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Analysis, Design and Experimental Assessment of a

High Power Density Ceramic DC-Link Capacitor for

a 800 V 550 kVA Electric Vehicle Drive Inverter
Davide Cittanti , Member, IEEE, Fausto Stella , Member, IEEE, Enrico Vico Student Member, IEEE,

Chaohui Liu, Jinliang Shen, Guidong Xiu, and Radu Bojoi , Fellow, IEEE

AbstractÐThe drive inverter is a crucial component of an
electric vehicle (EV) powertrain, being responsible for the DC/AC
power conversion between the battery and the electric motor.
The increasing demand for lower weight and higher conversion
efficiency is opening new challenges, encouraging the adoption of
new technologies (e.g., wide bandgap semiconductor devices).
In particular, the DC-link capacitor typically represents the
bulkiest inverter component, posing a strict limitation to the
achievable converter power density and thus being subject to
great pressure for improvement. In this context, novel ceramic
capacitor technologies (e.g., PLZT) promise superior performance
with respect to well established film-based solutions, featuring both
higher specific capacitance and higher RMS current capability.
Therefore, this paper focuses on the analysis, sizing, design
and experimental assessment of a PLZT-based ceramic DC-link
capacitor for next-generation EV drive inverters, including a
comparative assessment with a state-of-the-art film-based solution.
In particular, in view of the non-linear behavior of the PLZT
capacitance value with respect to the DC-bias voltage and the
amplitude of the excitation, a novel correlation between the
effective large-signal capacitance and the peak-to-peak voltage
ripple is derived experimentally, providing useful information
for the DC-link capacitor sizing (i.e., not available from the
capacitor manufacturer). For verification purposes, a full-scale
DC-link capacitor prototype for a SiC MOSFET 800 V, 550 kVA,
20 kHz drive inverter is realized, demonstrating superior power
density (i.e., ≈ two thirds smaller and ≈ one third lighter than a
corresponding film-based solution). Finally, the inverter prototype
is also exploited to validate experimentally the proposed DC-link
peak-to-peak voltage ripple estimation procedure, based on the
newly obtained large-signal capacitance characterization.

Index TermsÐthree-phase inverter; DC-link capacitor; ceramic
capacitors; film capacitors; electric vehicles (EVs)

I. INTRODUCTION

During the last decade, as a result of government policies,

technological development and consumer demand, electric

vehicles (EVs) have rapidly become more and more attractive

with respect to traditional internal combustion engine (ICE)

vehicles. At present, the automotive industry is increasingly

demanding lighter and more efficient EV powertrains, leading

to considerable technological challenges [1].
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Fig. 1. Schematic overview of an electric vehicle (EV) powertrain, including
the battery, the DC-link capacitor, the drive inverter and the electric motor.

An EV powertrain normally consists of a battery system, a

traction inverter and an electric motor, as shown in Fig. 1. Being

responsible for the full DC/AC power conversion between the

battery and the electrical machine, the traction inverter is a

crucial component and is thus subject to great pressure for

improvement [1]±[3]. The main requirements of an automotive-

grade inverter can be summarized in high power density (both

volumetric and gravimetric), high conversion efficiency over a

wide load range [4], high voltage operation (due to the ongoing

shift to 800V battery architectures [5], [6]), high temperature

capability, and high switching frequency (to provide sufficient

control margin and reduce PWM-induced losses in high-speed,

low-inductance machines with several pole pairs typically

adopted in automotive [7]±[9]).

While all mentioned requirements are progressively being

addressed with the increasing adoption of modern wide bandgap

(WBG) semiconductor devices, such as silicon carbide (SiC)

MOSFETs and gallium nitride (GaN) HEMTs [10]±[12], and

the adoption of multi-level inverter architectures [5], [12],

[13], the achievable volumetric/gravimetric power density of

modern EV drive inverters is still hindered by the DC-link

capacitor. In fact, the sizing of state-of-the-art film-based DC-

link capacitors is mostly unaffected by the higher switching

frequencies enabled by WBG devices, as the limiting design

criterion is typically the RMS current stress (i.e., unaffected

by the switching frequency). Moreover, multi-level inverter

topologies leave unaltered both DC-link RMS current and

voltage ripple with respect to traditional two-level inverters [13],

therefore being unable to reduce the DC-link capacitor size.

In this context, high-voltage ceramic capacitor technol-

ogy (e.g., CeraLink® from TDK [14]) promises superior

performance with respect to film-based solutions, featuring

higher specific capacitance, higher RMS current capability,

higher maximum temperature operation, lower equivalent series

inductance (due to the smaller package), and decreasing
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Fig. 2. Schematic overview of the considered two-level drive inverter system.

resistance with frequency (i.e., effectively benefiting from

higher frequency operation). Although highly disregarded until

recently, ceramic technology represents a key enabler for

next-generation EV drive inverters, theoretically allowing for

a significant performance leap in terms of gravimetric and

volumetric power density [15], [16].

Lately, several research activities have been focused on

improving the loss modeling accuracy of class II ferroelectric

multi-layer ceramic capacitors (MLCCs) [17]±[22]. However,

except for [15], [16], not enough attention has been dedicated

to PLZT technology. Also, while several papers have described

the sizing and design of three-phase inverter DC-link capacitors

[23]±[25], according to the authors’ best knowledge only few

works focus on ceramic-based solutions [26], which nonetheless

do not fully address the performance benefits unlocked by

ceramic technology. Moreover, even though the authors in [15]

and [16] provide a comparative performance assessment of

different capacitor technologies suitable for EVs (including

PLZT ceramic capacitors), the analysis is not validated with

the design of a drive inverter DC-link.

Therefore, the main goal of this paper is to analyze, size,

design and assess experimentally a high power density full-

ceramic DC-link capacitor for a two-level EV drive inverter (cf.

Fig. 2), meanwhile providing a comparison with a traditional

state-of-the-art film-based solution. In particular, the main

contributions of this work can be summarized as:

• a quantitative performance evaluation and comparison of

automotive-grade film and ceramic capacitor technologies;

• a straightforward extension of the traditional sizing proce-

dure of a two-level inverter DC-link capacitor, taking into

account the frequency-dependent RMS current capability

of ceramic technology;

• the experimental characterization of the electrical and

thermal performance of a PLZT ceramic capacitor sample

under large-signal excitation, deriving a novel relation

between the peak-to-peak voltage ripple amplitude and the

large-signal equivalent capacitance (crucial to the DC-link

sizing, but not provided by the capacitor manufacturer);

• the design, realization and experimental assessment of a

high power density full-ceramic DC-link capacitor.

In particular, this paper extends the work presented in [27],

providing additional details, focusing on a different (more

realistic) case study and bringing in added value, namely the

experimental assessment of the full-ceramic DC-link capacitor

and the validation of the newly derived relation between peak-

to-peak voltage ripple amplitude and large-signal capacitance

value. All experimental tests have been performed exploiting

a 800V 550 kVA 20 kHz EV traction inverter prototype

integrating the designed full-ceramic DC-link capacitor.

This paper is structured as follows. In Section II the

most suitable DC-link capacitor technologies for automotive

application are described and a quantitative performance

comparison among them is carried out. In Section III the

stresses and the sizing criteria for a three-phase two-level

inverter DC-link capacitor are briefly recalled, and the adopted

DC-link design procedure is outlined. In Section IV a PLZT

ceramic capacitor sample is experimentally characterized under

large-signal operating conditions and a novel relation between

peak-to-peak voltage ripple amplitude and effective capacitance

is derived. In Section V a full-ceramic DC-link capacitor

prototype for a SiC MOSFET 800V, 550 kVA, 20 kHz EV

drive inverter is sized, designed and constructed for verification

purposes. In Section VI the DC-link capacitor prototype is

assessed experimentally in terms of peak-to-peak voltage ripple

exploiting a full-scale 550 kVA inverter operated at different

DC-link voltage, output current and modulation index values.

The experimental results are then compared with the proposed

large-signal model-based estimations. Finally, Section VII

summarizes and concludes this work.

II. AUTOMOTIVE DC-LINK CAPACITOR TECHNOLOGIES

Automotive DC-link capacitors require high RMS current

capability (i.e., low equivalent series resistance and high

thermal conductivity), high specific capacitance, high maximum

temperature operation, high self-resonance frequency (i.e., low

equivalent series inductance), and high reliability (i.e., long

mean time between failures). While electrolytic capacitors

excel in terms of specific capacitance (i.e., energy density),

they do not achieve acceptable performance in terms of the

remaining criteria [28], therefore they are typically not adopted

in high-voltage automotive drive inverters.

This section discusses the main features of film and ceramic

capacitors for automotive DC-link application, providing a

quantitative performance benchmark for both technologies.

A. Film Capacitors

Film capacitors are typically realized by interleaving plas-

tic/polymer films (dielectrics) with metal foils (electrodes) [29],

as illustrated in Fig. 3(a). The employed dielectric materials are

non-polar and have low relative permittivity (εr ≈ 2±3), leading

to lower capacitance density with respect to electrolytic capac-

itors. Nevertheless, they show little temperature dependence

and are thus suited for high temperature operation, typically

up to 100±125 ◦C. Additionally, the self-healing properties of

(a) (b)

metal foils 
(electrodes)

plastic/polymer 
films

(dielectrics)

ceramic
(dielectric)

metal layers
(electrodes)

Fig. 3. Overview of the typical internal structure of (a) film capacitors and
(b) multi-layer ceramic capacitors (MLCCs).
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(a) (b)

relevant  fsw range relevant  fsw range

relevant  T rangerelevant  T range

(c) (d)

Fig. 4. Qualitative overview of the typical (a)±(b) frequency dependence
and (c)±(d) temperature dependence of the equivalent series resistance (ESR)
for (a),(c) film capacitors and (b),(d) PLZT ceramic capacitors. The relevant
switching frequency and operating temperature ranges for automotive inverter
DC-link applications (i.e., 10±100 kHz, 75±150 ◦C) are highlighted.

film capacitors substantially improve their reliability, making

them a desirable choice in automotive applications. On the

negative side, the equivalent series resistance (ESR) of film

capacitors tends to be approximately constant with frequency

in the 10±100 kHz range (cf. Fig 4(a)), after which the ESR

starts increasing ∝
√
f due to AC skin effect (i.e., depending

on the thickness of metal foils and contacts) [29]. Therefore,

the power losses and the RMS current capability of film-based

DC-link capacitors are typically either unaltered or negatively

affected by an inverter switching frequency increase. Further

drawbacks of film capacitors in traction drive applications can

be identified in their relatively high equivalent series inductance

(i.e., due to the large physical size of high-power DC-link

capacitors), which leads to low self-resonance frequencies and

thus limits the frequency operating range of the capacitor itself,

and their limited allowed self-heating temperature rise (i.e.,

≈ 10±20◦C) [29], which hinders their RMS current capability

and potentially requires active thermal management.

B. Ceramic Capacitors

The typical structure of a ceramic capacitor is illustrated in

Fig. 3(b), where ceramic dielectric layers with large relative

permittivity (i.e., εr up to 10 000) are alternated with metal

electrodes. Due to their structure, these capacitors are also

known as multilayer ceramic capacitors (MLCCs), and can

be classified into three main categories: class I, class II, and

lead±lanthanum±zirconate±titanate (PLZT) capacitors [1]. In

general, all ceramic capacitors feature higher specific RMS

current capability than film capacitors and can operate at

higher temperatures (i.e., up to 150 ◦C) [15]. Moreover, due to

their inherent small size (i.e., the brittleness of the dielectric

material limits the package dimensions) ceramic capacitors are

characterized by low equivalent series inductance and are thus

more suited for high-frequency applications. On the other hand,

the upper limitation to the capacitor size requires the paralleling

of tens/hundreds of units to achieve the required DC-link

capacitance in traction inverter applications, posing substantial

design and realization challenges to ensure symmetrical current

sharing and to minimize the overall stray inductance [16].

Class I ceramic capacitors (e.g., C0G) employ a lin-

ear dielectric material with relatively low permittivity (i.e.,

εr ≈ 20±40) and feature low temperature and DC voltage bias

dependencies, trading excellent capacitance stability for a low

capacitance/energy density. These characteristics make class I

capacitors most suited for power electronics applications where

constant capacitance is required, such as filters and/or resonant

converters.

On the contrary, class II ceramic capacitors (e.g., X7R, X6R)

can achieve much higher capacitance densities (i.e., suitable

for DC-link applications), however they are characterized by a

significant capacitance drop with increasing DC voltage bias

and operating temperature, due to the employed non-linear

ferroelectric dielectric materials. Furthermore, mainly due to

the rigidity of the ceramic dielectric material, these capacitors

can easily crack when they are subject to sufficient mechanical

and thermal stresses, leading to possible short circuits between

terminals. This aspect significantly affects the overall reliability

of these components in harsh and vibrating environments, such

as automotive applications, therefore they are not well suited

for EV traction drive DC-links.

PLZT capacitors (e.g., CeraLink® from TDK [14]) represent

emerging and promising candidates for automotive DC-link

applications, since they employ an antiferroelectric dielectric

material characterized by a permittivity increase with the

DC voltage bias [30], [31]. In particular, this feature allows

to store a higher amount of energy in nominal operating

conditions (i.e., at rated voltage) with respect to class II

capacitors. Moreover, the PLZT dielectric withstands and

favours high temperature operation (i.e., up to 150 ◦C, with

ESR decreasing approximately linearly with temperature, cf.

Fig. 4(d)) and the copper electrodes provide enhanced electrical

and thermal dissipation performance, enabling an unmatched

specific RMS current capability. Additionally, the ESR of

PLZT capacitors approximately decreases ∝ 1/f , as shown

in Fig. 4(b), allowing for a further RMS current capability

increase with increasing inverter switching frequency (i.e.,

IRMS ∝
√
fsw), as opposed to film capacitors. Concerning

reliability, the internal structure of PLZT capacitors consists

in the equivalent series connection of two MLCCs [14] and

enables the capacitor operation in case of a first crack (i.e.,

short circuit) in the dielectric, thus achieving higher reliability

levels than other ceramic capacitor technologies. It is also worth

noting that, even though the ESR of PLZT capacitors decreases

with temperature (cf. Fig. 4(d)), above 75 ◦C the capacitance

value shows a negative temperature coefficient, allowing for the

natural balancing of the current among paralleled capacitors

and thus avoiding thermal runaway [15]. All together, these

features clearly indicate that PLZT capacitors represent the

most suited ceramic-based candidates for EV traction drive
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TABLE I
SPECIFICATIONS OF THE CONSIDERED BENCHMARK CAPACITORS.

Film Ceramic

Manufacturer EPCOS (TDK) TDK

Part Number B25655P9127K151 CeraLink® FA10

Rated Voltage 900V 900V

Rated Capacitance 120 µF 1.3 µF∗

Rated RMS Current 120A 32A

Maximum Temperature 105 ◦C 150 ◦C

Volume 554.4 cm3 2.0 cm3

Weight 800 g 11.5 g

∗

small-signal value at 800V, used for DC-link sizing.

(a) (b)

Fig. 5. Highlight of the considered 900V benchmark capacitors (not to scale):
(a) EPCOS B25655P9127K151 [33], (b) TDK CeraLink® FA10 [34].

DC-links. Therefore, CeraLink® technology from TDK will be

considered as ceramic capacitor benchmark in the following

sections. Dedicated performance comparisons between class II

and PLZT ceramic capacitors can be found in [15], [16], [32].

C. Performance Comparison

In order to provide a quantitative comparative analysis

between automotive film and ceramic (PLZT) DC-link ca-

pacitors, two commercially available high-performance 900V
solutions are considered as technology benchmarks, as reported

in Table I and Fig. 5. Due to the very different parameter

absolute values of the two capacitor models, the capacitance and

RMS current values are expressed in relative terms to provide

useful specific performance indicators, which are illustrated

in Fig. 6. Since the PLZT capacitor features a variable

capacitance that is positively correlated with the amplitude of

the excitation, the manufacturer’s datasheet provides different

rated capacitance values for different applications (e.g., DC-

link, snubber, etc.) [14]. In the present case, the small-signal

capacitance value is considered, since it represents a worst-case

(i.e., minimum) capacitance value for DC-link applications,

where a relatively small voltage ripple is superimposed to a

comparatively large DC bias voltage [14].

It is observed that the PLZT ceramic solution strongly

outperforms the film one according to all specific performance

indicators except for the gravimetric capacitance density,

which results comparable. In particular, the ceramic solution

excels in terms of RMS current carrying capability, which

typically represents the limiting design criterion for film-based

automotive DC-link capacitors. Therefore, it is evident that

PLZT ceramic technology has the potential to significantly

enhance the performance of EV traction inverter DC-links.

Volumetric
Capacitance Density 

(μF/dm3)

Gravimetric
Capacitance Density 

(μF/kg)

Volumetric
Current Density 

(A/dm3)

Gravimetric
Current Density 

(A/kg)

Capacitance-Related
Current Density 

(A/μF)

216 μF/dm3

643 μF/dm3

150 μF/kg

113 μF/kg

216 A/dm3

15 840 A/dm3

150 A/kg

2783 A/kg

1 A/μF

25 A/μF

Fig. 6. Specific performance comparison between the selected benchmark
film and ceramic (PLZT) capacitors. The specific performance indicators
are normalized with respect to the film capacitor values and are shown in
logarithmic scale.

III. DC-LINK CAPACITOR SIZING PROCEDURE

The DC-link capacitor of a three-phase two-level inverter

must simultaneously satisfy two main design criteria [24]: it

must comply with the maximum RMS current stress determined

by the application, which generates losses and affects the

capacitor temperature rise, and it must ensure a predefined

maximum peak-to-peak voltage ripple, which increases the

peak voltage applied to the semiconductor devices and alters

the ideal operation of the converter (i.e., the AC phase voltages).

Disregarding the switching frequency phase current ripple,

the RMS current flowing into the DC-link capacitor can be

expressed analytically as [35]

ICdc,RMS = I

√

√

√

√M

[√
3

4π
+ cos2 ϕ

(√
3

π
−

9

16
M

)]

, (1)

where I is the peak phase current value, M = 2V/Vdc is the

inverter modulation index (i.e., 0 ≤ M ≤ 2/
√
3 in linearity), ϕ

is the load power factor angle, V is the reference peak phase

voltage value and Vdc is the DC-link voltage. Remarkably, (1)

is not affected by the inverter pulse-width modulation (PWM)

strategy [35]. ICdc,RMS is illustrated in normalized form (i.e.,

divided by the peak phase current I) in Fig. 7 as function of

M and ϕ. The worst-case value of (1) is found for ϕ = 0 and

M = 10
√
3/9π, obtaining:

ICdc,RMS,max =
5

2
√
3π

I ≈ 0.46 I. (2)

The DC-link capacitor peak-to-peak charge ripple ∆QCdc,pp

(i.e., the high-frequency current-time area) is directly propor-

tional to the voltage ripple ∆Vdc,pp and provides a straight-

forward relation to size the DC-link capacitance value Cdc

through its definition:

∆QCdc,pp = Cdc ∆Vdc,pp. (3)
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Fig. 7. Normalized DC-link capacitor RMS current ICdc,RMS as function
of the inverter modulation index M and the load power factor angle ϕ. The
normalization factor is the peak phase current I .

Unfortunately, a general analytical expression of ∆QCdc,pp

valid for all operating conditions cannot be derived, as the

maximum peak-to-peak value of the charge ripple within a

fundamental period depends on M , ϕ and the selected modu-

lation strategy, changing expression abruptly [36]. Therefore,

∆QCdc,pp is calculated numerically considering space vector

modulation (SVPWM) [37] and is illustrated in Fig. 8, where

it is normalized with respect to ∆Qn = I/fsw. The worst-

case value of ∆QCdc,pp is found for M = 2/
√
3 and ϕ = ±π/2,

obtaining [36]

∆QCdc,pp,max =
1

4

I

fsw
, (4)

which is also independent of the PWM strategy.

The DC-link capacitance Cdc required by the application is

obtained as the value that satisfies both the RMS current and

peak-to-peak voltage ripple constraints, as:

Cdc = max
[

Cdc,IRMS
, Cdc,∆Vpp

]

. (5)

The expression of Cdc,∆Vpp
can be directly derived from (3)

and (4) assuming a specified value of ∆Vdc,pp,max, as

Cdc,∆Vpp
=

∆QCdc,pp,max

∆Vdc,pp,max

=
1

4

I

fsw ∆Vdc,pp,max

, (6)

whereas the expression of Cdc,IRMS
requires additional def-

initions and specific assumptions, which are provided in

Appendix A. Therefore, considering the maximum RMS

current stress ICdc,RMS,max and assuming as a worst-case (i.e.,

conservative) scenario that the total DC-link RMS current

stress features a single harmonic component at f = fsw, the

expression of Cdc,IRMS
is obtained by manipulating (14):

Cdc,IRMS
= C∗ ICdc,RMS,max

I∗RMS

(

f∗

fsw

)α/2√
Tmax − T ∗

a

Tmax − Ta

, (7)

where C∗, I∗RMS, f∗ and T ∗
a are respectively the capacitance,

the RMS current capability, the test frequency and the ambient

temperature values provided in the manufacturer’s datasheet,

Tmax is the maximum capacitor operating temperature (i.e.,

T = T ∗ = Tmax), Ta is the considered ambient temperature,

and α ≈ 0 for film capacitors (i.e., ESR approximately inde-

pendent of fsw in the considered frequency range, cf. Fig. 4),

Fig. 8. Normalized DC-link capacitor peak-to-peak charge ripple ∆QCdc,pp

as function of the inverter modulation index M and the load power factor
angle ϕ assuming SVPWM. The normalization factor is ∆Qn = I/fsw.

IRMS LimitedΔVpp Limited

ΔVpp Limited IRMS Limited

(a)

(b)

Fig. 9. DC-link capacitance Cdc requirement normalized with respect to the
peak phase current I as function of the inverter switching frequency fsw and
the capacitor technology (i.e., film and PLZT ceramic, cf. Fig. 5), assuming
Vdc = 800V, ∆Vdc,pp,max = 10% · Vdc and Ta = 85 ◦C. (a) 0 ≤ fsw ≤

500 kHz and (b) 0 ≤ fsw ≤ 25 kHz. The two regions where the DC-link
capacitor sizing is respectively dominated by Cdc,∆Vpp

(∆Vpp limited) and
by Cdc,IRMS

(IRMS limited) are highlighted for both technologies.

whereas α ≈ 1 for CeraLink® capacitors (cf. Fig. 4).

The DC-link capacitance requirement for the considered

film and PLZT ceramic technologies is shown in Fig. 9 in

normalized form (i.e., divided by the peak phase current I)

as function of the inverter switching frequency fsw, assuming

Vdc = 800V, ∆Vdc,pp,max = 10% · Vdc and Ta = 85 ◦C. It is

observed that, depending on the value of fsw, the main

factor limiting the DC-link sizing is either the voltage ripple

requirement (at low frequency) or the RMS current stress (at
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high frequency). Moreover, while for film capacitors the RMS

current criterion tends to dominate the sizing for fsw > 7 kHz
(cf. Fig. 9(b)), CeraLink® technology allows for a large

capacitance reduction if higher switching frequency values

can be exploited (cf. Fig. 9(a)). It is also worth highlighting

that for both technologies, once the RMS current limit is

reached, the DC-link capacitance decreasing trend either stops

(for film technology) or slows down substantially (for ceramic

technology). In particular, due to the reduction of ESR ∝ 1/f
in CeraLink® capacitors, a non negligible DC-link reduction

can still be obtained for higher switching frequencies.

IV. EXPERIMENTAL CHARACTERIZATION OF PLZT

CERAMIC CAPACITOR TECHNOLOGY

To assess the validity of the assumptions adopted within the

drive inverter DC-link sizing procedure of Section III, electrical

and thermal measurements are performed on a 900V 390 nF
(i.e., rated small-signal value C∗) CeraLink® FA3 capacitor

sample [34], for reasons of testing simplicity.

Fig. 10 shows the schematic of the adopted experimental

setup. The device under test (DUT) is used as the DC-link

of a SiC MOSFET synchronous buck converter operated at

constant duty cycle (i.e., d = 0.5) and is completely decoupled

from the DC power supply by means of a large inductance,

such that the AC component of the current switched by the

buck converter entirely flows through the DUT. Therefore, the

capacitor is subject to a symmetric square wave current with

amplitude Io/2 and frequency fsw (cf. Fig. 11), leading to the

following stress expressions:

IRMS =
Io
2
, ∆Qpp =

1

4

Io
fsw

. (8)

Notably, all three degrees of freedom of the realized experimen-

tal setup (i.e., the DC voltage bias Vdc, the output load current

Io and the switching frequency fsw, cf. Fig. 10) are exploited

to perform a wide range of tests and assess the performance of

the selected capacitor under small- and large-signal excitation.

A. Peak-to-Peak Voltage Ripple

The equivalent capacitance Ceq value of CeraLink® ca-

pacitors varies with the amplitude of the excitation (i.e.,

voltage ripple) [14], due to the hysteretic behaviour of the

utilized antiferroelectric PLZT dielectric. Therefore, the first

experimental tests aim at assessing the peak-to-peak voltage

ripple performance of the DUT as function of the imposed

charge ripple (i.e., varying the output current according to

(8)). Notably, no such relation is provided by the capacitor

manufacturer, although it is of utmost importance to accurately

size the DC-link capacitance.

Fig. 12(a) and Fig. 12(b) show the peak-to-peak voltage rip-

ple ∆Vpp and the equivalent capacitance Ceq = ∆Qpp/∆Vpp

obtained experimentally as functions of the peak-to-peak charge

ripple ∆Qpp and the DC voltage bias Vdc. The tests are

carried out by performing short switching burst periods at

fsw = 25 kHz, in order not to heat up the DUT during the

measurements and keep its temperature approximately constant

(i.e., T ≈ Ta = 23 ◦C). It is observed that the voltage ripple

Lo

Vdc

Electronic 
Load

Io

Co

Power Supply 

DUT

SiC MOSFET 
Bridge-Leg

Li

fsw

d = 0.5

Modulator

iC

vC

Fig. 10. Equivalent circuit schematic of the adopted experimental setup
for the performance assessment of a CeraLink® FA3 capacitor (i.e., 900V,
0.39 µF) [34]. The bridge-leg employs Wolfspeed C3M0032120K SiC
MOSFETs (1200V, 32mΩ) and the values of the filtering elements are
Li = Lo = 64mH, Co = 66 µF. The operating conditions of the device
under test (DUT) can be changed by varying Vdc, Io and fsw.

CH 1

400 V/div

CH 2

400 V/div

CH 3

4 A/div

CH 4

4 A/div

iC

Io

vC
vsw

ΔVpp

Fig. 11. Experimental waveforms obtained with Vdc = 800V, fsw = 25 kHz
and Io = 6A. vC and iC are the DUT voltage and current, respectively, vsw
is the bridge-leg switching node voltage and Io is the output current.

does not rise linearly with the charge ripple excitation (cf.

Fig. 12(a)), leading to an increase in Ceq for higher ripple

amplitudes (cf. Fig. 12(b)). Furthermore, it is shown that the DC

bias voltage significantly impacts the Ceq value, highlighting

the antiferroelectric behaviour of the DUT.

By expressing Ceq as function of ∆Vpp, Fig. 12(c) is

obtained. Remarkably, the large-signal relation Ceq(∆Vpp)
provides crucial information for the correct design of a PLZT-

based DC-link capacitor, not available in the manufacturer’s

datasheet. Focusing on the curve obtained at Vdc = 800V, it

is observed that for low values of ∆Vpp the measured equiv-

alent capacitance is below the rated small-signal capacitance

value C∗ = 390 nF. Despite the capacitance increase with the

amplitude of the excitation, Ceq remains below C∗ in the

selected design point (i.e., ∆Vdc,pp,max = 10% · Vdc = 80V,

cf. Section V), resulting in a ≈ 11% capacitance mismatch.

B. RMS Current Capability

To verify the current scaling laws introduced in Appendix A

and used to derive (7), thermal measurements are performed at

Vdc = 800V to assess the DUT temperature rise as function

of the RMS current stress IRMS and the switching frequency

fsw. A thermal camera is employed to monitor the capacitor
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C 
*

−11%

(a) (b)

(c)

Fig. 12. Experimental (a) peak-to-peak voltage ripple ∆Vpp and (b) equivalent
capacitance Ceq = ∆Qpp/∆Vpp as functions of the peak-to-peak charge
ripple ∆Qpp = Io/4fsw at fsw = 25 kHz, Ta = 23 ◦C and variable DC
bias voltage Vdc. Ceq is also illustrated in (c) as function of ∆Vpp: the
maximum peak-to-peak voltage ripple defined by the application is high-
lighted (i.e., ∆Vdc,pp,max = 10% · Vdc = 80V, cf. Section V), showing
that Ceq is ≈ 11% lower than the rated small-signal capacitance value
C∗ = 390 nF [34].

temperature rise with respect to the ambient (i.e., Ta = 23 ◦C).

The results are reported in Fig. 13. It is immediately observed

that the temperature rises approximately ∝ IRMS (i.e., instead

of ∝ I2RMS), suggesting that the capacitor ESR decreases

linearly with the temperature rise. This can be easily inferred

by simplifying the temperature dependence expression of the

ceramic capacitor (cf. Fig. 4(d)), under the assumption of high

values of k or T , such that k (T − T0) ≫ 1:

RESR(T )

RESR(T0)
=

1

1 + k (T − T0)
≈

1

k (T − T0)
. (9)

Furthermore, Fig. 13 shows that halving the switching fre-

quency leads to a ≈
√
2 increase of the temperature rise, which

is strictly related to capacitor losses (i.e., ∝ ESR). Since the

capacitor ESR is inversely proportional to the temperature rise

according to (9), compensating for this effect (i.e., multiplying

by
√
2) allows to see that the switching frequency halving

leads to the doubling of the ESR (and losses) for a fixed

capacitor temperature. This successfully verifies the small-

signal RESR ∝ 1/f trend also for large-signal excitation levels.

V. DESIGN CASE STUDY: 550 KVA INVERTER

In this section, the capacitor sizing procedure described

in Section III is applied to a specific case study and a full-

ceramic DC-link prototype is designed and realized. The

Fig. 13. Experimental capacitor temperature rise as function of the RMS
current stress IRMS at Vdc = 800V, Ta = 23 ◦C and variable switching
frequency fsw.

TABLE II
INVERTER SPECIFICATIONS AND NOMINAL OPERATING CONDITIONS.

Parameter Description Value

S Apparent Power 550 kVA

I Peak Phase Current 795A

Vdc DC-Link Voltage 800V

fsw Switching Frequency 20 kHz

(a) (c)(b)

365 μF

125 μF

1.69 dm
3

0.193 dm
3

2.43 kg

1.10 kg

(d) (e)

1367 A

ICdc,RMS,max

10 %
ΔVdc,pp,max

2.7 %
365 A

Fig. 14. Film vs. PLZT ceramic DC-link capacitor sizing according to the
procedure outlined in Section III, considering the specific performance indices
illustrated in Fig. 6 and assuming ∆Vdc,pp,max = 10% · Vdc, Ta = 85 ◦C
and the inverter specifications reported in Table II. (a) DC-link capacitance Cdc,
(b) volume, (c) weight, (d) normalized peak-to-peak voltage ripple ∆Vdc,pp,
(e) RMS current capability IRMS. The film capacitor size is determined by
the RMS current stress (IRMS limited), whereas the PLZT ceramic capacitor
size is dictated by the required peak-to-peak voltage ripple (∆Vpp limited).

target specifications and nominal operating conditions of the

considered three-phase drive inverter are reported in Table II.

A. DC-Link Capacitor Sizing

A film-based and a PLZT ceramic-based DC-link solutions

are sized according to the procedure outlined in Section III,

considering the specific performance indices illustrated in

Fig. 6, the inverter specifications reported in Table II and
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(b)

DC+ 
Busbar

Decoupling 
Capacitors

DC Connections 
to Power Module

(a)

DC− 
Busbar

3x 
Boards

Interconnecting 
Standoffs

DC+ DC+DC−

Fig. 15. (a) 3D design view of the full-ceramic DC-link concept and (b) bottom view of the DC-link board directly connected to the power modules.

assuming a target maximum peak-to-peak voltage ripple

∆Vdc,pp,max = 10% · Vdc = 80V and an inverter internal am-

bient temperature Ta = 85 ◦C. Exploiting expressions (5), (6)

and (7), the sizing results in terms of capacitance, volume,

weight, peak-to-peak voltage ripple and RMS current capa-

bility are reported in Fig. 14. In particular, the minimum

required capacitance values for the film and the PLZT ceramic

capacitor technologies are 365 µF and 125 µF, respectively.

Notably, since no large-signal experimental characterization

(cf. Section IV) had been performed at the time of the DC-

link sizing, the small-signal capacitance value provided by

the manufacturer was assumed as a worst-case scenario (i.e.,

being the effective capacitance value strictly increasing with

the amplitude of the excitation) and was thus exploited for

the sizing of the DC-link. Unfortunately, as shown in Fig. 12,

this assumption translates in an overestimation of the actual

DC-link capacitance by ≈ 11% when assuming Vdc = 800V
and ∆Vdc,pp,max = 80V, effectively leading to a DC-link

undersizing. This further supports the relevance of the large-

signal Ceq(∆Vpp) relation derived in Section IV.

As expected from Section II-C, it is observed that the

CeraLink® solution achieves significantly superior theoretical

performance with respect to the film-based solution, in terms

of both DC-link volume and weight. Remarkably, the large

reduction in weight and volume is to be mainly attributed to

the high specific RMS current capability of PLZT ceramic

technology, and not to its high volumetric/gravimetric capac-

itance density. In fact, since the RMS current limit is not

encountered up to very high fsw values (cf. Fig. 9), the inverter

switching frequency increase allows to significantly reduce the

total capacitance requirement. This is not the case for the film-

based solution, which encounters the RMS current limit at

relatively low frequency (i.e., ≈ 7 kHz, cf. Fig. 9), after which

no significant benefits are obtained by a fsw increase.

B. DC-Link Capacitor Realization

A full-ceramic DC-link capacitor prototype, illustrated in

Fig. 15, is designed and constructed for verification pur-

poses. It consists of three identical double-side 800 µm thick

copper PCBs housing several 900V CeraLink® capacitors

in parallel, achieving a total small-signal capacitance of

128 µF (i.e., slightly higher than the minimum required value

of 125 µF, cf. Fig 14). The complete capacitor assembly

consists of 80 FA10 B58035U9255M001 [34] (1.3 µF each),

Boxed Ceramic 
Capacitor Volume

Busbars and 
Interconnections

Equivalent Film 
Capacitor Volume

2
2
0
 m

m

5
8
.5

 m
m

131 mm

41 mm

Fig. 16. 3D model comparison between the designed full-ceramic (PLZT) DC-
link capacitor assembly and the performance-equivalent film-based solution.

60 FA3 B58035U9754M062 [34] (0.39 µF each) and 6 LP

B58031U9254M062 [38] (0.13 µF each). In particular, the

6 capacitors belonging to the LP series are placed only on

the bottom board in correspondence of the DC terminals of

the power modules as shown in Fig. 15(b) (cf. decoupling

capacitors), with the specific purpose of minimizing the

commutation loop inductance. It should be noted that the

capacitors are mounted on both top and bottom sides of the

two lower boards, whereas the third board features capacitors

only on the top side, as shown in Fig. 15(a).

Excluding busbars and interconnections to the power mod-

ules, the total weight of the full-ceramic DC-link capacitor

assembly is 1.73 kg, whereas its total boxed volume is 0.53 dm3

(i.e., 220 x 41 x 58.5mm), as shown in Fig. 16. It can be noticed

that these weight and volume figures are well above the ones

achievable theoretically (cf. Fig. 14), respectively by ≈ 1.6
times and ≈ 2.7 times. While the weight increment is directly

associated with the addition of the thick-copper PCB (i.e., not

considered in the analysis), the volume increment can be mostly

attributed to the clearance and creepage requirements (i.e.,

determining the physical distance between devices). It is worth

noting that the volume of the assembly could be significantly

reduced by exploiting dielectric molding compounds and

industrial manufacturing techniques.
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(a) (b)

Cooling 
Outlet

DC Input 
(to Battery)

AC Output 
(to Motor)

Aluminum 
Case

DC-Link

Control Board 
and Power Stage

EMI Filter

Current 
Sensor

Fig. 17. (a) 3D design view of the realized 800V 550 kVA EV traction inverter and (b) prototype view. The system consists of the power semiconductor stage
(with control board and liquid-cooled heatsink), the DC-link capacitor assembly and a DC-side EMI filter enclosed in a waterproof IP 67 aluminum case [39].

Nevertheless, despite the inefficient space usage, the realized

solution features 69% lower volume and 29% lower weight

than the theoretical film-based counterpart (i.e., 1.69 dm3,

2.43 kg), also illustrated in Fig. 16 for visual comparison.

C. Drive Inverter System Overview

The complete three-phase drive inverter prototype integrating

the designed DC-link capacitor has been presented in [39]

and is shown in Fig. 17. The system consists of the power

semiconductor stage, the DC-link capacitor assembly and a DC-

side EMI filter, all enclosed in a waterproof IP 67 aluminum

case. In particular, the power stage features three separate

half-bridge 1200V 2.1mΩ SiC MOSFET automotive power

modules from Danfoss (i.e., DP660B1200T105606). These

power modules are actively cooled leveraging an integrated

direct cooling technology and a custom heatsink, enabling high

current operation (i.e., up to the rated 795A). Additionally, the

DC-side EMI filter is designed to comply with the CISPR 25

class 3 electromagnetic interference (EMI) standard, ensuring

that the inverter DC-side current/voltage ripple does not reach

the rest of the system (i.e., the battery). Notably, the drive

inverter prototype of Fig. 17 features full closed-loop control,

achieved with a purposely developed control board.

VI. EXPERIMENTAL ASSESSMENT

To validate the proposed full-ceramic DC-link sizing proce-

dure (cf. Section III) and design (cf. Section V), the DC-link

peak-to-peak voltage ripple is assessed exploiting the 800V
550 kVA inverter prototype in Fig. 17.

The equivalent circuit schematic of the adopted experimental

setup is illustrated in Fig. 18. Leveraging the embedded high-

bandwidth (≈ 1 kHz) closed-loop current control, the inverter

has been tested on a three-phase inductive load (i.e., ϕ ≈
π/2) featuring an inductance equal to 105 µH and a saturation

current value of 400A. For reasons of consistency among all

measurements, an AC fundamental frequency of 400Hz has

been set to achieve adequate inverter modulation index values.

Several tests have been performed, varying the peak phase

current I from 0A to 400A and the DC-link voltage Vdc from

ia

ib

ic

Inverter

LCdcvdc

EMI Filter Inductive 
Load

Power 
Supply

Vdc

DC-Link

s
abc

Control 
Board

DSO iabc

Fig. 18. Equivalent circuit schematic of the adopted experimental setup for the
assessment of the DC-link peak-to-peak voltage ripple ∆Vdc,pp in the realized
800V 550 kVA inverter prototype. The three-phase output currents iabc are
closed-loop controlled to the desired reference value. The load inductors feature
L = 105 µH up to their saturation current value Isat = 400A.

200V to 800V. Fig. 19 shows the experimental phase current

waveforms iabc and DC-link voltage ripple waveform vdc (i.e.,

obtained with an AC-coupled voltage probe) for different test

conditions, namely fixed output peak phase current I = 400A
and variable DC-link voltage Vdc equal to 200V, 400V, 600V
and 800V. The waveforms show the significant impact of the

DC-link voltage bias on the amplitude of the voltage ripple,

to be attributed to two independent factors. Firstly, due to

the passive (i.e., inductive) nature of the load and being the

AC phase current peak I and fundamental frequency f fixed

independently of the DC-link voltage value, the modulation

index is inversely proportional to Vdc (i.e., M ≈ 4πfLI/Vdc ∝
1/Vdc), linearly affecting the peak-to-peak charge ripple for

ϕ ≈ π/2 (cf. Fig. 8). Secondly, the variable and non-linear

behavior of the PLZT capacitance value increases together with

Vdc (cf. Fig 12(b)), leading to even lower peak-to-peak voltage

ripple for high Vdc values.

A. DC-Link Voltage Ripple Estimation

To verify the accuracy and applicability of the large-signal

capacitance relation Ceq(∆Vpp) derived in Section IV (cf.

Fig. 12), the measured peak-to-peak DC-link voltage ripple
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(a)

(b)

(c)

(d)

CH 1

200 A/div

CH 2

200 A/div

CH 3

200 A/div

CH 4

10 V/div

CH 1

200 A/div

CH 2

200 A/div

CH 3

200 A/div

CH 4

10 V/div

CH 1

200 A/div

CH 2

200 A/div

CH 3

200 A/div

CH 4

10 V/div
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CH 1
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CH 2
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CH 3

200 A/div

CH 4

10 V/div

ic

ib

vdc

ΔVdc,pp

Fig. 19. Experimental phase current waveforms iabc and DC-link voltage
ripple waveform vdc with I = 400A and (a) Vdc = 200V, (b) Vdc = 400V,
(c) Vdc = 600V, (d) Vdc = 800V. A digital low-pass filter with a 1MHz
(i.e., 50fsw) cutoff frequency is applied to vdc, to remove the switching noise.

M

φ

ΔQCdc,pp(M,φ) ΔQn
I

fsw

Ceq(ΔQpp ,Vdc)

Vdc

Ceq

ΔVdc,pp

ΔQCdc,pp Cdc,eq

C * C *
dc C * C *

dc

Fig. 20. Flowchart of the adopted procedure to estimate the peak-to-peak
DC-link voltage ripple ∆Vdc,pp for given modulation index M , load power
factor angle ϕ, phase current peak I , switching frequency fsw and DC-link
voltage bias Vdc. Linear interpolation among the experimental characterization
results reported in Fig. 12(b) is exploited to obtain Ceq and thus Cdc,eq.

∆Vdc,pp is compared with a model-based estimation. The

flowchart of the adopted voltage ripple estimation procedure

for a given operating condition (i.e., determined by Vdc, I , M ,

ϕ, fsw) is illustrated in Fig. 20 and consists of the following

steps:

• the normalized DC-link peak-to-peak charge ripple

∆QCdc,pp/∆Qn is determined by M and ϕ according

to the numerical relation illustrated in Fig. 8;

• ∆QCdc,pp/∆Qn is denormalized according to the actual

values of I and fsw, obtaining ∆QCdc,pp;

• ∆QCdc,pp is rescaled to the equivalent charge ripple

∆Qpp of a single capacitor unit (i.e., multiplied by

C∗/C∗
dc);

• the experimental characterization of a single PLZT capac-

itor unit reported in Section IV is exploited to derive the

equivalent large-signal capacitance value Ceq as function

of ∆Qpp and Vdc (cf. Fig. 12(b));

• the large-signal equivalent capacitance Ceq is rescaled

to the total DC-link capacitor assembly (i.e., divided by

C∗/C∗
dc), obtaining Cdc,eq;

• the estimated DC-link peak-to-peak voltage ripple ∆Vdc,pp

is calculated as ∆QCdc,pp/Cdc,eq.

B. Comparative Results

The peak-to-peak DC-link voltage ripple values obtained

experimentally are compared to the model-based estimations

and are reported in Table III. The same results are graphically

illustrated in Fig. 21, where they are reported as functions

of the peak phase current I and the DC-link voltage Vdc in

(a), and as functions of the modulation index M and the peak

phase current I in (b). As previously mentioned, it is worth

remarking that the modulation index M is tightly related to the

DC-link voltage Vdc and the peak phase current I values, due to

the inductive load configuration and the constant fundamental

frequency f (i.e., M ≈ 4πfLI/Vdc ∝ I/Vdc).

It is observed that the adoption of the large-signal capacitance

relation Ceq(∆Vpp) experimentally derived in Section IV,

together with the estimation procedure illustrated in Fig. 20,

leads to excellent agreement between measured and estimated

DC-link peak-to-peak voltage ripple values. In particular, a

maximum deviation of ≈ ±7% (including the measurement

accuracy) is obtained across all tested operating conditions,

successfully verifying the applicability of the large-signal

capacitance measurements of Section IV.

Fig. 21(a) also shows the value of ∆Vdc,pp estimated as-

suming the small-signal capacitance value C∗
dc at Vdc = 800V
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(a) (b)

measured estimated

measured

estimated

assuming C *  (800V)dc

Fig. 21. Measured and estimated (cf. Fig. 20) DC-link peak-to-peak voltage ripple ∆Vdc,pp (a) as function of peak phase current I and DC-link voltage Vdc,
and (b) as function of modulation index M and peak phase current I with power factor angle ϕ ≈ π/2 and switching frequency fsw = 20 kHz. The value of
M is tightly related to Vdc and I , due to the inductive load configuration and the constant fundamental frequency f (i.e., M ≈ 4πfLI/Vdc ∝ I/Vdc). The
dashed line in (a) represents the value of ∆Vdc,pp estimated assuming the small-signal capacitance value C∗

dc
at Vdc = 800V.

TABLE III
MEASURED AND ESTIMATED DC-LINK VOLTAGE RIPPLE.

Vdc I M
Measured Estimated Relative

∆Vdc,pp ∆Vdc,pp Error

200V 100A 0.269 4.3V 4.3V +0.0%

200V 200A 0.538 17.0V 17.0V +0.0%

200V 300A 0.807 39.0V 38.1V −2.3%

200V 400A 1.076 66.5V 67.3V +1.2%

400V 100A 0.135 2.1V 2.1V +0.0%

400V 200A 0.269 8.1V 8.4V +3.7%

400V 300A 0.404 17.8V 18.8V +5.6%

400V 400A 0.538 31.7V 33.0V +4.1%

600V 100A 0.090 1.4V 1.3V −7.1%

600V 200A 0.179 4.7V 5.0V +6.4%

600V 300A 0.269 10.6V 11.2V +5.7%

600V 400A 0.359 18.2V 19.6V +7.7%

800V 100A 0.067 0.8V 0.8V +0.0%

800V 200A 0.135 3.2V 3.0V −6.3%

800V 300A 0.202 6.6V 6.8V +3.0%

800V 400A 0.269 11.3V 11.9V +5.3%

provided by the PLZT capacitor manufacturer (dashed line).

This approach leads to a significant underestimation of the

voltage ripple (i.e., ≈ 20%−30%) in the considered operating

conditions, further emphasizing the benefits of the adopted

large-signal capacitance model.

As a final remark, it is worth highlighting that the validity

of the large-signal Ceq(∆Vpp) relation derived in Section IV

(cf. Fig. 12(c)) suggests that the realized full-ceramic DC-

link capacitor assembly (i.e., sized according to the small-

signal capacitance value) results in a ≈ 11% higher worst-

case DC-link voltage ripple with respect to the design target

of ∆Vdc,pp,max = 10% · Vdc = 80V. This further speaks

to the importance of exploiting the large-signal Ceq(∆Vpp)
relation during the DC-link design phase, since the small-

signal capacitance value provided by the manufacturer may

translate is significant undersizing of the DC-link capacitor,

particularly for low ∆Vdc,pp,max targets.

VII. CONCLUSION

This paper has presented the comprehensive analysis, design

and experimental assessment of a high power density full-

ceramic DC-link capacitor for a 800V 550 kVA 20 kHz electric

vehicle (EV) drive inverter.

First, an overview of the most relevant capacitor technologies

for inverter DC-link applications in automotive has been

presented, including and comparing both film and ceramic

technologies. In particular, the superior theoretical performance

of PLZT ceramic capacitors in terms of volumetric/gravimetric

capacitance and current densities have been highlighted in a

preliminary performance comparison.

With the goal of providing a straightforward and generalized

DC-link capacitor sizing procedure for three-phase inverters

(and applicable to all kinds of voltage-source converters),

analytical expressions of the DC-link RMS current and charge

ripple stresses have been recalled and approximate capacitance

sizing relations accounting for technology-specific frequency

and temperature dependencies have been derived. Remarkably,

the already prospected performance advantage offered by PLZT

ceramic capacitors has been shown to rapidly and progressively

widen for increasing values of switching frequency up to

hundreds of kHz, suitable for future drive inverters with

fast-switching semiconductor devices. Moreover, being the

capacitance and current density ratios between film and PLZT

ceramic technologies mostly independent of the selected voltage

class, the identified performance benefits are applicable to all

EV powertrain voltage levels (i.e., 200±1000V).

To validate the underlying assumptions of the proposed

sizing procedure and to gather additional information on

the considered PLZT ceramic capacitor technology, a large-

signal experimental characterization has been performed on a

single capacitor sample. Other than validating the frequency

dependence of the capacitor RMS current capability, this

experimental characterization has allowed to obtain for the first
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time the equivalent large-signal capacitance value as function

of the amplitude of the excitation (i.e., the voltage ripple) and

DC-bias voltage level, a crucial information that is not provided

by the manufacturer.

The proposed DC-link sizing procedure has then been applied

to the considered 550 kVA EV drive inverter and a prototype

of a full-ceramic DC-link capacitor assembly has been realized,

demonstrating 69% (i.e., ≈ two thirds) lower volume and 29%
(i.e., ≈ one third) lower weight than an equivalent film-based

solution.

Finally, the peak-to-peak voltage ripple performance of the

designed DC-link capacitor has been experimentally assessed

exploiting a 800V 550 kVA EV drive inverter prototype

operating at 20 kHz. The results have demonstrated excellent

agreement between measured and predicted ripple values, suc-

cessfully validating the non-linear relation between equivalent

large-signal capacitance and amplitude of the excitation (i.e.,

charge/voltage ripple).

Overall, this work has practically demonstrated the well

anticipated disruptive performance of PLZT ceramic capacitor

technology in high-voltage high-power three-phase EV drive

inverters. Remarkably, the authors believe that the increased

switching frequency operation unlocked by modern wide

bandgap semiconductor devices (i.e., SiC, GaN) and the

integration of the capacitor assembly through state-of-the-

art manufacturing and dielectric molding techniques may

potentially lead to a further performance leap in DC-link (and

drive inverter system) power density.

APPENDIX A

CAPACITOR RMS CURRENT SCALING

The RMS current capability of a capacitor is defined by

different factors (e.g., physical size, ESR, number of paralleled

units, operating frequency, temperature), which can affect the

capacitor thermal dissipation capability, the generated losses,

or both.

A simplified electrical equivalent circuit of a generic capaci-

tor is illustrated in Fig. 22(a), which indicates that the capacitor

power losses can be expressed as

P = RESR(f, T ) I
2
RMS, (10)

where RESR(f, T ) is the frequency/temperature-dependent

ESR and IRMS is the RMS current flowing through the

capacitor itself. For simplicity of the analysis, a sinusoidal

current with frequency f is assumed.

The capacitor losses must be dissipated towards the ambient,

according to the simplified steady-state thermal equivalent

circuit in Fig. 22(b). The heat flow leads to a rise of the

capacitor temperature T with respect to the ambient temperature

Ta, expressed as

T − Ta = P Rth, (11)

where Rth is the thermal resistance of the capacitor towards the

ambient. Therefore, the RMS current capability of the capacitor

is obtained from (10) and (11) as:

IRMS =

√

T − Ta

Rth RESR(f, T )
. (12)

(b)

P Ta

RthT Ta

(a)

C

RESR( f ,T )
IRMS

Fig. 22. Simplified (a) electrical equivalent circuit and (b) thermal equivalent
circuit of a generic capacitor.

Assuming to parallel N capacitor units (i.e., N = C/C∗)

and considering general frequency and temperature de-

pendencies of the capacitor ESR (i.e., RESR ∝ 1/fα,

RESR ∝ 1/[1 + k(T − T0)]
β , cf. Section II), the following

scaling laws are obtained:














RESR(f, T )=R∗
ESR(f

∗, T ∗)
C∗

C

(

f∗

f

)α(
1+k(T ∗−T0)

1+k(T−T0)

)β

Rth = R∗
th

C∗

C

(13)

where ∗ indicates the values related to a single capacitor unit

operating in the conditions specified in the manufacturer’s

datasheet, α ≈ β ≈ 0 for film capacitors and α ≈ β ≈ 1 for

PLZT ceramic capacitors.

Therefore, a comprehensive scaling law for the capacitor

RMS current capability is obtained from (12) and (13), as

IRMS = I∗RMS

C

C∗

(

f

f∗

)α/2(
1+k(T − T0)

1+k(T ∗− T0)

)β/2
√

T − Ta

T ∗− T ∗
a

.

(14)

It is worth noting that in inverter DC-link applications the

capacitor RMS current includes several frequency components

located around integer multiples of the switching frequency

fsw. Nevertheless, a worst-case condition can be assumed by

considering the complete RMS current stress applied at fsw
(i.e., the lowest frequency component).
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