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ABSTRACT Multilayer Ceramic Capacitors (MLCCs) are of paramount importance in electronics and
ferroelectric Class II dielectrics enable outstanding energy-density values. However, the non-linear dielectric
constant and associated low-frequency large-signal excitation losses of Class I MLCCs may cause critical
overheating. A peak-charge based Steinmetz loss model entitled iGSE-Cg is known in literature and allows to
accurately calculate MLCC low-frequency large-signal excitation losses under various operating conditions
including biased and non-sinusoidal excitation voltage waveforms. Such a macroscopic iGSE-Cq model,
however, is inherently limited to a specific MLCC, and in contrast to Steinmetz loss modeling for ferromag-
netic inductor cores, the losses of other devices employing the same dielectric material cannot be predicted.
Recent literature therefore proposed a microscopic and/or material specific MLCC Steinmetz Model entitled
iGSE-Cp which allows to calculate the losses of any MLCC of the same dielectric material based upon
just a single set of Steinmetz parameters. However, due to the lack of information on the internal device
geometry, the iGSE-Cp could be verified only indirectly so far by means of a loss normalization based
on the device capacitance and rated voltage. In this paper, we demonstrate the feasibility of a microscopic
iGSE-Cp MLCC loss model enabled by manufacturer data on the internal capacitor structure. The iGSE-Cp
is verified for two different MLCC series employing a conventional X7R dielectric and a novel Hiteca (with
reduced non-linearity) Class II dielectric material with loss estimation error below 22%. This error results
due to component tolerances and is acceptable, especially when compared to the loss calculation based on
the datasheet information which can be off by up to a factor of ten. The analysis of the Hiteca dielectric
reveals a frequency behavior different to the X7R material, and is discussed in the Appendix of this paper.

INDEX TERMS Multilayer ceramic capacitor, MLCC, loss modeling, Steinmetz Equation, iGSE, iGSE-C,
DC-AC power converters, AC-DC power converters, inverters, rectifiers, power capacitors.

I. INTRODUCTION differential capacitance Cyq over dc bias voltage Ug. curve
Multilayer Ceramic Capacitors (MLCCs) are a foundation of a Class II X7R MLCC (the material code X7R indicates
of electronics [1], and Class II MLCCs with ferroelectric the tolerable minimum and maximum device temperatures
dielectrics enable ultra-high energy densities [1], [2], [3]. [—55°C to 125 °C], as well as the associated change of
This, however, comes at the cost of a non-linear dielectric capacitance of £15% [1]). Here the differential capacitance
constant and Fig. 1 depicts an exemplary small-signal / Cqg reduces drastically with increasing bias voltage and drops
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FIGURE 1. Exemplary small-signal / differential capacitance C4
(normalized to the nominal capacitance value C, at zero dc bias) over
dc-bias voltage Uy, (normalized by the capacitor rated voltage Ug) of a
ferroelectric Class 11 (X7R) MLCC, a new Hiteca MLCC with reduced
capacitance variation, and - for comparison - a low-energy-density Class |
(COG) MLCC.

below 20% of the nominal / unbiased capacitance value Cp.
For comparison, Fig. 1 also depicts a Class I COG MLCC with
a constant capacitance value, as well as a new Class II Hiteca'
MLCC from Knowles [4], [5] with reduced capacitance
non-linearity over bias voltage.

This non-linear dielectric constant of Class II MLCCs is
accompanied by substantial low-frequency large-signal ex-
citation losses which are reported in literature [6], [7], [8],
[9] and may lead to critical device overheating even in the
range of 100 Hz excitation frequency which is present in, e.g.,
active power pulsation buffers for single-phase Power Factor
Correction (PFC) rectifiers or motor drive sinewave filters.
It is well known that a simple Effective Series Resistance
(ESR) loss model cannot capture the non-linear loss behavior
of MLCCs [10], and Class II MLCC dissipation factors can
increase tenfold under large-signal excitation compared to the
datasheet performance observed under small-signal excita-
tion [9].

Based upon the duality of ferromagnetic core materials
(used for inductors and transformers) and ferroelectric di-
electric materials [11], a peak-charge-excitation-based MLCC
Steinmetz loss model was introduced in [9]: The losses were
found to scale according to a power law relationship with
the MLCC charge amplitude and excitation frequency, and
a set of Steinmetz parameters allows to accurately calculate
the low-frequency large-signal excitation losses. The model
was shown to hold for dc-biased excitation and further ex-
tended to non-sinusoidal voltage excitation, and thus, named
improved Generalized Steinmetz Equation for ceramic Capac-
itors IGSE-Cq) [9].

The iGSE-Cq model, however, is limited to a specific
MLCC, and in contrast to Steinmetz magnetic loss modeling,

'Hiteca is a registered trademark by Knowles.
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the losses of other devices employing the same dielectric
material with different rated voltage and/or different nominal
capacitance value cannot be predicted.

As highlighted in [12], this limitation of the iGSE-Cq re-
sults as the model bases on the macroscopic device behavior
(i.e., on the overall peak device charge Qpx and voltage Upk).
In contrast, Steinmetz modeling for magnetic losses is con-
ducted on a microscopic level: The loss density of a magnetic
core is calculated based on the B-field excitation, such that
a single set of Steinmetz parameters allows to calculate the
losses of a ferromagnetic material for various core geometries.

Accordingly, Ref. [12] proposed a microscopic peak
D-field-excitation-based loss model named iGSECp which
is — similar to ferromagnetic loss modeling — applicable to
MLCCs of the same dielectric material across rated voltage
and nominal capacitance. However, due to the lack of infor-
mation on the internal structure of commercially available
MLCCs the iGSECp could be verified (up to now) only in-
directly by means of a loss normalization based on the device
capacitance and rated voltage [12].

In this paper, based on manufacturer data on the internal
MLCC structures we verify the iGSECp model and demon-
strate loss calculations for several devices employing the same
dielectric material for both Class II X7R and new Hiteca
MLCCs.

The paper is structured as follows: Section I provides
the relevant theoretical background for the macroscopic and
microscopic MLCC loss modeling. Section II presents ex-
perimental results validating the iGSECp and a detailed
discussion of the findings. Then, Section III discusses the
applicability of the iGSECp and includes an exemplary de-
sign process. Section IV summarizes the main findings and
indicates paths for future research and Appendix A provides
additional information on the frequency behavior of Hiteca
MLCCs.

I. MICROSCOPIC MLCC STEINMETZ MODELING

In this section, in a first step, the relationship of microscopic
and macroscopic MLCC quantities is summarized. Then, the
associated loss models are introduced and the conversion
of macroscopic to microscopic Steinmetz parameters is dis-
cussed.

A. MICROSCOPIC MLCC PROPERTIES

Fig. 2(a) presents the voltage-charge U — Q hysteresis loop
of an X7R MLCC (2220Y5000105KXTWS2 from Knowles,
designated as Cs in Table 1). Here, the energy W dissipated
within one cycle (or the losses P resulting by multiplication
of W with the excitation frequency f) is defined with

W:/udq:?, (D)

and corresponds to the area enclosed by the U — Q hysteresis
loop. As mentioned, the measured loss P is device-specific
and cannot be used directly to calculate the losses for the
same operating point resulting in another device of the same
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TABLE 1. Typical Geometry Information of the Considered MLCCs From Knowles '

Part Number Diel. Mat. Design. | Ug (V) Co (F) | t (um) A (mm?) Vg (mm?) kq a B

1812Y5000104KXT X7R 4 500 100 36 178 6.4 1.5e+07 1.0 22
1812Y5000274KXT X7R Cy 500 270 35 471 16.4 3.7e+06 1.0 22
2220Y5000334KXT X7R Cs 500 330 35 590 20.6 3.4e+06 1.0 22
2220Y5000564KXT X7R Cy 500 560 35 990 34.5 1.0e+06 1.0 2.1
2220Y5000105KXTWS2 X7R Cs 500 1000 33 1649 54.7 48e+05 1.0 2.1
2220Y6300105KXTWS2 X7R Ce 630 1000 33 1649 54.7 7.0e+05 1.0 2.2
1812Y1K00104KXT X7R Cy 1000 100 52 274 144 5.0e+06 1.0 2.1
2220Y1K00104KXT X7R Cy 1000 100 60 308 184 1.1e+07 1.0 22
1812Y1KO00154KXTWS2 X7R Cy 1000 150 45 345 154 2.6e+06 1.0 2.1
2220Y 1K00474KETWS2 X7R Cho 1000 470 46 1127 51.8 1.3e+06 1.0 2.1
2220Y 1K00474KETWS3 X7R Chq 1000 470 46 1127 51.8 1.4e+06 1.0 22
2225Y5000474KZT Hiteca C1a 500 470 40 1808 72.1 6.0e+03 1.5 2.1
2225Y9000184KZT Hiteca Ch3 900 180 69 1188 81.7 3.8¢e+03 1.7 2.0

lTerminol().gy: rated voltage UR, nominal (un-biased) capacitance value Cl, dielectric layer thickness ¢, total active area A, dielectric volume Vyjel,

macroscopic Steinmetz parameters kq, a, 3.
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FIGURE 2. (a) Measured voltage-charge U — Q (or microscopic
electric-displacement field E — D) hysteresis loop of an X7R MLCC
(2220Y5000105KXTWS2 designated as Cs in Table 1). The MLCC is excited
to a peak voltage of Uy, = 330V at a frequency f = 100 Hz and the
enclosed hysteresis area corresponds to the energy W (or microscopically
to the energy density w in a unit volume of the dielectric) dissipated within
one cycle. (b) illustration of the internal structure of an MLCC: (b.i)
cross-section view of a commercial MLCC, and (b.ii) microscopic field
quantities in between two MLCC layers.
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dielectric material but with different voltage rating or different
nominal capacitance value.

This limitation can be resolved, if instead of the macro-
scopic device behavior, i.e., the MLCC voltage U and charge
0, the microscopic dielectric material properties based upon
the electric field E and the displacement field D are consid-
ered [12]. Ferroelectric materials have spontaneous polariza-
tion, where a dipole is created due to the slight displacement
of an atom from the center of a crystal structure. In BaTiO3,
the most common material for Class II dielectrics, the Ti atom
is displaced off the central position within the Ti-Og polyhedra
producing the effective dipole. At the microscopic level the
material contains ‘domains’ of orientated dipoles, but at the
macroscopic level the net polarization is zero (for an un-poled
material). When an electric field is applied, these domains will
be influenced to polarize in the direction of the external field.
Some domains will align (by random chance) to the electric
field, where they will begin to grow and coalesce. ‘Domain
wall motion’ is often used to explain the work required to
make domains grow/shrink. This is also used to explain the
dielectric dissipation energy density w (or power loss density
p), which is — for a certain E-field excitation — identical for
all devices of the same dielectric material.

The local dissipation energy density w (or the power loss
density p resulting by multiplication of w with the excitation
frequency f) is defined with

-

and corresponds to the area enclosed by the £ — D hysteresis
loop in Fig. 2(a).

Fig. 2(b) illustrates the internal structure of an MLCC
which represents an ideal plate capacitor in good approxima-
tion and hence a homogeneous field distribution is assumed
in the following. The MLCC comprises N dielectric layers
enclosed by N + 1 electrodes of alternating polarity (the col-
oring of the positive and negative electrodes does not indicate
a different material but serves to highlight the electrode poten-
tial). As highlighted in Fig. 2(b.ii) the full terminal voltage U

0

EdD = =, 2
7 2)
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is applied across each dielectric layer of thickness ¢, resulting
in an E-field

E=U/t, (3)

and a parallel connection of the N dielectric layers.

The electrodes comprise a certain margin towards the ter-
mination of opposing polarity and towards the MLCC edge,
such that each MLCC layer comprises an (active) overlap area
AN =11 - [ (see Fig. 2(b)). Hence, the macroscopic device
charge Q is spread across the total active area A = N - AN
resulting in a D-field

D = Q/A. “4)

Last, the MLCC loss density p results when dividing the de-
vice losses P by the total active dielectric volume Vgie) = A - ¢
with
P P
p = = —_—
Viiet A-f

®)

In summary, the relation between the macroscopic MLCC
electric quantities, i.e., voltage U, charge Q and losses P,
and the microscopic MLCC electric quantities, i.e., E-field,
D-field and loss density p, is defined by the MLCC geomet-
rical properties, i.e., effective dielectric layer thickness ¢ and
total active area A, such that the macroscopic device behavior
can be described based upon the fundamental / microscopic
material properties and vice versa.

Table 1 lists the commercially available MLCCs consid-
ered in this publication with the typical geometrical properties
provided by the manufacturer. For the MLCC highlighted in
Fig. 2(a) (Cs in Table 1), the excitation voltage amplitude of
Upk = 330 Vi corresponds with (3) to Epx = 10kV/mm, and
the resulting peak charge Qpx = 260 uC corresponds with (4)
to Dpx = 0.16 As/m?.

B. CONSIDERED LOSS MODELS

According to the device-specific Steinmetz model from [9]
Class IT MLCC large-signal excitation losses P scale accord-
ing to a power-law relationship with the peak charge Qpk and
the excitation frequency f as

P=W-f=kqg f* 0. (6)

with the Steinmetz parameters kg, o, 8. In case of non-
sinusoidal excitation waveforms (e.g., third-harmonic injec-
tion in a motor drive inverter), the losses can be derived as

1 T
Pz—f ki
T Jo

which is entitled as the improved Generalized Steinmetz
Equation for ceramic Capacitors i(GSE-Cq) [9], [13], with the
peak-to-peak charge excitation AQ = 2 - Qpk, and k; defined
by the Steinmetz parameters according to [13] as

k
@) [P | cos0]226-2dp

401" Ao
7 (AQ)""dt, @)

ki

®)
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The iGSE-Cq considers the instantaneous MLCC losses as a
function of the instantaneous change in charge dQ/dr and the
overall peak-to-peak charge excitation AQ. In case of non-
monotonic excitation waveforms, major-minor loop splitting
is performed with AQ in (7) equal to the excitation of the
respective loop as highlighted in [9], [13]. Note that for o &~ 1
(as found in [9] for the considered X7R MLCC), (7) collapses
to (6). Hence, for a ~ 1, (6) allows to calculate MLCC losses
for non-sinusoidal waveforms when minor/major loop split-
ting is applied. Therefore, in the following both (6) and (7)
are referred to as an iGSE-Cq model.

In contrast to device specific models, according to the
material-specific iGSECp model [12] the microscopic power
loss density p (and the dissipation energy density w) scale
according to a power-law relationship with the peak D-field
Dy and the excitation frequency f as

p=w-f=hkp-f* Dl ©)

with the Steinmetz dielectric material parameters kp, o, B.
For non-sinusoidal excitation the loss density is derived based
dD

on
1 T
o T /(; i,.D a1

with the peak-to-peak displacement field AD = 2 - Dy, and
ki p derived from (8) by substituting k with kp.

Combining now (6) and (9) with (5), the material-specific
iGSECp parameter kp can be derived from the device-specific
iGSE-Cq parameter kg with [12]

B
s () -

D fr—
Viiel \ Dpk Vidiel

(ADYP~*dr, (10)

Y

whereas o and B are identical for both the iGSE-Cq and the
iGSECp. Hence, the loss characterization and the geometry
information of a single MLCC is sufficient to characterize the
dielectric material and/or parameterize the iGSECp model,
which advantageously applies to all MLCCs employing the
same material.

Il. EXPERIMENTAL VERIFICATION

Results obtained with an automated Sawyer-Tower setup (for
more details on the setup we refer to [12]) for the MLCCs
listed in Table 1 are presented in Fig. 3. The scatter points
represent measurement points (round symbols for X7R and
triangular for Hiteca dielectrics) and an excitation frequency
of f = 100 Hz is considered here.

As can be observed in Fig. 3(a.i), the relationship between
the MLCC peak-charge Qpk and the peak voltage Upy is
non-linear and fundamentally different across the considered
devices. If the macroscopic MLCC peak charge and volt-
age values are translated into the corresponding microscopic
quantities with (3), (4) and the typical geometrical dimensions
in Table 1, the plot in Fig. 3(a.i) results. There, the peak
displacement field Dpg vs. peak electric field E,x behavior
is almost identical for all considered devices of the same
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FIGURE 3. Experimental results across increasing voltage amplitude for a constant excitation frequency f = 100 Hz for the devices stated in Table 1 with
X7R (round scatter symbols) and Hiteca dielectrics (triangular scatter symbols): (a.i) non-linear MLCC peak-charge Qy vs. peak voltage Uy and (a.ii) peak
displacement field Dy, vs. peak electric field Epy. (b.i) MLCC losses P vs. peak-charge Q, and (b.ii) dielectric loss density o vs. peak displacement field
Dy in a linear scale. (c.i) MLCC losses P vs. peak-charge Qp and (c.ii) dielectric loss density p vs. peak displacement field Dy, in a logarithmic scale. The
dashed lines in the plots related to the microscopic MLCC properties (i.e., a.ii, b.ii, c.ii) represent the associated fits / models describing the microscopic
dielectric material properties according to Table 2. The dashed lines in the plots related to the macroscopic MLCC properties (i.e., a.i, b.i, c.i) are also
obtained based upon the microscopic dielectric material properties and are scaled according to the geometrical dimensions of the MLCCs in Table 1 with

(3)-(5)-

dielectric material. In fact a simple second order polynomial with the parameters according to Table 2 results in a D-field

fit (dashed line in Fig. 3(a.ii)) for the relationship fitting error below 10% for the maximum excitation values of
) the considered devices. Further, Fig. 3(a.ii) clearly illustrates
Dpk(Ep) = ki - Epk + ko - Epy. (12)  the reduced non-linearity of the Hiteca dielectric compared
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TABLE 2. Material Specific Steinmetz Parameters (Extracted From Cs and
Ci2)

Diel. Mat. | ki [As/(Vm)]
X7R 2.8e-08
Hiteca 1.0e-08

ky [As/(VH] | ko a f
-1.1e-15 1.1e+07 1.0 2.1
-8.8e-17 1.6e+05 1.5 2.1

to the X7R dielectric. Note that also the dashed lines in
Fig. 3(a.i) are based upon the same microscopic Dy (Epk)
characteristic (12) and scaled to macroscopic quantities ac-
cording to (3), (4) and the MLCC geometry information.

Next, Fig. 3(b.i) depicts the measured MLCC losses P vs.
peak-charge Qpkx where again MLCCs of the same dielectric
may behave substantially different across excitation ampli-
tude. The iGSE-Cq (6) allows to describe the loss-charge
relationship of each device individually across excitation
waveform, amplitude, dc-bias and frequency [9], and Table 1
lists the obtained Steinmetz parameters for each considered
device. However, as mentioned, a new MLCC of the same
dielectric material would need to be measured first to obtain
its device-specific iGSE-Cq parameters, which is of course
undesirable. Fig. 3(c.i) depicts the data of Fig. 3(b.i) in a
logarithmic scale. There, it can be noted that a very similar
slope B results for devices of the same dielectric material,
whereas the scaling parameter kq is different for each device,
which is in line with the consideration of Section I.

The limitation to a single device is resolved when translat-
ing the macroscopic device losses and charge of Fig. 3(b.i/c.i)
into the microscopic dielectric power loss density p vs. peak
displacement field Dy in Fig. 3(c.i)/(c.ii):

The displacement field to loss relationship is now al-
most identical among MLCCs of the same material. The
iGSECp (9) parameters [12] are derived here with (11) from
the iGSE-Cq parameters of Cs and Cj, in Table 1 for the
X7R and the Hiteca MLCCs, respectively, and stated in Ta-
ble 2. The iGSECp is represented by a black dashed line
in Fig. 3(b.i)/(c.ii) and accurately describes the resulting
large-signal excitation loss density at the maximum excitation
amplitude with a worst-case model error of 22% for the X7R
and of 16% for the Hiteca MLCCs. This deviation may result
due to geometric (i.e., active area A or layer thickness #) or
also dielectric material manufacturing tolerances (for exam-
ple, the nominal MLCC capacitance value is typically varying
in a range of £10% or £20%) and it is worth highlighting
that a loss model error of 22% is extremely small compared to
the error resulting when employing the datasheet ESR value
which can be off by up to a factor of ten. The dashed lines in
Fig. 3(b.1)/(c.i) are again based upon the iGSECp and scaled
to macroscopic quantities according to (3)—(5) and the MLCC
geometry, and clearly illustrate the performance of the micro-
scopic iGSECp loss model.

Note that the Steinmetz parameters of Table 1 and Table 2
were recorded at a temperature of 25°C (the measurement
time was minimized to avoid self heating) and it is known
from literature that temperature impacts the MLCC losses [7],
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FIGURE 4. Application example: a sinewave output filter of a motor drive
inverter employing MLCCs reduces the high-frequency differential-mode
stresses of a three-phase induction machine.
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[9] (e.g., Ref. [9] found a loss decrease of approximately
0.6 %/K with increasing temperatures). Hence, similar to
magnetics modeling [14], [15], future research could extend
the iGSECp model with temperature information, i.e., by
providing temperature dependent Steinmetz parameters. Ac-
cording to literature, dielectric aging also impacts MLCC
losses [16] which might also be considered. Advantageously,
for the iGSECp this can be done on a material level, i.e., with
a reduced number of measurements compared to a device-
specific model. Further, it would be interesting to investigate,
whether the iGSECp model is also applicable for low-voltage
MLCC:s (i.e., with rated voltages of up to several tens of volts)
where the dielectric layer thickness is comparable to the grain
size of the dielectric material, such that the assumption of a
homogeneous field distribution of (3) and (4) might not be
justified anymore.

Last, it is important to highlight that — in contrast to X7R
MLCCs with losses increasing linearly (o = 1.0) with fre-
quency up to f ~ 500Hz [9] — the Hiteca MLCCs show an
above-linear loss increase (o = 1.5) with frequency and the
frequency behavior of this material is discussed in more detail
in Appendix A.

Ill. DESIGN EXAMPLE

The goal of this section is to illustrate how the iGSECp allows
a straightforward MLCC selection for given converter specifi-
cations.

A motor drive sinewave output filter limiting the mo-
tor stresses as illustrated in Fig. 4 is considered here for
a 3kW induction machine with a line-to-neutral voltage of
230 Vims (i.€., Upk = 325 Vpx) and a nominal stator frequency
f =100Hz (e.g., Siemens 1LE1003-1AA42-2NA4-Z HO1
with 5820 rpm). The required LC-filter capacitance value is
Cf = 1.2 uF and for the MLCC selection, loss and volume
performance, as well as the MLCC derating (due to the non-
linear capacitance value) and thermal behavior have to be
considered.

In a first step, the peak E-field excitation E,x of each
MLCC for the considered voltage amplitude Upx = 325 V
is calculated with (3) and the typical device thickness
information in Table 1. The dielectric stresses Epy are stated in
Table 3 and values in a range from 4.7kV/mm to 9.8 kV/mm
result. Then, for each device the D-field is estimated with
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TABLE 3. Application Example?
Design. Ur (V) Cy F) | Ep (kV/mm) Dy (As/m?)  p (W/cm?) ep (%) P (W) Puax W) | dc (%) Npar  Piot (W) Viot (cm?)
Ch 500 100 9.1 0.15 20.3 -10.9 0.1 0.4 24.1 50 6.4 1.8
Cy 500 270 9.3 0.16 20.7 -10.3 0.3 0.4 224 20 6.8 0.7
Cs 500 330 9.3 0.16 20.7 -18.4 0.4 0.9 224 17 7.2 22
Cy 500 560 9.3 0.16 20.7 -1.4 0.7 0.9 224 10 7.1 1.3
Cs 500 1000 9.8 0.16 21.4 -2.5 1.2 0.9 18.4 7 8.2 0.9
Cs 630 1000 9.8 0.16 214 -10.5 1.2 0.9 18.4 7 8.2 0.9
Cr 1000 100 6.2 0.13 13.1 133 0.2 0.4 48.2 25 4.7 0.9
Cg 1000 100 54 0.11 10.8 5.4 0.2 0.9 54.7 22 4.4 2.8
Cy 1000 150 7.3 0.14 16.0 4.9 0.2 0.4 39.5 21 52 0.8
Cho 1000 470 7.1 0.14 15.5 6.8 0.8 0.9 41.1 7 5.6 0.9
Cn1 1000 470 7.1 0.14 15.5 7.8 0.8 0.9 41.1 7 5.6 0.9
Cha 500 470 8.1 0.08 1.0 -11.5 0.1 0.9 86.0 3 0.2 0.4
Cis 900 180 4.7 0.05 0.3 13.7 0.0 0.9 91.9 8 0.2 1.1

2Terminology: rated voltage U, nominal (un-biased) capacitance value Cp; calculated peak electric Ef,’k and displacement field Dy, dielectric loss

density p, loss estimation error ep, calculated MLCC losses P, maximum tolerable losses Pmax, availal

of parallel devices Npar, total losses Pgot and volume Viot.

(12), allowing to calculate the MLCC loss density p with an
error (compared to the measured values) of ep < 15% for all
investigated devices.

The macroscopic dielectric losses P of the MLCCs are
obtained by multiplying the loss density p with the respective
dielectric volume V according to Table 1. Here it is impor-
tant to highlight that the MLCC large-signal excitation losses
P may lead to critical overheating and Ppax represents the
maximally tolerable device losses for the employed device
packages according to [6] for a maximum temperature rise of
AT =25 °C. Hence, Cs and C; cannot be employed for
the considered application due to excessive self-heating with
P > Ppax.

Next, the capacitor derating with voltage (see Fig. 1) needs
to be considered in order to assure the availability of the
desired total capacitance of Cy = 1.2 uF and Table 3 de-
picts the available capacitance value ¢ = C/Cy = D/(E =
Emax)/D'(E = 0) which drops below 20% for some of the
X7R devices. The reason for this is that the MLCCs with
Ur = 500V have small layer thickness values ¢ and in conse-
quence large E- and D-field excitations with associated high
loss-density values p. Hence, considering the capacitance de-
rating éc the number of required parallel devices to realize
Cr = 1.2 uF is given by Npyr = SCC—&O, allowing to calculate
the overall capacitor realization losses P and volume Vi
(note that Vi is calculated based on the total MLCC volume
and not just the dielectric volume Vjie]).

Among the X7R devices (i.e., C; — C11) it can be stated that
C> (with rated voltage Ur = 500V) allows a very compact
filter capacitor realization at the cost of high MLCC losses. In
contrast, Co with a rated voltage of Ur = 1kV enables lower
losses (due to the elevated layer thickness #), at the cost of a
higher volume.

Within this context it is important to highlight the perfor-
mance of the two considered Hiteca MLCCs Cj, and Ci3
which feature loss density values p reduced by up to a factor
of 60 compared to the X7R devices. Further, due to the less
voltage dependent dielectric constant (see Fig. 1), the capaci-
tance derating §c is reduced, allowing to realize the Cy value
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le capacitance after derating d¢, required number

with a lower number of parallel devices Np, such that the
overall loss and volume performance is superior compared
to the considered X7R MLCCs, with a volumetrically ideal
realization given by Ny = 3 devices of Cyz. Note that the
frequency behavior of the Hiteca MLCCs (discussed in more
detail in Appendix A) is fundamentally different from their
X7R counterparts and hence the preferred capacitor technol-
ogy is application-specification dependent.

Last, it is important to highlight that the MLCCs are —
on top of the fundamental-frequency output voltage swing—
subject to the time-varying high-frequency current ripple
of the filter inductor current ir¢ (see Fig. 4) with associ-
ated high-frequency MLCCs losses. However, due to the
low MLCC high-frequency ESR values, typically the MLCC
high-frequency small-signal excitation losses are small com-
pared to the low-frequency large-signal excitation losses in
a sinewave filter [9]. Here, the high-frequency RMS MLCC
current results to Icf = 1 Ay, i.€., each of the Npyr = 3 ML-
CCs faces a current of 0.3 Ay, and assuming that the entire
high-frequency current occurs at the switching frequency of
72 kHz, the high-frequency losses can be calculated with the
measured (small-signal) ESR value of 39.5 m<2 (correspond-
ing to a dissipation factor of 0.8%) to only 4.5 mW per device.
Note that measurements available in literature indicate that
some Class II MLCCs exhibit increasing ESR values with
dc-bias for high-frequency small-signal excitation [17], [18],
[19]. However, first, even for an ESR increase by a factor of
five as found in [19], the high-frequency MLCC losses would
remain extremely small, and second, measurements provided
in [4] shows a low impact of the dc-bias voltage on the Hiteca
MLCC high-frequency losses.

IV. CONCLUSION

Ferroelectric Class II Multilayer Ceramic Capacitors (ML-
CCs) allow extremely compact converter realizations but
suffer from a non-linear capacitance value and associated
substantial low-frequency large-signal excitation losses even
in the 100 Hz frequency range. The ESR value commonly
provided in the datasheet does not accurately describe the
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FIGURE 5. Loss-density p vs. frequency f behavior of the Hiteca MLCCs in Table 1 in (a) linear and (b) logarithmic scale. The dashed lines are obtained
based upon the microscopic dielectric material properties according to Table 2 and the iGSECp, model (9).

loss behavior of such MLCCs under large-signal excitation
and yields calculated losses which are off by up to a factor
of ten [9]. The device-specific improved Generalized Stein-
metz Equation for ceramic Capacitors (iGSE-Cq) [9] allows
to accurately calculate low-frequency large-signal excitation
of ferroelectric Class II MLCCs but its Steinmetz parameters
are limited to a single device, and therefore not capable of
calculating the losses of a MLCCs of the same dielectric
material with different rated voltage and/or different nominal
capacitance.

This paper verifies the feasibility of a dielectric-material-
specific and/or microscopic iGSECp loss model [12] which
allows to predict MLCC losses with an error below 22%
for a large number of devices employing the same dielectric
material. Hence, in the future it is sufficient to — similar to
magnetics materials — thoroughly characterize commercially
available dielectric materials only once. Class II MLCC low-
frequency large-signal excitation losses are then calculated
upon the material-specific Steinmetz parameters and informa-
tion on the MLCC geometry, namely the active area A and
the layer thickness 7. Note that the internal MLCC structure
is today not disclosed by manufacturers and the tolerances
associated with these features are not known to the authors.
However, one could obtain this information by means of a
Scanning Electron Microscopy (SEM), an energy-dispersive
X-ray spectroscopy, or a Destructive Physical Analysis (DPA)
with subsequent visual inspection [20], where DPA is pre-
ferred to investigate the electrode size. Therefore, the authors
hope that this information in generic form may be available
upon request from MLCC manufacturers in the future, as
this modeling technique becomes more important for board
designers and researchers. It was further found in this publi-
cation, that for the considered application example (a motor
drive inverter sinewave filter), the recently introduced Hiteca
dielectric with reduced non-linearity clearly outperforms the
conventional X7R Class II material.
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In closing it is important to highlight again that the focus of
this publication is on the low-frequency large-signal excitation
Class I MLCC losses relevant for, e.g., active power pul-
sation buffers for single-phase PFC rectifiers or motor drive
sinewave filters. Due to the high loss density values resulting
under large-signal excitation the investigated frequency range
is here limited to f < 500 Hz. However, Class II MLCCs are
also commonly employed as dc-link capacitors and/or find ap-
plication in flying capacitor or resonant converters. There, the
MLCCs are subject to dc-biased high-frequency small-signal
excitation which is investigated in [17], [18], [19]. Currently
ongoing research [21] successfully employs the Steinmetz
models of [9], [12] for dc-biased high-frequency small-signal
excitation with frequencies up to 200 kHz.

APPENDIX A

LOSS-FREQUENCY BEHAVIOR OF HITECA MLCCS

As stated in Section II, Fig. 3 only highlights the MLCC
behavior at a fixed frequency f = 100 Hz.

It was shown in [9] that the E — D hysteresis loop of Class
IT X7R MLCCs does not change its shape for frequencies up
to f ~ 500Hz. Hence, with increasing frequency, the hys-
teresis loop with associated energy dissipation density w (see
Fig. 2(a)) is cycled more often, such that the dielectric loss
density p scales linearly with frequency (o = 1.0).

It was found within this study, that this does not apply
to Hiteca MLCCs which exhibit an increase in the £ — D
hysteresis area w with increasing frequency. Therefore, for a
fixed excitation amplitude the MLCC loss density p increases
above-linearly with frequency as presented in Fig. 5(a). How-
ever, this loss-frequency behavior can be captured by an
iGSECp parameter o = 1.5 (see Table 2) which describes the
loss density up to 500 Hz (dashed line in Fig. 5(a), (b) with an
error below 20%.

Note that for non-sinusoidal excitation waveforms, o # 1
implies that the losses have to be calculated with (7) or (10).
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However, the currently employed automated MLCC test setup
from [12] does not allow for non-sinusoidal excitation wave-
forms and it is important to clarify that (7) and (10) have
not yet been verified for the Hiteca MLCCs. Future research
could extend the MLCC test setup from [12] to allow for
arbitrary waveform excitation, and verify (7) and (10) by, e.g.,
accurately predicting the MLCC losses under third-harmonic
injection with increasing third-harmonic amplitude similar
to [9], [13].
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