𝑅𝑝𝑒𝑛 is the resistance 

due to the penetration of zinc grains into the offset region 

between films (Ω); and 𝑅𝑚𝑒𝑡  is the total resistance of the end-

spray (Ω). 

The series resistance of the capacitive element is calculated 

according to (19), and the ESR of the capacitive element is 

calculated according to (20) [7], [14]. 
 

𝑅𝑠𝐸𝐶 =  𝑅𝑠𝑓𝑖𝑙𝑚 + 𝑅𝑚𝑒𝑡 (19) 
 

𝑅𝑆𝐸𝐸𝐶 =  𝑅𝑠𝐸𝐶 + 𝑅𝑝𝐸𝐶 (20) 
 

where 𝑅𝑠𝐸𝐶  is the series resistance of the capacitive element 

(Ω); and 𝑅𝑆𝐸𝐸𝐶  is the equivalent series resistance of the 

capacitive element (Ω). 

The calculation of the connection strips and terminal 

resistances is based on Ohm’s Second Law. 

For the connection strips, the resistance is calculated 

according to (21). 
 

𝑅𝑓𝑡 =  
𝜌 ∙ 𝑙𝑓𝑡

𝑏𝑓𝑡 ∙ 𝑒𝑓𝑡
 (21) 

 

where 𝑅𝑓𝑡 is the strip resistance (Ω); 𝜌 is the material 

resistivity (Ω·m); 𝑙𝑓𝑡 is the strip length (m); 𝑏𝑓𝑡 is the strip 

width (m); and 𝑒𝑓𝑡 is the strip thickness (m). 

The terminal considered is as shown in Fig. 5, and its 

resistance is calculated according to (22). 
 

𝑅𝑡𝑚 = 2 ∙ 𝜌 ∙ [
2 ∙ ℎ𝑟𝑜𝑠

𝜋 ∙ (𝑑𝑐𝑖𝑙
2 − 𝑑𝑟𝑜𝑠

2)
+

2 ∙ (ℎ𝑐𝑖𝑙 − ℎ𝑟𝑜𝑠)

𝜋 ∙ 𝑑𝑐𝑖𝑙
2

+
ℎ𝑠𝑒𝑥𝑡

√3 ∙ 𝑏𝑠𝑒𝑥𝑡
2] 

(22) 

 

where 𝑅𝑡𝑚 is the terminal resistance (Ω); ℎ𝑟𝑜𝑠 is the height 

of the threaded region (m); 𝑑𝑐𝑖𝑙  is the diameter of the 

cylindrical region (m); 𝑑𝑟𝑜𝑠 is the diameter of the threaded 

region (m); ℎ𝑐𝑖𝑙  is the height of the cylindrical region (m); 

ℎ𝑠𝑒𝑥𝑡 is the height of the hexagonal region (m); and 𝑏𝑠𝑒𝑥𝑡  is 

the width of the hexagonal region (m). 

After calculating the ESR of the capacitive elements and 

the resistances of the connection strips and terminals, the 

ESR of the capacitor can be determined. The equivalent 

circuit used for this calculation depends on the number of 

capacitive elements and the connection configuration, which 

are design parameters. 
 

B. EQUIVALENT SERIES INDUCTANCE 

The current flows through the capacitive element in two 

ways: radially, via the end-spray, and longitudinally, via the 

film metallization. Considering a uniform distribution of 

current in the radial direction, no magnetic field, and 

consequently no inductance is generated [16]. 

In this paper, a circular capacitive element with double-end 

is considered, where the electrodes are connected on opposite 

sides. Thus, the currents in both electrodes flow in the same 

direction, as shown in Fig. 6. The longitudinal current, which 

flows through the plastic film metallization, induces a 

magnetic field and this generates parasitic inductance [7], 

[16]. 

 

 
FIGURE 5. Hexagonal terminal. 

 

 
FIGURE 6. Representation of current flow in the capacitive element 

[7]. 
 

Using Ampère’s Law as the basis for calculating the 

magnetic field intensity generated by the electric current 

flowing through the turns of the metallized film, and 

evaluating the electromagnetic energy stored in these turns,  

the equation for parasitic inductance per unit height of the 

capacitive element is obtained. When multiplied by its 

height, this becomes the parasitic inductance of the 

capacitive element, as given in (23) [7], [16]. 

 

𝐿𝐸𝐶 =
𝜇 ∙ ℎ𝐸𝐶

2 ∙ 𝜋 ∙ (𝑟𝐸𝐶
2 − 𝑟𝑐𝑜𝑟𝑒

2)2 ∙ 

∙ [𝑟𝑐𝑜𝑟𝑒
4 ∙ ln |

𝑟𝐸𝐶

𝑟𝑐𝑜𝑟𝑒
| + 3

4⁄ 𝑟𝑐𝑜𝑟𝑒
4 + 𝑟𝐸𝐶

2 (
𝑟𝐸𝐶

2

4
− 𝑟𝑐𝑜𝑟𝑒

2)] 

(23) 

 

where 𝐿𝐸𝐶  is the parasitic inductance of the capacitive 

element (H); 𝜇 is the magnetic permeability of the medium 

(H/m); 𝑟𝐸𝐶  is the outer radius of the capacitive element (m); 

and 𝑟𝑐𝑜𝑟𝑒 is the core radius (m). 

The electrical connections considered in this paper are flat  

strips; therefore, the calculation of the strip self-inductance is 

similar to the calculation of busbar self-inductance, as 

presented in [17] and shown in (24). 
 

𝐿𝑓𝑡 =  
𝜇0 ∙ 𝜇𝑟 ∙ 𝑙𝑓𝑡

𝜋
∙ (

1

8
+

2 ∙ 𝑒𝑓𝑡

𝑒𝑓𝑡 + 𝑏𝑓𝑡
) (24) 

 

where 𝐿𝑓𝑡 is the strip self-inductance (H); 𝜇0 is the magnetic 

permeability of vacuum (H/m); and 𝜇𝑟 is the relative 

magnetic permeability of the medium. 

The capacitor terminals, due to their design with a 

cylindrical body and hexagonal base, do not exhibit 

significant inductance and were therefore disregarded in the 

calculation. 

Inductance arises from the interaction energy between 

electrical circuits, being referred to as self-inductance when 

it depends on the energy of the circuit itself, as previously 

evaluated, and as mutual inductance when there is interaction 

between different circuits [18]. 

For calculating the parasitic inductance of the capacitor, 

mutual inductances between overlapping or adjacent 

connection strips and between connection strips and 

capacitive elements are considered. 
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The calculation of mutual inductance between overlapping 

connection strips, similar to what occurs in self-inductance, 

is equivalent to the calculation of mutual inductance between 

busbars, as presented in (25) [17]. 
 

𝑀𝑓𝑡_𝑠𝑜𝑏 =  
𝜇0 ∙ 𝜇𝑟 ∙ 𝑙𝑓𝑡_𝑠𝑜𝑏 ∙ 𝑒𝑓𝑡

𝜋 ∙ √4 ∙ (𝑑𝑓𝑡 + 𝑒𝑓𝑡)
2

+ 𝑘 ∙ 𝑏𝑓𝑡
2

 
(25) 

 

where 𝑀𝑓𝑡_𝑠𝑜𝑏  is the mutual inductance between overlapping 

strips (H); 𝑙𝑓𝑡_𝑠𝑜𝑏  is the overlapping length of the strip (m); 

𝑑𝑓𝑡 is the distance between strips (m); and 𝑘 is the correction 

factor, which depends on the interaction between strips. 

The calculation of mutual inductance between adjacent 

connection strips depends on their spatial positioning [18]. 

For this paper, the mutual inductance between two 

connection strips arranged in a ‘V’ configuration, with an 

angle θ between them, is evaluated. 

Using Neumann’s formula, which calculates the mutual 

inductance of two closed circuits carrying current and 

positioned arbitrarily in space, and considering that the two 

strips in the ‘V’ configuration have the same length and that 

the analysis is performed at the midpoint of each strip, is 

obtained the mutual inductance between the strips (𝑀𝑓𝑡_𝑉) 

(26) [18]. 
 

𝑀𝑓𝑡_𝑉 =  
𝜇0 ∙ 𝜇𝑟

4 ∙ 𝜋
∙

𝑙𝑓𝑡 ∙ cos 𝜃

sin (
𝜃
2

)
 (26) 

 

The calculation of mutual inductance between the 

capacitive element and the connection strip is performed 

using Faraday’s Law, where mutual inductance is the 

proportionality constant between the magnetic flux generated 

by the first conductor that crosses the second conductor. In 

this way, it is possible to calculate the mutual inductance in 

the connection strip induced by the capacitive element (27) 

and the mutual inductance in the capacitive element induced 

by the connection strip (28) [19]. In the case of mutual 

inductance in the capacitive element, since the area crossed 

by the magnetic flux generated by the connection strip is not 

solid, being formed by layers of metallized plastic film, a 

factor of 3×10⁻³ is considered in the calculation, representing 

the ratio between the metallized (conductive) area and the 

plastic (dielectric) area. 
 

𝑀𝑓𝑡_𝐸𝐶 =  
𝜇0 ∙ 𝜇𝑟 ∙ cos 𝜑 ∙ 𝑙𝑀

2 ∙ 𝜋
∙ ln |

𝑎𝑓𝑡_𝑓

𝑎𝑓𝑡_𝑖
| (27) 

 

𝑀𝐸𝐶_𝑓𝑡 =  
𝜇0 ∙ 𝜇𝑟 ∙ cos 𝜑 ∙ 𝑙𝑀

2 ∙ 𝜋
∙ ln |

𝑎𝐸𝐶_𝑓

𝑎𝐸𝐶_𝑖
| ∙ 3 ∙ 10−3 (28) 

 

where 𝑀𝑓𝑡_𝐸𝐶  is the mutual inductance in the connection strip 

induced by the capacitive element (H); 𝜑 is the angle between 

the magnetic induction vector and the interest area (°); 𝑙𝑀 is 

the length of the interest area (m); 𝑎𝑓𝑡_𝑓 is the maximum 

distance from the center of the capacitive element within the 

region covered by the connection strip (m); 𝑎𝑓𝑡_𝑖 is the 

minimum distance from the center of the capacitive element 

within the region covered by the connection strip (m); 𝑀𝐸𝐶_𝑓𝑡 

is the mutual inductance in the capacitive element induced by 

the connection strip (H); 𝑎𝐸𝐶_𝑓 is the maximum distance from 

the center of the connection strip within the region covered 

by the capacitive element (m); and 𝑎𝐸𝐶_𝑖 is the minimum 

distance from the center of the connection strip within the 

region covered by the capacitive element (m). 

After formulating the self and mutual inductances, the 

calculation of the LSE of the capacitor depends on its 

structure and the positioning of the connection strips relative 

to the capacitive elements. The impact of mutual inductance 

on the equivalent inductance depends on the direction of the 

currents in the conductors under analysis; that is, if both 

conductors carry currents in the same direction, the mutual 

inductance is added to the self-inductance. However, if the 

currents flow in opposite directions, the mutual inductance is 

subtracted from the self-inductance [17]. 
 

IV. CAPACITOR DESIGN 

In the initial phase of capacitor design, input data are 

received, consisting of nominal capacitance, voltage and 

current, dimensions, and application type. Based on these 

input data, the electrical and mechanical characteristics of the 

capacitor are defined, making it possible to design its detailed 

structure and calculate the equivalent circuit. 

For this paper, the use of metallized film with an extended-

edge metallization profile is standardized, with a resistivity 

of 3 Ω/□ at the heavy edge and 55 Ω/□ in the active area. 

To perform the equivalent circuit calculation and 

subsequently compare it with measured values, six different 

capacitor models were selected, which already have defined 

electrical and mechanical characteristics. These 

characteristics were supplied by the manufacturers of the 

metallized films and the capacitors and are presented in Table 

I. 

The calculations are performed, assuming a temperature of 

20 °C, and for the ESR calculation, a frequency of 1 kHz, 

with the aim of simulating the measurement environment that 

underpins the experimental results. 
  

TABLE I. Electrical and mechanical characteristics of the selected 

models. 

 

https://creativecommons.org/licenses/by/4.0/


Eletrônica de Potência, Rio de Janeiro, v.31, e202618 2026.  7 7 

 

 

The six selected models consist of one of the basic 

structures shown in Fig. 7. The base film material is 

polypropylene, the strips are made of copper, and the 

terminals are made of brass. 

Initially, calculations are performed for the design of the 

capacitive element, such as film length and diameter and 

height of the capacitive element. In capacitors with two 

capacitive elements, the capacitance of each element is half 

the total capacitance of the capacitor. 

Subsequently, the calculation of the ESR of the capacitive  

elements is carried out, based on the distributed equivalent 

circuit shown in Fig. 4, along with the resistance of the 

connection strips, the resistance of the terminals, and the ESR 

of the capacitor. The latter is calculated using one of the 

resistive equivalent circuits presented in Fig. 8 and Fig. 9. 

After completing the calculation of the ESR of the 

capacitor, the calculation of the ESL begins. The inductance 

calculation consists of the self-inductance component and the 

mutual inductance component, depending on the connection 

configuration between the strips and the capacitive elements. 

First, the self-inductances of the capacitive elements and the 

connection strips are calculated, followed by the mutual 

inductances: the mutual inductance in ‘V’ between 

connection strips 1 and 3, the mutual inductances in the strips 

induced   by   the   capacitive   elements, and   the   mutual 

inductances in the capacitive elements induced by the strips. 

Connection strip 2 does not exhibit significant mutual 

coupling with the capacitive elements; therefore, its mutual 

inductance is disregarded. 

Connection strip 2 has two connection configurations in 

the evaluated models, as shown in Fig. 10. 

In the overlapping-strip configuration (models 1, 2, 3 and 

4), the non-overlapping region has a length of 22 mm, and 

the overlapping region has a length of 19 mm on each side, 
 

 
FIGURE 7. Constructive structure: capacitor with one capacitive 

element (left) and with two capacitive elements (right). 
 

 
FIGURE 8. Resistive equivalent circuit of the structure with one 

capacitive element. 
 

 
FIGURE 9. Resistive equivalent circuit of the structure with two 

capacitive elements. 

 
FIGURE 10. Connection strip 2 with overlap (left) and with two 

parallel parts (right). 
 

totaling 60 mm. In this case, in addition to the strip self-

inductance, the mutual inductance due to overlap must be 

considered. Since the overlapping strips are aligned and very 

close, the correction factor k is considered unity, and the 

distance between strips is defined as the strip thickness itself. 

In the configuration with two separate strips (models 5 and 

6), connected in parallel without overlap, the self-inductance 

of each strip is calculated first, followed by the total parallel 

self-inductance. 

Since the medium surrounding the capacitive elements and 

the connection strips is composed of insulating material, a 

relative magnetic permeability of unity is assumed. The 

distance between strips and capacitive elements is also 

defined as the thickness of the connection strips themselves. 

For strips composed of two parallel parts in full contact 

without insulation, the calculation of self-inductance 

considers a single strip with an equivalent thickness equal to 

the sum of the individual strip thicknesses. 

After completing the calculations of self-inductances and  

mutual inductances, the equivalent inductance of each 

component is determined, allowing the calculation of the 

ESL of the capacitor, based on one of the inductive 

equivalent circuits shown in Fig. 11 and Fig. 12. 

The calculated ESR and ESL results of the selected 

capacitors are shown in Table II. 

Based on the equations derived for the capacitor equivalent 

circuit and the design methodology, an assessment of the 

project characteristics and their influence on the ESR and 

ESL results is carried out, as presented in Table III. The 

evaluation considers constant capacitance, rated voltage, and 

cross-sectional area of the connection strips, and is based on 

the constructive structure defined at the beginning of Section 

III. 

The purpose of this paper is to formulate and analyze the 

capacitor equivalent circuit; therefore, this analysis focuses 

exclusively on the electrical characteristics, without 

measuring weight, volume, complexity constructive level, or 

cost. It is important to note that optimal choices from an 

electrical standpoint may negatively impact other 

characteristics, and each case should be evaluated 

individually. 
 

 
FIGURE 11. Inductive equivalent circuit of the structure with one 

capacitive element. 
 

 
FIGURE 12. Inductive equivalent circuit of the structure with two 

capacitive elements. 

 

 

https://creativecommons.org/licenses/by/4.0/


8 
Eletrônica de Potência, Rio de Janeiro, v.31, e202618, 2026.  

8 

 

 

Fragoso et al.: Calculation of the equivalent circuit for a plastic film capacitor intended for DC-link application in power electronic converters 

TABLE II. Calculated ESR e ESL of the selected capacitors. 

 
 

TABLE III. Evaluation of design characteristics. 

 
 

Analyzing Table III, it can be concluded that increasing the 

quantity of capacitive elements, the width of the metallized 

film, and the strip length is detrimental to electrical 

characteristics of the capacitor, as it raises the ESR and ESL 

levels. Modifying the core diameter and the thickness and 

width of the strips, provided the cross-sectional area remains 

constant, does not affect ESR levels; however, increasing the 

core diameter and the strip width improves the capacitor 

performance by reducing ESL. The configuration of strip 2 

with parallel connection shows better results, i.e. lower ESR 

and ESL, when compared to the configuration with overlap. 
 

V. EXPERIMENTAL RESULTS 

In order to evaluate and validate the calculation 

methodology, measurements of the ESR and ESL of the 

selected capacitor models were performed for subsequent 

comparison of the results. 

Initially, the ESR of the capacitive element of model 4 was 

measured using a Wayne Kerr impedance analyzer, model 

6500B, with the aim of evaluating the ESR behavior over a 

frequency sweep from 1 kHz to 500 kHz and comparing it 

with the values calculated as a function of frequency. The 

comparison between the measured and calculated values is 

presented in Fig. 13, where agreement between the results 

can be observed up to 100 kHz. Above this frequency level, 

distortion appears in the measured values, mainly caused by 

noise in the measurement system, as well as by the influence 

of the skin effect and the non-uniform current distribution. 

The method used for measuring the ESR of the capacitive 

element is shown in Fig. 14. 
 

 
FIGURE 13. Comparison between measured and calculated values, as 

a function of frequency. 
 

 
FIGURE 14. Equivalent series resistance measurement of the 

capacitive element. 
 

Therefore, the frequency of 1 kHz was adopted for ESR 

measurements, as this is a frequency commonly used by 

capacitor manufacturers in datasheets and provides better 

accuracy in the results. 

Subsequently, two assembled units of each model were 

measured, except for model 3, for which only one assembled 

unit was measured due to availability constraints. Each unit 

was measured three times, and the average value was then 

calculated. 

The measurements were carried out at a temperature of 

20 °C, representing the standardized ambient temperature 

[20]. 

The ESR measurement of the capacitors was carried out 

using a Wayne Kerr RLC bridge, model 4300, at a voltage of 

1 V and a frequency of 1 kHz. 

The method used for measuring the ESR and one of the 

tested capacitors are shown in Fig. 15. 

The ESL measurement was performed through a double-

pulse test, according to the circuit shown on Fig. 16. The 

applied voltage was 100 V, the first pulse had a duration of 

50 µs and the second pulse of 15 µs, with an interval of 10 µs 

between them. By obtaining the voltage values and the 

current variation over time across the capacitor, it is possible 

to calculate the ESL [21]. 

The measurements were performed using a Tektronix 

oscilloscope, model MSO 2024B, with voltage probes and a 

Rogowski coil. 

 

 
FIGURE 15. Equivalent series resistance measurement. 

 

https://creativecommons.org/licenses/by/4.0/


Eletrônica de Potência, Rio de Janeiro, v.31, e202618 2026.  9 9 

 

 

 
FIGURE 16. Double-pulse test circuit. 

 

The method used for measuring the ESL, along with one 

of the capacitors under test, is shown in Fig. 17. Two 

overlapping flat busbars are used to connect the capacitor to 

the test circuit, with the aim of reducing the circuit 

inductance. 
 

A. COMPARISON OF CALCULATED AND 

MEASURED VALUES 

Table IV presents the comparison between the calculated and 

measured values of ESR and ESL for the selected capacitors, 

as well as the variation observed between these values. 

For ESR, the calculated values are lower than the 

measured values, since factors such as solder points are not 

considered in the calculation. 

For ESL, there is a greater fluctuation between measured 

and calculated values, as in this case there is an influence of 

self-inductances and mutual inductances that are not 

accounted for, such as the self-inductance of the terminals 

and the mutual inductance of connection strip 2 with other 

components. 

The variations between measured and calculated values 

are considered acceptable, taking into account the normal 

variability of raw materials and manufacturing processes, as 

well as the error associated with the measurement 

procedures. It is noteworthy that, for the ESR, the measured 

values for the same capacitor showed variations of up to 

4.5%, and for the ESL under the same conditions, variations 
 

 
FIGURE 17. Equivalent series inductance measurement. 

 

TABLE IV. Comparison of calculated and measured ESR and ESL for 

selected capacitors. 

 
 

of up to 11.9% were obtained. Therefore, after discounting 

the inherent measurement inaccuracies, the difference 

between the measured and calculated values is up to 12% for 

the ESR and up to 15% for the ESL. These values are 

considered satisfactory given the complexity of the 

calculations and the approximations involved. 
 

VI. CONCLUSION 

The metallized plastic film capacitor applied in DC-Link of 

static converters presents several constructive characteristics 

that impact the ESR and ESL values, with some 

characteristics being application-dependent and others 

offering a certain degree of design flexibility. 

The formulation of equations that allow the calculation of 

the capacitor equivalent circuit, based on its constructive 

characteristics, enables optimal design choices to meet input 

requirements during the design phase without the need for 

prototype manufacturing. Furthermore, it allows quantifying 

the influence of each characteristic on the result.  

The validation of the results is carried out through sample 

measurements, and the comparison between calculated and 

measured values demonstrates that the calculation method is 

effective, as the variations are within acceptable limits, 

considering the normal variability of raw materials, 

manufacturing processes, and measurement procedures. 
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