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Optimization of metallized film capacitor
connection to reduce stray inductance

Théo Penven, Christian Martin Member, IEEE, Charles Joubert, Marwan Ali, Régis Meuret, David Thomson,
and Maxime Semard

Abstract

In power electronic applications, due to switching components, the inverter dc-bus generates current pulses at low and high
frequencies. Usually, a dc-bus capacitor is sized to absorb the current peaks at the switching frequency, and to stabilize the DC
voltage. For decoupling the high frequency (HF) harmonics, an additional capacitor is required. This decoupling capacitor needs
to have a low impedance over a wide range of frequencies. However, their performances for the high frequency range are highly
limited by their stray inductance. In order to minimize the need for an additional decoupling capacitor at high frequencies, this
paper proposes to improve the connections of the DC bus capacitor. Busbar configuration and Printed Circuit Board (PCB) allow
reducing parasitics of the cabling. Several types of interconnection are proposed and characterized in this study. Both 2-terminal
and 4-terminal capacitors are evaluated and compared regarding operating frequency ranges. Measurement and modeling results
show a significant improvement for HF decoupling by using quadrupole coaxial connections.

Index Terms

Capacitance measurement, Impedance measurement, Conductor layout, Metallized film capacitor, Resonance frequency, Stray
Inductance.



Optimization of metallized film capacitor
connection to reduce stray inductance

I. INTRODUCTION

The design of power electronic converters trends toward
higher density and higher performances. One way to increase
power density is to increase switching frequency of the con-
verter in order to minimize passive components (especially
capacitor) and shrink the overall size of the converter. This
trend requires passive components that operate at high fre-
quency (up to few mega Hertz) [1].

Metallized film capacitors are wildly used in power elec-
tronic applications, because of their low dielectric loss fac-
tor, their high voltage operating range and their self-healing
capabilities [2][3][4]. However, their performances and their
bandwidth are reduced by their stray inductance, mostly due
to the connections of the capacitor with electrical circuit
devices [5][6][7]. As those capacitors are commonly used for
decoupling function in power converters, it is necessary to
take an interest in the layout of their connections in order to
minimize their stray inductance [8][9][6][10].

The purpose of this paper is to propose different types
of layout to connect electrodes of metallized capacitors, and
characterize them by using complex impedance measurements
for different connections. The final objective is to find the best
layout, leading to the lowest stray inductance as possible for
the capacitor. Previous works have already focused on this
topic [11] about different layouts for the connections with
the windings of the capacitor (inner return conductor, central
return conductor, external return conductor). However, there
is still a lack of comparisons between those different types of
layout for a same metallized film capacitor, in order to see the
improvements brought by those connections on the behavior
of the capacitor. Furthermore, besides using a classical two-
terminal (dipole) connection of the capacitor, it is possible
to connect it by using a four-terminal (quadrupole) circuit, in
order to reduce even more the effects of stray inductance [12].

First, we will present the capacitor geometry and the ex-
periment protocol chosen to carry out the characterizations to
compare those different configurations. Then, we will compare
the results for central and external returns of the current, and
for different conductor materials. Finally, we will characterize
a 4-terminal (quadrupole) connection and compare the results
with those of 2-terminal(dipolar) layouts.

II. EXPERIMENT PROTOCOL
A. Metallized film capacitors

Metallized film capacitors are made of two polypropylene
films, metallized on one of its sides to form the electrodes of
the capacitor. The two films and the metallizations are wrapped
around a hollow cylindrical mandrel, the whole forming the
winding of the capacitor. The two ends of the winding are

sprayed on both sides of the capacitor with thin metal particles,
which allow the capacitor to be connected to the external
circuit (figure 1) [13]. An electric field appears in the dielectric
when a voltage is applied across the capacitor, and the current
created by the variation of this electric field flows into the
ends of the winding (sprayed end) and into the metallization,
parallel to e_Z> vector [11].
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(b) The two polypropylene films with its metallization, forming the
winding of the capacitor

Fig. 1: Description of polypropylene film capacitor

B. Complex impedance measurement

In order to measure the stray inductance ESL (Equivalent
Series Inductance) of capacitors for different layouts of their
return conductors, we carry out measurements of the complex
impedance versus frequency. The measurement device used
is an Agilent 4294A impedance analyzer [14] in the 1kHz



to 40 MHz frequency range and with an oscillator level of
500mV. The electrical connection between the capacitor and
the impedance analyzer is made with a double layer PCB,
which allows to reduce the parasitic inductances and mutuals
of the connections. Furthermore, a rigid printed circuit board
(PCB) is used to ensure reproducible measurements. A large
part of the remaining parasitic inductance of the test fixture
can be eliminated with a proper open and short-circuit cali-
bration. The residual inductance L, can be cancelled out by a
differential measurement, involving two test benches.

The first test bench includes one capacitor. The total measured
inductance L,,,; is the sum of the real intrinsic inductance of
the capacitor ESL, and the residual inductance L, of the test
bench (equ 1).

Ly = ESL+ L, (1)

The second test bench comprises two identical capacitors,
connected in parallel. The total measured inductance L,,s is
given by (equ 2)

2)

Ly = ESL + L,
Lm2 = ETSL +Lr

As we use the same PCB support for the two measurements,
we can consider that the residual parasitic inductance L, of
the test facility is the same in both cases. By measuring L,
and L,,2, we can deduce the ESL and the residual inductance
of the test bench L, (equ 3).

ESL = 2(Lym1 — Lum2)

3
L, =2Lpm2 — L )

In order to calculate the stray inductances L,,; and L2
by using the complex impedance measurement, we use the
value of the first serial resonance frequency which directly
depends on the capacitance C' and the stray inductance (equ 4).

o= 1
" 2L C

Capacitance C is calculated by using the value of the com-
plex impedance before this first serial resonance frequency, at
low frequency. The stray inductance of the test benches are
given by (equ 5).

“4)

Lml =

1
0(27‘—.)(‘7‘1 )2 5
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The value of the complex impedance of the capacitor
at the resonance frequency corresponds directly to its stray
resistance, as the reactances of the capacitance and the stray
inductance compensate each other at this specific frequency.
Using this method, 3 layouts are charaecterized with different
positions of conductors:

o Central return conductor (inside the mandrel)

« External return conductor

o Both central and external return conductors

- Copper wires

‘ Capacitor

- End sprayed

Fig. 2: Capacitor with central return conductors - a) Return
by copper wires and b) Return by screw
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Fig. 3: Complex impedance vs frequency for different central
return conductors

III. CENTRAL RETURN CONDUCTOR

As described in the presentation of capacitors, metalized
polypropylene films are winded around a hollow cylindrical
mandrel, allowing the passage of return currents inside the
winding through the mandrel. This mandrel is made of an
insulating material, avoiding the electrical contact between the
return conductor and the winding.

For the first test, the return conductors are copper wires
of 1mm in diameter, soldered on the upper sprayed end
and passing through the insulating mandrel to the inferior
conductive layer of the PCB (figure 2a). In this layout, several
configurations are tested with different number (one, two and
four) of conductors in order to evaluate the influence of this
number on the stray inductance of the capacitor.

We also evaluate a configuration where the return conductor is
made of a unique steel screw (figure 2b). Both extremities of
the screw are tightened with bolts to two washers, in contact
respectively with the upper end sprayed of the capacitor and
the bottom layer of the PCB.

The complex impedances for the various configurations
are measured and are plotted on figure 3. The differential
method described in section II-B is used to determine the stray
inductance, and the results are given in table I.

Concerning the central returns by wires, according to the
results in table I, we can notice that both stray inductance
and resistance values of the capacitor significantly decrease



TABLE I: Results from the characterizations for different central return conductors

Type Capacitance (uF) | Stray resistance (m§2) | Stray Inductance (uH) | Resonance frequency (kHz)
1 wire 25.3 9.8 65.89 129.4
2 wires 25.2 6.9 45.28 160.1
4 wires 25.2 4.8 38.89 177.9
Screw 25.2 19.5 21.7 166.9

when the number of wire increases. As a consequence, the
resonance frequency increases with the number of return
wires. This is due to the fact that the different conductors are
arranged in parallel. Yet, the global inductance is not inversely
proportional to the number of conductors, likely because of the
mutual inductance between wires.

In the case of the return by screw, the parasitic inductance is
significantly lower than with copper wires. This is mainly due
to the fact that the screw allows to increase the conductive
surface of the return conductor, and presents a real axial
symmetry [11]. Thus if we want to increase the performances
of the capacitor by using current returns by wires, it would
be necessary to increase the number of wires to get the same
geometric characteristics as the screw.

Plus, we can observe that the stray resistance of the capacitor
increases by using the screw. This is due to the fact that
the wires are soldered to the plate of the capacitor, whereas
the screw is only tightened with the capacitor, decreasing the
electrical contact.

To conclude, it is more interesting to use a screw made of a
reliable conductive material and soldered to its ends with the
capacitor and the PCB. Ideally, using a screw of the same size
as the insulating mandrel allows to optimize the conduction
volumes. In addition, the advantage of using a screw is that it is
tightened on washers in the upper plate, which tends to directly
improve the contact between the lower plate of the capacitor
and the upper layer of the PCB. It would be interesting to
carry out a study to find the torque that can achieve the best
results.

IV. EXTERNAL RETURN CONDUCTORS
A. Return conductors by copper wires

In this section, we shall consider where the return conduc-
tors are located outside of the winding. We use the same
copper wires as previously: they are soldered on the upper
plate of the capacitor, passing along the winding to the
bottom conductive layer of the PCB. As before, a variable
number of return conductors is tested in order to observe the
influence of this number on the behavior of the capacitor. We
use consecutively one, two and four return conductors. To
maximize the direct contact between the lower plate of the
capacitor and the PCB, a screw is used, passing through the
insulating mandrel and tightened at its extremities. To avoid
unwanted currents, the screw is isolated from the plate of the
capacitor and the layer of the PCB by using plastic washers
at each end of the screw (Figure 4).

We follow the same protocol as before (figure 5) and
compare the results for different numbers of copper wires
(Table 1II).

| Capacitor Ij Insulating material
- Endspray - Copper Wires

Fig. 4: Capacitor with four external return wires
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return conductors

As in the case of internal return conductors, better results in
terms of resistance and parasitic inductance are obtained for a
large number of return conductors. The best results are also ob-
tained for external conductors instead of central ones. Despite
the fact that the serial stray resistance is slightly modified,
we succeed to significantly reduce the parasitic inductance
from 38.89 nH to 11.93 nH for four central and external return
conductors respectively. Thus, the bandwidth of the capacitor
increases significantly, as the resonance frequency is increased
from 177.9kHz to 283.9 kHz respectively.

We find the explanation for this trend in the expression of
the magnetic field created by the return conductors [11].
According to Ampere’s law, for the same current through the
return conductors, the magnetic field created by the external
returns will be lower than the one created by the internal
returns, due to the increase of the path of this magnetic field
in the case of the use of external return conductors. Thus, the
inductance created by those magnetic fields will be lower in
the case of external returns than in the case of central returns.



TABLE II: Results for different number of external return conductors

Type Capacitance (uF) | Stray resistance (m§2) | Stray Inductance (uH) | Resonance frequency (kHz)
1 wire 253 10 46.03 140.8
2 wires 25.2 6.8 20.35 206.5
4 wires 25.2 3.9 11.93 283.9

LI L
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LI 1
\:l Capacitor D Insulating mandrel \:’ Insulating material

Fig. 6: Capacitor with external return by copper tape

B. Return conductors by an adhesive copper tape

It is possible in the case of external return conductors to

achieve better results than before by opting for a different
type of conductor. The objective is firstly to have the largest
conductive surface possible in order to minimize the serial
resistance. Then, inductive loops created by return conductors
can be limited by putting those return conductors near the
winding of the capacitor. To limit even more the parasitic
inductance, it would be necessary to have a current conductor
with an axial symmetry [11].
Bearing in mind these requirements, we use conductive
adhesive strips of copper tape as return conductors. The width
and the thickness of the copper tape are H5cm and 66 um
respectively. This copper strips are pasted on the upper plate
of the capacitor and pass along the winding of the capacitor.
Thus, as with previous experiments with wires, we evaluate
different numbers of return strips. We also use a screw
passing through the insulating mandrel (section IV-A) to
optimize the contact between the lower plate of the capacitor
and the PCB. We insulate the screw using plastic washers at
each end of the screw (figure 6).

The impedance obtained for three numbers of strips is
plotted on figure 7 and both inductances and resistances are
given in table III.

As with the previous characterizations, the performances
are improved when the number of copper strips increases. The
stray inductance decreases significantly by using copper strips:
indeed, the parasitic inductance is equal to 11.93 nH with four
external return wires, whereas a 4.12nH stray inductance is
achieved with 3 copper strips. As a consequence, the resonance
frequency is improved to 560.2 kHz with 3 copper strips.

Closer analysis of figure 7 shows secondary resonances
after the first serial resonance. These resonances are already
visible in figures 3 and 5, but with lower amplitudes. They are
specific of the capacitor winding and technology only. They
are a direct result of the inhomogeneous distribution of current
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Fig. 7: Complex impedance vs frequency for different number
of copper tape

|:| Capacitor Dhsulati'\g mandrel l:} Insulating material

]
- Endspray PCB - External return conductor

Fig. 8: Capacitor with both external and central returns

in the winding for high frequencies [15], which induces a
significant variation of the impedance of the capacitor. The
clear appearance of the secondary resonances in figure 7 is a
consequence of the very low value of the stray inductance. In
less careful layout, these resonances are masked by the higher
value of ESL.

V. INTERNAL AND EXTERNAL RETURN CONDUCTORS

In this section, the performances of a capacitor combining
internal and external return conductors are investigated
(figure 8). Different numbers of return strips are experimented
to observe the impact on performances, and the same screw
as the one described in section III is used. Once again, the
two extremities of the screw are tightened thanks to bolts
against two washers to make the electrical contact.

The results are plotted on figure 9 and detailed in table IV.

As with the previous characterizations, we note that the
performances are improved by increasing the number of



TABLE III: Results for different number of external return conductors by copper strips

Type Capacitance (uF) | Stray resistance (mf2) | Stray Inductance (uH) | Resonance frequency (kHz)
1 strip 25.2 7.3 8.33 407.4
2 strips 25.2 3.8 5.01 525.6
3 strips 25.2 32 4.12 560.2

TABLE IV: Results for different number of external return conductors by copper strips and one screw

Type Capacitance (uF) | Stray resistance (mf2) | Stray Inductance (uH) | Resonance frequency (kHz)
1 strip 252 6.5 4.9 453.1
2 strips 252 34 2.59 622.9
3 strips 252 2.7 2.59 663.9

10
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Fig. 9: Complex impedance vs frequency for different number
of copper tape and one screw

copper strips. We also observe that the performances are
better than those obtained for either internal (section III) or
external (section IV) conductors. Indeed, the stray inductance
decreases significantly from 4.12nH with 3 copper strips to
2.59nH by using the 3 copper strips configuration and the
screw. Likewise, the bandwidth of the capacitor significantly
increases, as the first serial resonance occurs for a frequency
of 663.9kHz. We can also observe that in this configuration
the amplitude of the first secondary resonance significantly
decreases compared with those obtained previously.

VI. 4-TERMINAL CONNECTION

As stated before, the bandwidth of metalized capacitors is
reduced by their stray inductance. This parasitic inductance
is mostly due to the connections of the capacitor with the
electrical circuit devices, and also to the magnetic field created
by the currents in the winding. In order to cancel those
parasitics, and therefore limit the inductive behavior of the
capacitor at the high frequency range, a 4-terminal connection
is evaluated, with two main objectives:

o To minimize the stray inductance due to the connections
of the capacitor with the electrical circuits.

o To minimize the stray inductance due to magnetic cou-
pling in the winding, by choosing a specific layout of the
connections with the winding.

The 4-terminal connection scheme is shown in figure 10b.

This scheme allows to separate the disturbing circuit and the
victim circuit (figure 10a). With this layout, at high frequency,

disturbing circuit and victim circuit are completely separated
magnetically: the connection of the first one is passing inside
the winding whereas connections of the second one are made
at the outside of the capacitor. In this case, the high frequency
currents in the disturbing circuit concentrate at the center of
the capacitor, whereas those of the victim circuit flow along
the external part of the winding. This separation prevents the
spread of the magnetic field from the disturbing circuit to
the victim circuit, which allows to significantly attenuate the
high-frequency disturbances between the two circuits. Also,
if we select conductors (internal screws and adhesive tape
on the periphery) with a perfect axial symmetry, the mutual
inductance between the two circuits can be totally canceled
[12].

1 R11 R22 22

L12

Disturbing circuit Victim circuit

(a) Equivalent circuit model

[Csrew

Disturbing circuit

Victi]% circuit

l:l Capacitor Dlmulating mandrel
- Endspray PCB

l:l Insulating material
- Conductor

(b) Connections

Fig. 10: capacitor with 4-terminal configuration

In order to characterize this connection scheme, we measure
the S-parameters of the capacitor with a Vector Network
Analyzer (VNA) [16] [17], and deduce the impedance
parameters (Z-parameters) [18]. The measurements are
performed in the 20kHz to 100 MHz frequency range.
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Similarly to the measurements with the impedance analyzer,
the coaxial connections between the VNA and the device
under test are compensated by performing open circuit, short-
circuit, load and phase calibrations. The results for 2-terminal
and 4-terminal connections are given on figure 11. The results
obtained for the 2-terminal connection (blue curve) are those
obtained in the complex impedance measurements for an
external return conductor with 3 copper strips. The results
given for the 4-terminal connection (red curve) come from
the S-parameters measurements of the device depicted on
figure 10.

The 4-terminal connection presents similar characteristics
in terms of complex impedance compared to the 2-terminal
connection for the low frequency range: the capacitive part of
the curve remains unchanged. The interest of our 4-terminal
scheme resides in the value of its impedance for high
frequencies (figure 11). Indeed, after the first serial resonance
frequency, the complex impedance of the capacitor exhibits an
inductive behavior, but only for a limited frequency range. For
higher frequencies, an abrupt fall of the complex impedance
of the capacitor is observed, and its impedance tends towards
zero. In this case, disturbing circuit and victim circuit are
completely separated, as the fall of this impedance for high
frequencies prevents the propagation of disturbances between
the two circuits, which presents a considerable interest for a
high frequency decoupling application.

VII. FREQUENCY MODELLING

This behavior is confirmed by an analytical model devel-
oped in [12][15] which describes the behavior of metalized
film capacitor. This model computes the impedance of the
capacitor by taking into account the impedance of the met-
alized foil (based on current repartition), the impedance of
the terminations and the parasitic inductance due to the return
conductor. This model is based on the telegrapher’s equations
applied on capacitor with cylindric foils (equ. 6) [15][19][20].

(6)

{ V) () I(r)

or
15)
0 = Y (r)V(r)

1e+0 : :

— Model
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1e-31 . .
1e+4 1e+5 1e+6

Frequency (Hz)

1e+7

Fig. 12: Model and measurement comparison of capacitor
impedance modulus

It can be noted that, because of the cylindrical structure
of the capacitor, the inductance L and the admittance Y
depend on the distance to the centre r. The solution of these
equations are detailled in [15] and presented in equ 7 where
v = /—jwL(r)Y(r) = /—jwueY (r) and J,, Y, are
respectively the Bessel functions of first and second kind.
A; and A, are constants which depends upon the connection
scheme (central or external return conductor).

V(’I“) = Al . JQ(’Y?“) + A2 . Yo(’}/T) (7)
I(r) = 52 (Ay - i (yr) + Az - Ya(vr)
Z-parameters are given by equ 8§ :
le = V(Rout)/I(Rout)
Z21 - V(Rzn)/I(Rout) (8)
ZIQ = V(Rout)/I(Rzn)

Zyy = V(Rin)/I(Rin)

where R;, and R,,; are respectively the inner and outer
radius of the capacitor.

Main parameters of the model include the diameter
of the capacitor, the height and the capacitance. These
parameters are obtained from manufacturer data. Besides,
the resistance of the metallization has a great impact on
the secondary resonance magnitude. This parameter is not
given in datasheets and is deduced by plot fitting to the
measured impedance detailed in section IV-B. In figure 12,
we can observe the capacitive behavior of the capacitor up to
500kHz and then the serial and parallel resonances. Table V
describes serial and parallel resonance values.

TABLE V: Serial and parallel resonance values

1 2 3 4
538 | 893 | 1290 | 1690
88.5 | 7.86 31.1

Frequency (kHz)
Impedance (mf2) 4
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Fig. 13: Model and measurement comparison of capacitor
impedance modulus in quadrupole configuration

In figure 11, we notice that the quadrupole configuration
allows to cancel out the effets due to stray inductances.
Based on the quadrupole capacitor model detailled in [12]
and with the same parameters used previously, the frequency
behavior of the impedance of the capacitor is computed.
Modeling and measurements results are shown in figure 13.
Modeling results and measurements are in good agreement in
the 10 kHz to 6 MHz frequency range. The model describes the
decrease of the impedance in high frequency.The impedance
drop after 500 kHz, corresponding to resonance frequency
in 2-terminal configuration, clearly appears. Above 6 MHz,
the measured impedance remains constant wheras impedance
computed from the model still decreases. This is an artifact
resulting from the noise floor of the VNA.

VIII. CONCLUSION

The objective of this paper was to propose different connec-
tion schemes of metalized film capacitors used for decoupling
function, in order to increase their bandwidth. For decoupling,
parasitic inductances - due to connections and internal mag-
netic field - must be kept as low as possible. We characterized
firstly several 2-terminal connections, for different layouts of
return conductors.

Thus, in general, we can retain the following strategies to
optimize the performances of our capacitor:

o favor external return conductors, or both external and
central return conductors if the capacitor geometry allows
it.

« in all cases, put return conductors as close as possible to
the capacitor winding, either if the conductors are inside
or outside the winding.

e try as much as possible to increase the section of the
conductors.

o place conductors symmetrically to the axis of the capac-
itor.

We also characterized a 4-terminal connection, with a
specific layout of the current conductors, in order to cancel

the propagation of the high frequency disturbances. In this
layout, both disturbing and victim circuits are magnetically
separated by the winding of the capacitor itself: the high-
frequency currents in the disturbing circuit concentrate at the
center of the capacitor, whereas those of the victim circuit
concentrate near the external surface of the winding. This
allows to prevent the spread of the magnetic field in the victim
circuit, and so to reduce the propagation of the high-frequency
disturbances.
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