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Abstract—Due to the large relative permittivity of Class II di-
electrics, ceramic capacitors (CCs) from these materials promise f "&_ w .
significant volume and weight reductions in inverter and rectifier 3ph AC E J J:_?J
sine-wave filters, and are especially attractive in mobile applica- T
tions that demand ultrahigh power density. While previous liter- \ DM mte‘
ature found large low-frequency losses in these components, no ° ’“\ L [ U,
extensible loss model was proposed to accurately characterize these il 1 | - | |- =
ferroelectric losses. In this article, we take advantage of prior art T _—
on ferromagnetic components in power electronics to propose a th‘/ 7 ‘ J J,_ J
Steinmetz parameter-based loss modeling approach for X7R CCs, | 1§ j 7~ == q}
named the Improved Generalized Steinmetz Equation for CCs, or | v / i -L %‘% é./l I I M
iGSE-C. This model is verified using the Sawyer-Tower circuit to ~:ﬁchF~.-;— Y DC referenced
measure losses in a commerecially available X7R capacitor across ex-
citation magnitude, dc bias, temperature, excitation frequency,and  Fig. 1. Tllustration of a common sine-wave filter structure for a three-phase

harmonic injection. Losses are shown to scale according to a power
law with charge, with the resulting Steinmetz coefficients valid
across dc bias and slightly varying as the temperature is increased.
The iGSE-C accurately predicts losses for typical nonsinusoidal
phase voltage waveforms with an error under 8 %. Finally, the loss
modeling technique is demonstrated for the sine-wave output filter
of a bridge-leg arrangement with both low- and high-frequency
excitations, with total capacitor losses predicted within 12% accu-
racy.

Index Terms—AC-DC power converters, ceramic capacitors
(CCs), dc—ac power converters, inverters, improved generalized
Steinmetz equation (iGSE), iGSE for CCs (iGSE-C), large-signal
excitation, power capacitors, rectifiers, Steinmetz loss modeling.

1. INTRODUCTION

N THE push toward ultracompact power converters for
I emerging applications, including electric vehicles and more-
electric aircraft, electromagnetic interference (EMI) filter vol-
ume and weight represent a key bottleneck to ever-higher vol-
umetric and gravimetric power density. In switched-mode con-
verters, these filters are unavoidable to protect the mains from
high-frequency conducted emissions and to comply with the
relevant harmonic standards, and a path toward both miniatur-
ization and weight reduction is sought.
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inverter or PFC rectifier: open-star-point Differential Mode (DM) filter and
combined DM/Common Mode (CM) dc-link referenced filter. The resulting
low-frequency voltage waveforms across the filter capacitors for standard sinu-
soidal PWM operation with constant dc offset (solid line) and with additional
1/6 third harmonic injection [3] (dotted line) for maximum utilization of the
linear modulation range are shown.

TABLE I
COMPARISON OF A FILM AND A CC

Dielectric Va Ch Volume Price
Film (PP) 1kV  470nF  9.87cm® 1.94%
Ceramic (X7R) 1kV  470nF 0.13cm® 6.69$

For the sine-wave filters of, e.g., three-phase rectifiers or
motor drive systems with low high-frequency stresses (to re-
duce bearing currents and/or increase feasible cable lengths),
a variety of filtering techniques—both common mode (CM)
and differential mode (DM)—are employed to filter switching
harmonics while passing the fundamental frequency, as shown
in Fig. 1. Due to their low cost and high quality factor [1],
film capacitors are predominantly used in these applications,
comprising approximately 50% of the overall filter volume [2].

To reduce the filter volume and weight in applications highly
sensitive to power density, ceramic capacitors (CCs) are an
attractive replacement for film capacitors [4]. For a 1 kV, 470 nF
capacitor, the volume can be reduced by over 75x by mov-
ing from an off-the-shelf film capacitor (metallized polypropy-
lene, KEMET PHE844RD6470MR30L2) to an off-the-shelf
CC (X7R, Knowles Syfer 2220Y 1K00474KETWS?2), as shown
in Table I. With this one-for-one replacement, the capacitor
contribution to the filter volume becomes negligible, allowing
the inductor size to be increased (reducing losses and improving
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Fig. 2. Small-signal measurements of (a) impedance, (b) capacitance,
and (c) DF of the 1kV, 470nF, X7R CC under test (Knowles Syfer
2220Y1K00474KETWS2) at room temperature (25° C) and with 0.5 Vs
ac excitation. Self-resonance occurs at 4.4 MHz. The small-signal capacitance
dependence on voltage is shown in (d), where an ac excitation of 5 Vg with
100 Hz was applied on top of the reported dc bias voltage U.

efficiency) and/or a reduction in overall converter size and
weight. As such, CCs are the preferred capacitor technology for
ultracompact converters, including those built for the Google
Little Box Challenge [5], [6] and/or for any application, where
the benefits of compactness outweigh the cost increase of the
ceramic replacement (costs given in Table I).

In particular, X7R CCs have extremely high capacitance and
energy density [1], originating from the large relative permittiv-
ity of ferroelectric Class II dielectrics [7]. X7R capacitors have
excellent properties in the high-frequency range for filtering
switching harmonics, with a constant capacitance value over
a wide frequency range, low effective series resistance (ESR),
and a compact geometry that enables a low-inductance realiza-
tion with a high self-resonant frequency [see the small-signal
impedance measurements of the 2220Y 1K00474KETWS2 ca-
pacitor in Fig. 2(a)—(c)]. With increasing voltage bias, however,
X7R CCs exhibit (similar to magnetic components) dielectric
saturation [8] and a decrease in capacitance, as measured in
Fig. 2(d), well-known in the literature (e.g., [9]), and reported
in capacitor datasheets.

In the context of line-frequency filtering, the effective capac-
itance is then highly dependent on the low-frequency voltage
waveforms and, therefore, on the filter configuration itself. To
highlight these voltage waveforms, Fig. 1 shows both a com-
bined DM/CM dc-link referenced LC-filter, which was proposed
in [10] specifically to reduce the capacitance variation in a line
cycle, and a pure DM filter structure. In motor drive applica-
tions, alternative modulation schemes employed to expand the
modulation range and/or to decrease semiconductor losses [11]
introduce additional harmonics (e.g., third harmonic injec-
tion [3] or discontinuous pulsewidth modulation (PWM) [12]),
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which further impacts the voltages applied to the filter capac-
itors. Fig. 1 accordingly includes the resulting low-frequency
capacitor voltages for both standard sinusoidal modulation and
additional third harmonic injection. Finally, the filter capacitors
connected to the dc-link rails in Fig. 1 also face the triangular
switching-frequency currents of the power inductors, causing
a voltage variation and losses on a switching frequency level.
Furthermore, high-frequency stresses are possible in alterna-
tive topologies such as the three-phase Y-inverter [13], where
the filter capacitors are subject to both low-frequency voltage
waveforms with a dc offset and rectangular switching-frequency
currents.

Recent work has found an elevated dissipation factor (DF)
in CCs operating at low frequencies that is highly dependent
on both dc bias and the large-signal excitation frequency and
waveshape [14], [15]. These unexpectedly high losses—as high
as 10 W cm™3 at 120 Hz [14]—cannot be predicted from
the small-signal measurement data provided by manufacturers
(in the datasheet or with online tools), and indeed Mosley
et al. [16] described that small-signal measurements are fun-
damentally insufficient to characterize a ferroelectric capacitor.
Within the context of elevated large-signal excitation losses, the
compactness of CCs becomes a double-edged sword: although
the loss contribution of CCs in a converter system may still
be relatively small, substantial capacitor heating can result,
eventually limiting, for example, the maximum fundamental
frequency (and hence speed) for a motor drive system. In light of
these unmodeled and substantial large-signal losses, we desire
a method—extensible across voltage waveshape—to measure,
characterize, and predict these losses in CCs.

For magnetic components, which also exhibit loss mecha-
nisms that must be characterized under large-signal conditions,
Steinmetz parameters [17] are commonly provided to allow
engineers to calculate core losses under a particular operating
condition. Whereas Neumayr et al. [14] and Coday et al. [15]
only provided loss lookup tables for the reported CCs under a
sine-wave excitation at a few frequencies and a multitude of
dc bias points, leaving extensibility across dc voltage, ac wave-
shape, frequency, and part number unanswered. The current state
of the art, then, requires additional measurements to design CC
filters with losses that can be predicted a priori (excluding the
coincidence when the filter capacitor, frequency, and selected
part all exactly align with a reported measurement point).

Given these shortcomings and the attractiveness of CCs for
converters with high power density, there is a clear need for a loss
model for ferroelectric capacitors in power electronics. In this
article, we propose a Steinmetz-based loss modeling approach
for CCs under large-signal excitation, called the improved gen-
eralized Steinmetz equation for ceramic capacitors (iGSE-C), in
Section II, which is verified with the measurement technique of
Section III on a commercially available ferroelectric capacitor
in Section IV. This particular capacitor, or the device under
test (DUT), is the 1kV, 470nF X7R CC of Table II, which was
employed in a hardware prototype for an ultracompact indus-
trial motor drive with large observed low-frequency excitation
losses. Low-frequency losses are characterized across excitation
magnitude, dc bias, temperature, and third harmonic content.
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Fig. 3. Tllustration of a (a) ferromagnetic and (b) ferroelectric hysteresis loop,
with instantaneous (L4, Cq) inductances and capacitances highlighted separately
from average large-signal values (L, Cg).

Next, high-frequency losses are added for a complete picture
of X7R CC losses in switched-mode power converters, which
is validated in Section V with straightforward and extensible
design guidelines for loss prediction in situ based on the iGSE-C.
Section VI summarizes the key findings and the proposed iGSE-
Cmodel, and Appendix A surveys alternative calorimetric-based
loss measurement techniques.

II. MODELING APPROACH

For adoption and adaptability, the ferroelectric capacitor loss
modeling approach must be extensible across voltage wave-
shape, excitation magnitude, and dc bias. A Steinmetz-based
capacitor loss model is developed analogously to the well-known
large-signal approach for ferromagnetic components, and we
first review the conventional [17] and improved generalized
steinmetz equation (iGSE) [18] for inductors to ground the
proposed model.

A ferromagnetic hysteresis loop is shown in Fig. 3(a), where
the magnetic field strength H (or current /) and flux density B
(or flux linkage, ¥, given by the time integral of the excitation
voltage U) are linked by the permeability u(H ) (or differential
inductance Lq4(7)) as

U dv dB

:mzﬁv H(H):de- (1)

La(I)

For a given hysteresis curve, both the average permeability
1 (or large-signal inductance L) and instantaneous permeability
w(H) can be calculated, and these are shown on Fig. 3(a) as the
appropriate slopes. The enclosed area F4 represents the energy
dissipated in a single charge—discharge cycle, where hysteresis
(caused by irreversible magnetization), eddy current, and resid-
ual losses are the main underlying loss mechanisms [19].

The time-averaged losses P of magnetic materials under a
sinusoidal flux excitation depend on both frequency f and the
peak magnetic flux density, By, and empirically follows the
power law given by the familiar Steinmetz equation (SE) [17]

P=k-f* B} 2)

where k, «, and 3 are material-specific constants characterized
under large-signal excitation (note that f was not in the original
equation, but was added later and is now standard [18]).
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For a nonsinusoidal excitation—the condition in most power
converters—a number of loss-modeling methods have been
proposed. The iGSE [18] is the most established method, and one
with parameters directly extractable from the given Steinmetz
parameters. The losses are assumed to depend both on the
peak-to-peak flux density AB and the flux density change rate
dB/dt within a period T" as

1 (T dB
P=k -AB ™. — [ |—|%dt 3
7 G
with the coefficient &; derived from the SE parameters as
k
ki = “)

(2m)o—t fo% | cos 0]@28-dh

If multiple minor hysteresis loops occur within a single period
T, (3) is summed for each loop j separately to find average core
losses as

T.
Pag =Y P Q)
J

With the SE and iGSE well-established for magnetic mate-
rials, we seek to develop an analogous loss modeling method
for ferroelectric capacitors, including the ceramic components
highlighted here. Fig. 3(b) shows a ferroelectric hysteresis loop,
where the electric field strength E (or voltage U) and displace-
ment field D (or charge Q) are linked by the permittivity (E)
(or differential capacitance Cy4(U)) as

L _dQ

B _dD
T dUjdt AU’

Ca(U) e(B) = ¥iok

(6)

For a given hysteresis curve, both the average permittivity € (or
charge-equivalent capacitance Cq) [20] and instantaneous per-
mittivity (£ can be calculated, and these are shown in Fig. 3(b)
as the appropriate slopes. Again, the area enclosed by the loop
E represents the energy dissipated in a single charge-discharge
cycle. In [21], a summary of capacitor losses mechanisms is
provided, where ferroelectric Class II CC hysteresis losses result
(similar to the hysteresis losses in magnetics) due to irreversible
polarization processes [22], [23].

Ben-Yaakov [24] proposed a Steinmetz power law to model
ferroelectric capacitor losses under small-signal excitation with
a fit on the peak sinusoidal voltage, U. The same voltage-based
Steinmetz template was used for losses in semiconductor output
capacitance in [25] and[26], where multiple sets of Steinmetz pa-
rameters were required to accurately describe the losses over the
excitation voltage range. With the curve of Fig. 3(b), however, we
see that a power law fit on excitation voltage (or field strength
FE) cannot hold in a ferroelectric capacitor due to the charge
saturation with increasing voltage magnitude. Steinmetz [27]
also worked on dielectric hysteresis and expected, based on the-
oretical considerations only, the losses to scale with P = k f D?)k
for a peak charge density excitation D). In contrast to magnetic
materials, the field quantity D of commercial CCs cannot be
easily calculated, as the internal structure, and, therefore, the
effective amount of dielectric material and electrode area per
device volume, is not known (cf., Fig. 4). However, the charge
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Fig. 4. (a) Picture of the 1kV, 470nF, X7R CC under test (Knowles Syfer
2220Y1K00474KETWS2) and (b) illustration of the internal structure of a
Ceramic Capacitor (CC) consisting of several electrode and dielectric layers.
The resulting capacitance value depends on the employed dielectric and the
number, arrangement, and thickness of the electrodes[9]. These parameters are
not known for commercial devices.

@ can be measured without in-depth knowledge of the exact CC
realization.

Therefore, and in analogy with the ferromagnetic SE of (2),
we propose to describe the losses in ferroelectric capacitors with
a peak charge based (Qpy) SE as

P=k-f* Qp (M
where k, o, and 3 are to be fitted under large-signal excitation.
We note that SE parameters found for one CC cannot directly
be employed for another product (even when the same dielectric
is employed), as the charge density D is not known. However,
in future datasheets, device manufacturers could provide the SE
parameters of the employed dielectric and the dielectric volume
density for each product to support loss calculations.

For nonsinusoidal excitations, an iGSE approach could again
be applied, where for a peak-to-peak charge A(Q), the losses can

be described

1" dQ,,

7| G ®
and F; is again given by the SE parameters and (4), where (8)
collapses to (7) in the case of a sinusoidal excitation. This pro-
posed loss model is named the improved generalized Steinmetz
equation for ceramic capacitors, or the iGSE-C.

P=Fk AQF .

III. MEASUREMENT METHOD AND SETUP

With amodeling approach proposed, we turn to characterizing
the losses in the selected X7R CC of Table II. First, a measure-
ment method must be selected that can evaluate the known loss
dependencies outlined in Section I of

1) large-signal excitation (sinusoidal and nonsinusoidal);

2) dc bias;

3) frequency;

4) high-frequency currents; and

5) temperature.

Ideally, this measurement method produces rapid measure-
ments that can be applied to transient conditions, can measure
losses at constant temperature, is applicable across a wide fre-
quency range, and is valid with nonsinuosoidal waveforms. We
briefly survey potential electric and calorimetric methods.

A. Potential Measurement Techniques

1) Voltage—Current Electric Measurement: A voltage—
current electric measurement that measures instantaneous power
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with a voltage and current probe is one candidate for loss
characterization. This method fulfills the need for fast, quasi-
pulse measurements in a time period that avoids a substantial
increase of the DUT temperature, and Neumayr et al. [14] used a
Yokogawa WT3000 power analyzer to measure the losses in two
ferroelectric capacitors under 120 Hz large-signal excitation.
Coday et al. [15] used a similar measurement approach to
validate a calorimetric measurement and calculate volumetric
energy storage at low frequencies.

This direct measurement method introduces a number of chal-
lenges, however. For a high-quality factor CC avoiding a phase
error between the voltage and current probes is paramount and,
unfortunately, difficult to maintain across excitation frequency
and when nonsinusoidal waveforms are applied. To overcome
this problematic calibration step, currents could be measured
with a precision shunt and a voltage probe to simplify phase
matching. With the current of a capacitor scaling linearly with
frequency (for a constant voltage), however, a large number of
shunts would be required to achieve a good signal-to-noise ratio
for a frequency range of several orders of magnitude.

2) Sawyer-Tower (ST) Electric Measurement: The ST
method was introduced in 1930 [28] to evaluate Rochelle salt as a
dielectric, and operates by adding a well-characterized, low-loss
reference capacitor in series with the DUT to calculate the charge
in the DUT. This method has been employed in various power
electronics applications, including characterizing capacitors for
microprocessor applications [29] and to measure soft-switching
losses (up to the MHz frequency range) in silicon superjunction
MOSFETS [25], SiC MOSFETs [30], and GaN-on-Si HEMTs [26].
For semiconductor-specific measurements, the ST circuit was
improved and simplified in [31].

The ST measurements are conducted with passive voltage
probes, and with the voltage ratio between the DUT and the
reference capacitor constant over frequency, a single ST setup
can be used to cover the whole frequency range of interest.

3) Calorimetric Measurements: Calorimetric measurement
techniques achieve excellent accuracy independent of frequency
and the ratio of reactive to active power, and have been used
to characterize capacitor losses [15], [32], [33]. Appendix A
surveys three calorimetric measurement types [(a) steady-state,
(b) indirect transient, and (c) direct transient], finding that none
are attractive for the application, because of the temperature
dependence of the losses of CCs for (a), the slow speed of
calorimetric measurements for (b), and the lack of a known loss
calibration point in a capacitor in case of (c).

Therefore, with the ease of calibration, extensibility across
waveforms, and transient measurement capability, the ST
method is the preferred candidate for this measurement suite,
and the circuit operation is covered in detail below.

B. ST Measurement

The ST circuit is shown in Fig. 5(a), with both the voltage
across the linear reference capacitor C'ef (urer) and the excitation
voltage u,. measured. Depending on the position of the mechan-
ical switch, either the lossy and nonlinear DUT or the calibration
capacitor C¢,) is measured, where Cy,; is ideally linear and
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Fig.5. (a) Schematic circuit of the employed ST measurement setup (either the
Device Under Test (DUT) or a calibration capacitor is connected in series to the
reference capacitor) for ac voltage excitation. Resulting time-domain waveforms
for the Sawyer-Tower (ST) measurement: (b) voltage, (c) calculated charge, and
(d) calculated stored energy. For the lossless calibration capacitor, the stored
energy ec,) is fully recovered within an ac period, giving identical initial and
final energy. For the lossy DUT, however, some portion of the stored energy is
dissipated, yielding a final epy larger than the initial epyT (the distance of
which is represented by Eq).

lossless and serves to calibrate the ST setup. The component
selection for the realization of C\. and C,, is discussed in
further detail at the end of this section, where nonferroelectric
COG capacitors with a 20x to 30x lower DF than the class II
ferroelectric CCs of interest are employed (cf., Table II).

The measured voltage waveforms are shown for operation
with both C¢,; and Cpy in Fig. 5(b), and the component values
according to Table II. With the charge ¢ [c.f., Fig. 5(c)] in series
capacitors equal, we can write (note that the following loss
equation is derived for the DUT, but the same equations and
procedure apply for the calibration capacitor C.,))

upuT (t) = uac(t) - uref(t) 9)

qgpuT (t) == qref(t) = Uref(t) : Oref- (10)
With Ci.r selected as much higher capacitance than Cpyr or
Ceal, only a small fraction of the applied voltage u,. appears
across it [cf., Fig. 5(b)].

Integrating the instantaneous power, the energy stored in
the nonlinear DUT [cf., Fig. 5(d)] can be calculated using the
calculated charge qpuy (10) as

epur(t) :/0 uput(7) - ipuT(T)dT

t d gouT(t)
_ / upyr(r) - FRUT g / upurdgpur. (1)
0 dr gpuT(0)

For a signal periodic with T (i.e., upyT(0) = upur(7T) and
gput(0) = gpuT (7)) and starting with the global charge min-
ima gpuT(0) = ¢min, the dissipated energy Eyq [i.e., the area
enclosed by the U—-(Q hysteresis loop in Fig. 3(b)] of one cycle
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can be calculated, which yields the active power
E
p=-4
T
1 aouT(T/2) gput(T)
== (/ UDUTdQDUT+/ UDUTd(JDUT)-
gpuT(0) qpuT(T/2)
charge discharge
(12)

FEjy is highlighted in Fig. 5(d) for the DUT, which stands in
contrast to the calibration capacitor (in the same figure) where
all of the stored energy is recovered. The DF is defined by the
ratio of dissipated F4 and stored Egoreq €nergy

Eq
DF= ———
2m - Estorcd

(13)
and is a good measure for the loss-rate of nonlinear CCs. For
a linear capacitor (or a nonlinear capacitor with small-signal
excitation), the DF is identical to the loss tangent tan(d) (i.e.,
the ratio of active and reactive power).

When C., is measured, two linear capacitors are excited by
the sinusoidal voltage w,., resulting in the sinusoidal charge
waveform ¢, of Fig. 5(c). The nonlinearity of Cpyr, however,
causes the charge waveform gpyT not to be purely sinusoidal,
shown for contrast in Fig. 5(c).

The selection of Cis is critical for the accuracy of the ST
measurements, and we highlight the key characteristics here.
First, C\r takes a certain fraction of the applied ac voltage,
which should be kept relatively small, such that the DUT sees the
majority of the excitation voltage U,.. This can be achieved with
Ciref >> Cpyut, Where a reasonable choice might be Cier &
10 - Cpyr- Second, if the DUT and the reference capacitor show
the same loss tangent, the two measured voltages (u,. and )
will be in phase, resulting in no measured U — () hysteresis
and zero measured losses. The reference capacitor, therefore,
must have substantially lower tan ¢ than the DUT. Finally, the
ST is fundamentally reliant on the linearity of Cl to calculate
the charge from voltage [see (10)], and the reference capacitors
should be highly linear, i.e., a ferroelectric Class II capacitor
should not be used for Cs.

In light of these requirements, Ci and the calibration ca-
pacitors C¢, are realized with low-loss, Class I COG capaci-
tors with extremely stable dielectrics. The key properties are
summarized in Table II, with the DF of C,.s and C,, at least
an order of magnitude below the DUT [which was directly
measured under small-signal conditions in Fig. 2(c)]. For the
COG reference and calibration capacitors, the small-signal DF
accurately approximates the large-signal DF, and the impact of
the small-but-nonzero DF of C'¢f is neglected in the following
loss measurements.

With this simple and extensible technique, losses in ferroelec-
tric capacitors can be characterized across voltage, temperature,
waveform shape, dc bias, and frequency, and we move to validate
the proposed loss model of Section II with measurements on the
selected DUT.
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TABLE II
EMPLOYED COMPONENTS

Component Dielectric =~ Manufacturer Part Number Va Ch N(parallel)  Ciot DF
Ceal COG TDK CAAS572C0G2J204J640LH 650V 200 nF 2 400 nF < 0.02%
Chret CO0G TDK C5750C0G2A154J230KE 100V 150 nF 32 4.8 uF < 0.03%
Cpbur X7TR Knowles Syfer 2220Y1K00474KETWS2 1kV 470 nF 1 470 nF > 0.711%
150 U, =270V, ~_ 200 imposed by the switching freguency 'current ripple'of the induc-
100 U =200V 150 tors connected to the half-bridge switched nodes in Fig. 1 (see
8C7 ms \ M
100 Section I'V-E).
—~ 30 / ~ 50
Q Q
o /< o
> . U =50V =, A. Impact of AC Excitation Magnitude and Frequency
\U,M.: 100V -100 The impact of low-frequency excitation voltage and frequency
100 4150 are evaluated from, respectively, 50-250 V., and 50-250 Hz.
150 2200 These measurements are recorded at room temperature (25° C)
-400 -200 0 200 400 -400 -200 0 200 400 . . . .
@) u_, (V) (b) Uy (V) with a measurement time of 1 s to avoid self-heating of Cpyr and
to isolate any impact of temperature on the losses. The impact
Fig. 6. U — Q hysteresis recorded at 50 Hz for a range of excitation volt-  of temperature is investigated later in Section IV-D, where we

ages for (a) the calibration capacitor, which shows no hysteresis and has a
constant Cqg = Cy at all voltages, and (b) the DUT, which exhibits increasing
hysteresis and losses with increasing excitation voltage. Clo highlighted for
Uye =270 Vyms. Measured U — @ curves are identical at 50 Hz and 100 Hz.

IV. EXPERIMENTAL RESULTS

A sinusoidal ac excitation is applied to the circuit of Fig. 5(a)
with an ac power source (Uac max =270 Vyms), with the initial
calibration measurements shown at 50 Hz for a range of excita-
tion voltages in Fig. 6.

With the calibration COG capacitor [see Fig. 6(a)], the capac-
itance is linear for all magnitudes, resulting in a constant Cq
across voltage and Cg = Cy. There is no measurable hysteresis
between the charging and discharging curves at a given voltage,
resulting in negligible losses that are verified with no heating
of Cgy during the test procedure. This “zero-loss” reading also
validates a proper deskew of the voltage probes.

For the same excitation voltages at 50 Hz, Fig. 6(b) shows the
measured ferroelectric Upyr — @ hysteresis curves for the X7R
DUT capacitor. At 50 V¢, the capacitor is approximately linear
(Cq = Cy), but clearly starts saturating for higher excitation
amplitude. C changes across applied voltage, and Cy deviates
from Cj, at different voltages along the Upyr — () curve. With
an increasing voltage, further, the hysteresis area between the
charging and discharging curves expands (especially near the
zero-crossing, as we return to later), indicating an increase in
losses with excitation voltage.

Even at the line frequency of 50 Hz, these hysteretic losses
total as high as 0.5 W per DUT capacitor, and the large-signal DF
is nearly an order-of-magnitude higher than the small-signal DF
measured in Fig. 2(c). These significant losses, validated by [14]
and[15], justify a deeper investigation of the key loss drivers,
and we evaluate the impact of frequency and excitation mag-
nitude based on the proposed SE (see Section IV-A), harmonic
injection based on the proposed iGSE-C (see Section IV-B), dc
bias (see Section IV-C), temperature (see Section IV-D), and,
finally, the impact of the high-frequency excitations necessarily

find that self-heating of up to 10° C changes the losses by no
more than ~5% for the operating points considered here.

The measured losses are shown in Fig. 7. First, we note the
measured DF exceeds 7.0% under certain operating conditions,
far above the 0.7% predicted by the small-signal characterization
of Fig. 2(c) and resulting in losses as large as 2 W. Fig. 7(a.i)—(c.1)
highlights the impact across frequency, and we find a linear scal-
ing of losses with f, supporting the finding of v = 1 from [24]
for the SE of (7). Cq and DF do not vary across this frequency
range (with the slight measured deviations attributed to measure-
ment error and heating of the DUT). This linear loss-frequency
relationship (and the identical U — @ hysteresis curves across
frequency) are supported by the stable capacitance value of
the DUT across frequency, as observed under both small-signal
[see Fig. 2(a)—(b)] and large-signal [see Fig. 7(b.i)] conditions.
Therefore, when increasing the frequency for a given excitation
amplitude, the same ferroelectric hysteresis curve (cf., Fig. 6) is
traversed more often, dissipating a constant amount of energy per
cycle and accordingly resulting in a linearly increasing power.

Across varying excitation voltage [highlighted in Fig. 7(a.ii)-
(c.ii)], however, we observe significant deviations from the
expected behavior of the X7R DUT capacitor. At low excitation
voltage, DF approaches the small-signal value (0.7%), increases
up to 7.0% at 100 V.5, then saturates and even slightly de-
creases as the magnitude is further increased [see Fig. 7(c.ii)].
This voltage-dependent trend follows the other surprising find-
ing that Cq increases up to 100 V., [see Fig. 7(b.ii)]—for all
X7R capacitors, we expect the capacitance to steadily decrease
with voltage, as shown by the calculated charge-equivalent
capacitance derived from the small-signal measurements of
Fig. 2(d) [dotted line in Fig. 7(b.ii)]. The peak capacitance is
over 600 nF, more than 20% greater than the measured value
at zero dc bias. This effect of increasing capacitance with ac
magnitude is also described in [9].

The additional capacitance indicates a large-signal polariza-
tion mechanism around the voltage zero-crossing that is not
captured by measurements with small ac magnitudes. While this
phenomenon is investigated more in Section IV-C, we note here
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lines are derived Steinmetz parameters (k = 1.06 - 10%, e = 1, and 8 = 2.12)
in (7), which show excellent agreement with the measured data. (a) Linear
representation and (b) logarithmic representation.

that the extra capacitance is undesired for filtering. The funda-
mental reactive currents in the capacitor are Iq = 27 fCqUpur,
so a larger C(, large-signal capacitance maps to increased con-
duction losses in the inductors and semiconductors of the con-
verter while the capacitance available for switching-frequency
filtering remains limited to the appropriate small-signal value of
Fig. 2(d).

Finally, we return to the proposed charge-based SE model-
ing to evaluate whether the measured losses are appropriately
captured by (7). In Fig. 8, the measured losses are scattered
against the measured charge excitation amplitude of Qi =
C'rof - Uret,pk [cf., (10)] on both linear [see Fig. 8(a)] and loga-
rithmic [see Fig. 8(b)] scales. Steinmetz parameters are fit from
the measured data and plotted using (7) as dotted lines on both
scales, with selected values of k = 1.06 - 105, = 1, and 8 =

2.12. This fitting matches the measured data extremely well,
with discrepancies only at very low excitation magnitudes where
the measurement precision is low (losses in the 10 W range),
strongly supporting the proposed charge-based SE modeling
approach. We note that a voltage-based power law relationship
(proposed in [24] for small-signal excitation) cannot accurately
capture the measured losses, as the losses have two distinct
scaling regions with voltage (exponential below 50 V¢, linear
above 50 V,,5) that are clearly seen in Fig. 7(a.ii).

Our characterization of losses across voltage magnitude and
frequency confirm the proposed SE fitting, finding a strong
dependence of losses on peak charge (more than quadratic,
with 8 = 2.12) and a large-signal polarization near the zero-
crossing that increases both converter conduction losses and
the losses in the capacitor itself. With the charge-based SE
approach confirmed, we next add superimposed harmonics
to evaluate the iGSE-C extension of ferroelectric capacitor
losses.

B. Impact of Harmonic Injection and iGSE Modeling

Generally, the modeling approach must be valid for nonsinu-
soidal waveforms. For filter capacitors in motor drive inverter
or three-phase power factor correction (PFC) rectifier applica-
tions, in particular, the third harmonic (and its multiples) of the
fundamental frequency is often used to extend the modulation
range of the PWM scheme [11]. In the proposal of the iGSE
loss modeling approach for magnetic materials [18], the method
was verified by superimposing a third harmonic component of
varying magnitude upon the fundamental frequency excitation.
Analogously, the ferroelectric iGSE-C proposed here in (8) is
tested with the DUT under third harmonic injection.

1) Methodology: The DUT is excited with a single phase of
a pre-existing buck-type three-phase inverter that complies with
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Fig. 9. Measurements under third harmonic injection conditions to validate the proposed Improved Generalized Steinmetz Equation for CCs (iGSE-C) modeling

approach for nonsinusoidal voltage waveforms. (a) Measured excitation voltage waveforms with the third harmonic injection of variable magnitude (n3-.q)
superimposed upon the 50 Hz, 150 V.5 fundamental voltage excitation. For n3-.q > 20%, minor loops result [the splitting of major and minor loops is
highlighted for n3-;q = 80% in (b)]. (c) Measured peak voltage amplitude Uy of major and minor loops over n3-14. (d) Measured peak charge amplitude Qi of
major and minor loops over 13-4, as well as the calculated charge from the large-signal (Qq,1) and small-signal (Qq,s) differential capacitance curves of Fig. 15.
(e) Measured (scatter points) and calculated losses from (8) and (5) based on the measured charge (iGSE) or based on the calculated charge from the large-signal
(iGSE(Qq,1)) and small-signal (iGSE(Qq,s)) differential capacitance curves of Fig. 15, or with the hybrid approach using large- and small-signal capacitance
(iGSE(Qq,s1)) for each loop separately (cf., Section V-A). Accuracy between measured and calculated losses is within 7.6% when using the measured charge.

CISPR class A, making the high-frequency noise negligible at
the DUT and supporting a variable-magnitude third harmonic
injection. A fixed fundamental 150 V.5, 50 Hz sinusoidal
excitation is applied to DUT and the third harmonic component
is gradually increased from 0% to 80% of the fundamental
amplitude, as shown in Fig. 9(a).

With the linear loss dependence on frequency (o = 1) found
in Section IV-A, the integral term in (8) simplifies to twice
the peak charge excitation magnitude ()px and the equation
collapses to (7) for each loop. The losses can be straightfor-
wardly calculated with (5) using major and minor loop split-
ting. In Fig. 9(b), an example of this major and minor loop
splitting is shown for n3,q = 80%, with the peak voltage Uy
in each harmonic loop shown across the tested ns,q values in
Fig. 9(c).

2) Measured Results: With the SE parameters defined and
the iGSE-C modeling known, the final step in predicting losses
under nonsinusoidal excitations is to determine the correct peak
stored charge, Qpk, to use in (7). Fig. 9(d) shows three methods
of estimating the charge in each loop: the directly measured
charge (solid lines), the charge calculated from the large-signal
differential capacitance (Qq;), and the charge calculated from
the small-signal differential capacitance (Qq;s). The large- and
small-signal predictions are necessary for extensibility to arbi-
trary excitation waveforms and voltages, but we see that these
two predictions differ widely in charge estimation, and, there-
fore, in loss prediction, with the large-signal ()4, overestimating
stored charge and the small-signal Q)45 underestimating the
measured charge. This discrepancy—and an appropriate tech-
nique to estimate charge from an arbitrary voltage waveform—is
investigated in depth in Section V.

Fig. 9(e) shows the calculated losses under third harmonic
injection conditions with these different charge calculations,
with a maximum error of 7.6% between the measured and
calculated losses using the proposed iGSE-C modeling with the
measured charge. At low harmonic injection magnitudes, the

voltage waveforms consists of a single major loop with decreas-
ing peak amplitude, resulting in a decrease in measured losses.
Above 20% harmonic injection, two identical minor loops start
to appear. For nz,.q > 20%, the peak charge of the major loop
starts to increase again, thereby increasing the measured and
predicted losses.

While the agreement between the measured losses and pre-
dicted losses constitute a validation of the proposed iGSE-C loss
modeling approach, the estimation of peak charge is again seen
to be fundamental to the a prioriloss prediction in Fig. 9(e). This
figure highlights the discrepancy in SE loss estimation between
using the measured charge (excellent accuracy, denoted as SF),
the calculated large-signal differential capacitance Cy; curve
[again fairly accurate, SE((Q)q,1)], and the calculated small-signal
differential capacitance curve Cy [significant underestimate of
losses, SE(Qa,s)]. In Section V, we propose a hybrid approach
that calculates the large- and small-signal capacitance for each
loop separately ((Q4.) and gives the most accurate and extensible
results to estimate peak charge and, therefore, to predict losses
[cf., Fig. 9(e)].

C. Impact of DC Bias

For magnetic materials, a dc premagnetization has a sig-
nificant impact on the losses [34] that is not captured by the
iGSE. To overcome this shortcoming, Muhlethaler ez al. [35]
provided Steinmetz Premagnetization Graphs (SPGs) for several
magnetic materials to quantify the dependency of the Steinmetz
parameters on the premagnetization current bias. Naturally, and
especially with the well-known voltage dependence of X7R
capacitors [as measured for the DUT in Fig. 2(d)], the impact
of a dc voltage offset on the CC losses must be investigated.
We find here that the dc bias has no impact on the charge-loss
relation found in Section IV-A, and that the same SE parameters
can be employed to calculate the losses with a dc bias.
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Measured losses with varying dc bias and ac excitation voltage in the X7R CC under test (frequency fixed at 100 Hz for all measurements). Increasing

dc bias decreases the losses in the DUT but simultaneously decreases the effective capacitance. Under the proposed charge-based SE loss model, dc bias has no
impact on losses if peak charge is held constant (see Fig. 11). (a) Schematic circuit of a ST measurement setup with ac voltage excitation and dc voltage bias.
All measurements are conducted with an ac frequency of 100 Hz. The employed components are given in Table II. (b) Measured hysteresis curves for constant
ac amplitude of 250 Vs and increasing dc bias from 0-400 V. Due to the parallel resistor of the reference capacitor, only the ac charge can be evaluated. As
a function of ac voltage Upyr and dc bias voltage, measured: (c) losses P, (d) charge-equivalent ac capacitance Cq, (e) DF, and (f) losses P, normalized by

measured ac capacitance and frequency, Pel = P/(Cq - f).

1) Methodology: The ST circuit of Fig. 5(a) is modified
slightly, as shown in Fig. 10(a), to add a variable dc bias to the
DUT. The dc bias source Uy, is referenced to protective earth
with the ac excitation (from the ac power source) applied on
top with an insulating transformer. A 1 M resistor is added
across the reference capacitor to ensure that the whole dc bias
is applied to the DUT (otherwise, the dc voltage sharing is
only defined by the capacitor leakage currents and the passive
voltage probe resistances, i.e., poorly controlled parameters).
As a result, only the ac charge excitation is captured by the ST
measurement, and the dc charge offset is added by integrating the
previously-measured (in Section I'V-A) large-signal differential
capacitance to the dc bias voltage. The dc bias is varied from
0-400 V with ac excitations at 100 Hz from 0 to 250 V5.

2) Measurement Results: Fig. 10(b) shows the measured
hysteresis curves for a constant ac excitation voltage of 250 V¢
and adc biasincreased in 100 V increments from 0 to 400 V. With
a positive bias, the hysteresis becomes nonsymmetric due to the
voltage-dependent nonlinearity of the capacitor. The peak-to-
peak charge excitation shrinks with increasing dc bias, especially

when the large-signal polarization around O V is avoided, and
consequently both the losses and the large-signal capacitance
(Cq) decrease.

Fig. 10(c)—(f) shows contour maps of measured losses, large-
signal capacitance, DF, and normalized losses across varying
excitation magnitude (Upyr) and dc bias (Uy.). Fig. 10(c) shows
the measured losses, with the zero dc bias results (along the
y-axis) matching the results of Fig. 7(a.ii) with a maximum
of 823 mW. As expected from the curves of Fig. 10(b), the
hysteresis area and the losses drop with increasing dc bias for a
given ac excitation.

The large-signal capacitance also decreases with increasing
dc bias, as shown in Fig. 10(d). The maximum ac capacitance is
shifted toward higher ac amplitudes as the dc bias is increased,
with the maximum occurring only when the curve encloses a
voltage zero-crossing that results in large-signal polarization
(explored in depth in Section V). Fig. 10(e) shows the DF, which
continuously decreases with increasing dc bias (for a given ac
excitation magnitude). We then find that a dc-referenced filter
structure with a dc bias voltage and strictly positive capacitor
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Fig. 11. Measured losses, from Fig. 10 c, plotted against measured charge

Qpk for 100 Hz AC frequency, AC voltages from 50 Vi to 250 Vi, and
dc bias from 0 V to 400 V. Dotted lines are derived Steinmetz parameters (k =
1.06 - 105, = 1, and 8 = 2.12) in (7), which show excellent agreement with
the measured data even under dc bias. The same Steinmetz fitting holds under
dc bias conditions, indicating that the losses in the DUT are not dependent
on dc bias, unlike in magnetic components. (a) Linear representation and (b)
logarithmic representation.

voltages (cf., Fig. 1) would yield lower overall losses than a
filter with zero dc bias, although more parallel capacitors would
need to be employed to achieve the same effective capacitance
value.

To visualize this tradeoff between losses (improving with
dc bias) and capacitance (decreasing with dc bias), Fig. 10(f)
normalizes the losses by ac capacitance and frequency, allowing
a direct comparison of filter losses for an effective capacitance
requirement. For a given ac excitation amplitude, the losses are
either relatively constant across dc bias or decrease slightly at
higher excitation amplitudes (where the zero crossing can be
avoided with a large dc bias). We return to the Steinmetz fitting
to more rigorously assess the effect of dc bias on losses and
capacitance.

3) Steinmetz Fitting: The measured losses across dc bias
from Fig. 10(c) are scattered against the Steinmetz excitation
parameter of (7), Qpk (Which is here derived from the charge-
equivalent ac capacitance Cq and Upyr) in Fig. 10(d), in both
linear [see Fig. 11(a)] and logarithmic [see Fig. 11(b)] scales.
The scatter color represents the dc offset voltage. The same
Steinmetz fitting from Section IV-A (k = 1.06 - 10%, «« = 1,and
B = 2.12) is plotted as a dotted line in each plot.

Fig. 11 clearly shows that the losses still follow the identical
power law fit obtained from the ac-only measurement results,
with discrepancies again only evident for loss magnitudes below
1 mW. In contrast to magnetic materials, the dc bias has no
impact on CC losses for a given charge excitation amplitude
in the considered frequency range. While the bias has a major
impact on the differential capacitance, as shown in Fig. 10(c),
only the charge magnitude is needed to calculate losses. This
greatly simplifies the loss modeling of CCs and again validates
the proposed charge-based SE and iGSE-C approaches.

D. Impact of Temperature

Thus far, short measurement times were used to maintain the
DUT near room temperature (25° C) and measure consistent
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loss data, but with [14] showing that the losses of X7R CCs are
highly temperature dependent, the impact of temperature on the
measured and modeled losses needs to be evaluated.

1) Methodology: To assess the impact of temperature on
losses, the DUT capacitor is now allowed to self-heat with a long
measurement time. The measurement results from Section IV-A
revealed losses of 9 mW/Hz or a loss density of 69 mW/Hz/cm?
at the maximum excitation voltage of 270 V,,s, and, hence,
substantial capacitor heating is expected.

Electrical (via the ST circuit) and thermal measurements (via a
high-frame rate thermal camera, the FLIR A655sc) are recorded
simultaneously. Voltages are recorded with a large-memory
oscilloscope, with memory sufficient to record 28s of data with
losses on an individual cycle basis extractable in postprocessing
(tests were stopped after 28s or if the DUT reached 90°C).
To synchronize the electrical and thermal measurements, we
assume a small thermal capacitance (Cy,) of the DUT and align
the oscilloscope trigger with the first increase of temperature.
Similarly, the turn-OFF of the electrical source and the peak
temperature happens simultaneously (noting that the device does
not reach thermal steady state in any of our test conditions),
providing another synchronization verification. The excitation
voltage is fixed at 270 V,,,s and the frequency is varied from
100 to 500 Hz with 100 Hz steps.

To provide a secondary loss verification with temperature, ad-
ditional short-pulse (no self-heating) measurements (similar to
Section IV-A) are recorded with the DUT fixed to a heating plate
at variable temperature. These losses are recorded at 500 Hz.

2) Measurement Results: The recorded temperature and
measured losses across elapsed time are shown in Fig. 12(a)-
(b), with the short-duration hot-plate measurements overlaid as
scatter points. These short-pulse measurements are close to, but
constantly slightly below, the losses measured in the transient
measurement, which can be explained by the unavoidable self-
heating implicit in the short-duration tests that shifts the real
dielectric temperature slightly higher. The losses near ¢ =0 s
are close to the measured results and Steinmetz predictions
of Section IV-A. Overall, these verifications indicate both that
the synchronization is accurate and the temperature-dependent
losses can be accurately measured under transient conditions.

Measured losses (normalized to the room-temperature value),
large-signal capacitance, and DF are plotted with respect to
temperature in Fig. 12(c)—(e). We observe that both losses and
effective capacitance drop substantially with increasing temper-
ature (also shown in [14]), with losses declining faster than
capacitance and DF, therefore, declining at higher dielectric
temperature.

While the charged-based SE parameters for CCs do not de-
pend on dc bias, these results indicate that operating temperature
is an important factor that must be considered for loss prediction.
In Fig. 12(c), for example, the dashed line of best fit is plotted
to represent the change of losses as Py (T) = 1—-0.58% /K -
(T — Tp) (with Ty = 20.28° C). Athigh temperatures, the room-
temperature SE parameters overpredict the measured losses by
a maximum of 15%, as shown with the dotted line in Fig. 12(c).
This indicates two separate temperature-related effects: first,
the decrease in charge-equivalent capacitance with increasing
temperature [see Fig. 12(d)] results in lower predicted losses
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Fig. 12.  Electrically measured losses under transient conditions with varying DUT temperature and excitation frequency from 100 to 500 Hz (excitation magnitude

fixed at 270 V,ms for all measurements). Scattered circles show measurements without self-heating (a hot-plate was used to control the device temperature and
short-pulse measurements, like those reported in Section IV-A, were conducted), which match the transient measurements closely and validate the methodology.
Losses and effective capacitance decrease with temperature, but losses decrease faster than Cq and DF therefore decreases. (a) Measured DUT temperature and
(b) losses over time for a constant ac voltage Uac = 270 Vyms and increasing frequency f from 100 to 500 Hz. Scatter points show hot-plate measurements to
validate the transient method. (c) Losses relative to the initial value at room temperature (25° C), (d) measured large-signal capacitance, and (e) DF as a function
of temperature 7. The decrease of charge-equivalent capacitance in (d) reduces the SE-predicted losses to those shown by the dotted line in (c¢), with a maximum

overestimation of 15% over the measured losses at high temperature.

based on lower () [the SE line in Fig. 12(c)], but there appears
to be an additional change to the dielectric loss mechanism with
temperature that accounts for an additional 15% of loss reduc-
tion. This discrepancy could eventually be obviated by means of
an SE coefficient k(T) that scales linearly with temperature, but
with a small resulting deviation, this is not further considered.
3) Transient Calorimetric Capacitor Loss Measurement:
This article was originally motivated by unexpectedly high filter
capacitor losses in an existing converter prototype. In these
existing systems, an ST circuit cannot be directly employed and
the designer may be seeking to select the optimal filter capacitor
or quantify the losses. From transient calorimetric techniques
(e.g., [36]), we know that the device temperature and device
losses are linked by the thermal resistance [y, and thermal
capacitance Cy, and fitting these to the loss measurements of
Fig. 12 may enable in situ calorimetric loss measurements. This
transient technique is introduced here and again used for two
filter capacitors in Section V.

To perform an in situ transient loss measurement [see
Fig. 13(a)], the following procedure is followed.

1) The temperature rise of the capacitor T'(¢) is recorded
with a high frame rate thermal camera (if the DUT is not
accessible with a thermal camera, a temperature sensor can
be used) for an operating point where the losses are known
across temperature. Here, we use the 100 Hz excitation
of Fig. 12(a), but any previously recorded low-frequency
excitation is a good candidate.

+ IR
(b) 1(s) 20
Fig. 13.  Tllustration of an in situ transient calorimetric capacitor loss mea-

surement approach: (a) ST circuit with highlighted DUT CC and FLIR A655sc
thermal camera, (b) simplified thermal equivalent circuit of the DUT where the
internal thermal resistance Ry, in¢ is assumed to be negligible, (c.i) recorded
temperature curve from Fig. 12(a) (f = 100 Hz) and (c.ii) calculated capacitor
losses with Ry, = 34.96°C/W and Cyy, = 0.325Ws/°C.

2) With the equivalent thermal circuit of Fig. 13(b), and
assuming Ry, i 1s negligible, the equivalent thermal resis-
tance Ry, and thermal capacitance Cy, are extracted from
the temperature curve as

T(t) -

P(t) = Cyp, - dT(t)/dt + (14)
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For the measurement results in Fig. 12(a) and the ST setup of
Fig. 13(a), the thermal resistance and capacitance are fitted as
Ry = 34.96°C/W and Cyy, = 0.325Ws/°C. Fig. 13(c.i) shows
the recorded temperature curve from Fig. 12(a) for f = 100 Hz,
and in Fig. 13(c.ii), we see that the calculated capacitor losses
with (14) and the measured 7'(¢) are in good agreement with the
electrically measured (using the ST circuit) losses in Fig. 12(b).

Note that both Ry, and Cy, are determined by the particular
physical environment in which the capacitor is installed, and
must be determined on a setup-by-setup basis. We show the
application of this transient prediction method in Section V.

E. High Frequency (HF) Excitation

Finally, as a filter component in a switched-mode converter
such as in Fig. 1, the CCs will necessarily see switching fre-
quency harmonics. The losses from this high-frequency wave-
form component must be understood as well, and we seek to
characterize the losses in the DUT from 1 to 100 kHz.

1) Methodology: Measuring these high-frequency losses
across the large capacitances studied here introduces additional
difficulties and a minor reconsideration and recalibration of the
measurement setup (note that prior high-frequency ST measure-
ments measured capacitances of the, at most, nF order, not the
100 nF order studied here [25], [26]). From Fig. 2(a), we see that
the DUT impedance is now in the range of €2, and, according to
the DF measurement of Fig. 2(c), this places the ESR in the range
of 10m¢2, which is of the same order as the contact resistance of
the solder joints and connection paths. Furthermore, the current,
which increases linearly with frequency, is several orders of
magnitude higher than in Section IV-A, making the control of
the resistive losses critical.

If the reference capacitor and calibration capacitor are con-
sidered lossless and Cler = 10 - C¢y, as in Section IV-A, equal
contact resistance for both capacitors causes the apparent loss
tangent of the reference capacitor to be ten times larger than that
of Cey, giving a negative loss reading for the calibration and
also deteriorating the measurement with the DUT. Minimizing
the return path impedance is, therefore, crucial and has to be
verified with a calibration measurement. For the high-frequency
measurements, it is preferred to have similar capacitance mag-
nitudes between C,er and the DUT to overcome this issue and to
allow a calibration measurement with close to identical currents
as in the DUT evaluation, and C¢, is implemented with one
0.2 pF (TDK, CAA572C0G2J204J640LH) and two 0.15uF
(TDK, C5750C0G2A154J230KE) COG capacitors, yielding a
total capacitance of 500nF, which is equal to the DUT under
small-signal conditions. (Note that one alternative is measuring
a capacitor with the same dielectric but less capacitance, which
simultaneously increases the impedance and ESR and can be
selected to again make the ESR much greater than the contact
resistances. This approach was not selected here because the
exact realization of the dielectric is not known with commercial
devices.)

Excitations of 5, 7.5, and 10 V5 are applied to the DUT, with
the magnitude limited by the total losses, which scale with fre-
quency. A sinusoidal excitation is applied with a high-frequency
power amplifier up to 100 kHz, and, to validate that « = 1 holds
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Fig. 14.  Measured losses at high-frequency in the CCs DUT from 1 to 100 kHz
with an excitation voltage of 5, 7.5, and 10 V,,5. Losses are identical between
triangular (measurement indicated with triangular scatter points) and sinusoidal
(indicated with round scatter points) excitations with the same peak voltage, as
expected by the SE fitting of a = 1. Triangular waveform measurements are
limited by the power amplifier bandwidth to 10 kHz. (a) Measured losses and
(b) DE. Star scatter point shows thermally measured losses using (14), which
validates the high-frequency ST measurements.

at high frequency, a triangular voltage (rectangular currents)
excitation of 10 V4 is also applied. The triangular waveform is
limited to 10 kHz by the bandwidth of the high-frequency power
amplifier.

2) Measurement Results: Fig. 14 shows the measured high-
frequency losses under the triangular and sinusoidal voltage
excitations. The DF for 10 V. is relatively flat (above 2%) up
to 10 kHz and increases to 3.3% at 100 kHz for losses of 860 mW.
As expected with o = 1, the losses for triangular voltages and
sinusoidal voltages with the same peak ac voltage are identical,
as shown in Fig. 14(a). A transient thermal measurement is
performed to validate the high-frequency ST measurements,
where using (14) and the previously derived Ry, and Cy, values,
we find losses of 787 mW at 100 kHz [represented by the star
scatter point in Fig. 14(a)].

These measurements provide a loss estimation for the high-
frequency component in the filter capacitors. The measured DF
does not change substantially when moving to the kHz range,
with a small increase for higher excitation amplitudes. The effect
of dc bias on the high-frequency losses was not considered,
although recent research indicates a bias dependence for CC
losses above 75 kHz [37]. Even under the assumption of constant
SE parameters at high frequency, there is excellent matching
between the calculated and calorimetrically measured losses in
a practical application, as we show in the following section. In
this section, we combine the high-frequency and low-frequency
loss modeling approaches to provide guidelines to estimate CC
losses in a switched-mode converter application.

V. GUIDELINES FOR CONVERTER LOSS ESTIMATION

We again return to the analogy of ferromagnetics to highlight
the challenges unique to ferroelectric CCs. In a converter such
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as in Fig. 1, the inductive components are subject to both low-
frequency (typically sinusoidal and near line-frequency) current
imposed by the control system and a high-frequency current
ripple due to the PWM operation of the power semiconductors.
Because these two frequencies are separated by multiple orders
of magnitude, the loss contributions are typically considered
separately and in most practical applications, the low-frequency
core losses are small [38]. The high-frequency magnetic flux
is determined easily by integrating the applied voltage-time
area, but the losses for a given excitation are dc-bias dependent
and SPGs are required to calculate the high-frequency core
losses [35]. As gapped inductors are designed with sufficient
margin to the saturation flux density of the core (to avoid a
sudden roll-off of the inductance value), they feature an almost
constant inductance value throughout the eligible current range
and, hence, the premagnetization can easily be calculated [39]. In
summary, with known SE parameters and SPGs, the assessment
of core losses is relatively straightforward.

As previously presented, the capacitors of the sine-wave filter
in the converter of Fig. 1 also face a low-frequency voltage
excitation and a high-frequency voltage ripple due to the PWM
operation of the power semiconductors. To use the presented
iGSE-C approach with ferroelectric capacitors, the charge exci-
tation must be known, which for the high-frequency excitation
can be obtained directly by integrating the high-frequency in-
ductor current ripple. Assuming the Steinmetz parameters are in-
dependent of dc bias (shown in Section I'V-C for low frequencies
up to 250 Hz) for high frequencies as well, the high-frequency
losses are straightforward to assess and are relatively minor
in sine-wave filters with a large fundamental voltage swing
and low high-frequency voltage ripple. In contrast to magnetic
materials, however, the fundamental frequency losses in the CCs
are substantial, as shown in this article. For a given voltage, the
charge excitation depends on the nonlinear relative permittivity
(or differential capacitance), and with the SE and iGSE-C mod-
eling dependent on the peak charge stored, the correct estimation
of this charge is critical to obtain an accurate loss calculation.
According to Fig. 2(d), the differential capacitance of the DUT
reduces by approximately 70% for a dc bias of 400 V, and
the nominal operating regime includes, essentially, substantial
saturation, which further complicates the charge estimation. This
charge estimation is the focus of the following section.

A. Evaluation of the Charge Excitation

For a given capacitor voltage excitation U (¢), the charge is
defined by the differential capacitance Cq as

Q(t):/cd(U).%ft)dt:/cd(U)dU. (15)

With the highly nonlinear Cy found in Section IV-A, the
small-signal Cy curve in Fig. 2(d) is only true under small-
signal excitation conditions. Otherwise, Cyq(U) must be back-
calculated using (6) under the large-signal excitations. From
Fig. 10 and the discussion around those results, we can already
see that multiple Cyq(U) functions must exist that depend on
the excitation magnitude and the dc bias. The extracted Cy(U)
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Fig. 15.  Differential capacitance over voltage derived according to (6) for the

measured hysteresis curves shown in Fig. 10(b) with 250 V5 ac excitation and
increasing dc bias of 0, 200, and 400 V. The differential capacitance is shown for
the charging (solid) and discharging (dotted) portions of the voltage excitation.
For a given voltage, Cy depends greatly on the overall hysteresis waveform,
including the ac magnitude, dc bias, and direction of the excitation [see (x),
which highlights the variability near 0 V]. The small-signal Cy ; and large-signal
Cy, differential capacitance curves can be used to estimate the charge excitation
for small or large ac voltage excitations, respectively.

from the excitations in Fig. 10(b) are plotted in Fig. 15 for
Uac =250 Vs and dc bias voltages of 0, 200, and 400 V (in
the plot, we exclude regions where dQ /dt or dV/dt are close to
zero to avoid poor signal-to-noise ratios).

First, we see a large dependence of differential capacitance
both with dc bias Uy, and with the direction of the excitation
(charging or discharging) in Fig. 15. The () highlights that the
(4 close to the zero-voltage crossing greatly depends on both the
dc bias and the overall path of the hysteresis loop. In contrast, if
the charging signal exceeds Us,, the associated discharging Cy
is, for the most part, largely independent of dc bias and ac mag-
nitude. (The same holds true if the discharging curve exceeds
—Usay, with identical charging curves.) For the Uy = 400V
excitation, the capacitor voltage never changes sign, and the
large-signal polarization is not fully relaxed when the minimum
voltage is approached. The ensuing “non-switching transition”
[40] (where the voltage polarity never reverses) results in a low
differential capacitance Cj.

The nonlinearity of the capacitance around the zero-voltage
crossing, then, complicates the prediction of the stored charge
for a given voltage waveform, as the integration in (15) is
not straightforward. For large ac excitation magnitudes, () can
instead be conservatively approximated with the large-signal
capacitance as the average of Cy during the rising and falling
voltage excitations, as shown in Fig. 15 with the Cy; dashed line.
This curve is a good approximation when the ac swing exceeds
|Usat| on both the negative and positive voltage swings. Cy
remains a valid prediction of charge storage under small-signal
excitations.
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Fig. 16. Relative error o of the calculated charge-equivalent capacitance
CQ,calc using (15) for sinusoidal ac excitation and dc bias relative to the
measured Cq of Fig. 10(d) with (a) the small-signal Cy ¢ and (b) the large-signal
differential capacitance Cq ) (cf., Fig. 15) models. The red line indicates the
boundary between the regions where the small- and large-signal approximations
are, respectively, preferred to minimize the charge approximation error.

For an arbitrary waveform, including those with the third
harmonic injections of Fig. 9(a), the charge in a given loop can
be calculated with either Cy s or Cq 1, which respectively yield
the lower and upper bounds on hysteretic losses, as shown in
Fig. 9(d) and (e). Neither prediction method of charge from a
given voltage waveform, however, is perfect, and there remains
the question of exactly what voltage magnitude constitutes a
small- or large-signal excitation.

A comparison of the resulting charge approximation error (o)
using Cy s and Cy | for the measured charge in Fig. 10(d) is shown
in Fig. 16. As expected, the small-signal charge prediction Cy s is
a good approximation when the ac magnitude is small absolutely
or relative to the dc bias [cf., Fig. 16(a)], while the opposite holds
true for the prediction given by Cy [cf., Fig. 16(b)].

The regions where the small- and large-signal approximation,
respectively, yield the minimal absolute charge error |o| are
separated by the red line Upoung in Fig. 16, which can be

simplified as (the dashed lined in Fig. 16)
Ubound =0.60 - Udc + 26.35V. (16)

For a minimal charge approximation error at a given dc bias Uyc,
Cjq is selected as

Cd,sa
Cay,

UDUT,rms S Ubound

Ca = a7

UDUT,rms > Ubound

yielding a maximal charge approximation error of |oyax| =
20% across the full dc bias and ac magnitude sweep. With minor
loops for nonsinusoidal excitations, (16) should be employed for
each loop separately, as shown in Fig. 9(e).

This charge estimation approach—necessitated by the non-
linear ferroelectric characteristics, and especially by the large-
signal polarization near 0 V—could be avoided by designers
with two potential alternatives. Once the SE parameters have
been derived for a given DUT, the losses can be calculated based
solely on a charge measurement (e.g., using a current probe and
integrating charge) when the device is excited with the desired
fundamental frequency waveform. (Note that this method is
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Fig. 17. (a.i) Example of single-phase dc—ac converter with a split 800 V
dc-link and a 50 Hz, 250 V,y,s ac voltage. The output sine-wave filter consists
of two identical filter stages, where only the first filter stage S1 is subject
to a substantial high-frequency excitation. Calculated (a.ii) low-frequency ac
voltage waveforms of the capacitors in S1 and S2 and (a.iii) calculated high-
frequency envelope of the S1 inductor current. (b.i) Measured (solid line) and
calculated (dashed line) low-frequency charge excitation of S1 and S2 as well
as the time-varying high-frequency charge waveforms of S1. (b.ii) Calculated
low-frequency and high-frequency capacitor losses using the measured charge
excitation and the SE parameters from Section IV-A. (c.i) Measured capacitor
transient temperature curves of S1 and S2 during converter operation. (c.ii)
Calculated capacitor losses (average values represented as dashed lines) from
the transient thermal measurements of (c.i) with (14) and the thermal equivalent
circuit parameters from Section IV-D.

difficult to use to determine the SE parameters, as discussed
in Section III.) Alternatively, manufacturers could provide (in
addition to SE parameters) online tools for hysteresis modeling
based on their physical knowledge of polarization effects in
commercial dielectrics.

B. Design Example

Finally, we employ the tools and measured losses here to
calculate the total losses of CCs in a single-phase dc—ac converter
with a split 800 V dc-link and a 50 Hz, 250 V.5 ac voltage
[shown in Fig. 17(a.i)]. The switching frequency is selected at
fs = 100 kHz and a two-stage filter (comprised of two identical
filters, S/ and S2, with a crossover frequency f. = 10kHz)
provides an attenuation of approximately 80dB at the switch-
ing frequency. Each filter is constructed with an inductor of
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L = 85uH and six paralleled DUT capacitors (C' = 2.8uF). A
load of 380X2 is used at the output.

The filter stages have a nearly identical fundamental-
frequency voltage excitation [see Fig. 17(a.ii)], with the
fundamental-frequency voltage drop across the inductor of S/
safely neglected. The peak high-frequency current ripple EL’HF
of the inductor in S/ can be calculated from the time varying
duty cycle d(t) = Y2 pattern as

T
3Udc

. 1 Uge(1 — d)(d + 1)
iw(t) = 3 Tf. (18)
and reaches up to 12A in this application. In S2, the high-
frequency current ripple is attenuated by an additional 40dB
and is, therefore, negligible [see Fig. 17(a.iii)], yielding an
opportunity to break apart the relative loss contributions from
the low-frequency and high-frequency components.

According to (17), the low-frequency charge is best calculated
using Cq;, with QLF = 159uC as the result. To validate this
prediction, the filter capacitor of S2 was replaced with the ST
setup, where a low-frequency peak excitation of QLF = 156uC
was directly measured [cf., Fig. 17(b.i)].

The high-frequency charge excitation in S/ can be obtained
by integrating the high-frequency inductor current of S/ and
dividing the current by the six paralleled capacitors, giving a
maximum per-device charge of QHF,max = 2.5uC [dotted line
in Fig. 17(b.1)]. The measured switching-frequency charge ripple
amplitude nicely follows this theoretical prediction.

Using the SE parameters from Section IV-A (k = 1.06-
105, o = 1, 3 = 2.12), the low- and high-frequency losses for
S1 and S2 can be calculated from the charge predictions above. In
S1 and S2, the calculated line-frequency losses are 450 mW, and
the time-varying high-frequency losses in S/ peak at 173 mW
with an average value Py of 64 mW [see Fig. 17(b.ii)]. The
transient calorimetric measurement approach of Section IV-D is
used to measure the losses (which cannot be accurately measured
with the ST circuit with the low- and high-frequency excitations,
as discussed in Section IV-E).

Fig. 17(c.i) shows the temperature rise of the capaci-
tors, which is translated into instantaneous power loss [see
Fig. 17(c.ii)] with (14) and the thermal equivalent circuit pa-
rameters from Section IV-D. The measured losses in S2 are
459 mW, predicted with an error under 2%. The high-frequency
losses are indeed negligible in this stage. For the capacitor of S/,
the measured losses increase by 122 mW over the losses in S2
due to the high-frequency ripple. While the prediction of Py is
OFF by approximately a factor of two (64 mW predicted losses),
the prediction error of total losses in S/ is only 12%, and the
high-frequency error can be partially explained by the reported
increase of DF by 30% at high-frequency [see Fig. 14(b)].
Nonideal current sharing among the capacitors is also a potential
error source.

Nonetheless, the high-frequency losses of 122 mW are only
20% of the overall losses, and clearly the low-frequency loss
component dominates in CCs for the considered sine-wave filter
with a small high-frequency voltage ripple compared to the
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fundamental voltage waveform. For motor drives with funda-
mental frequencies up to 200 to 300 Hz, this ratio may be
even more tilted toward the low-frequency losses. The total
loss approximation error for S7 is under 12%, validating the
measurements, the iGSE-C model, and the charge estimation
approaches in this article.

VI. CONCLUSION

Ferroelectric Class I CCs promise large volume reductions in
inverter and rectifier sine-wave filters, and are expected to gain
importance in future applications demanding exceptional power
density. While previous work has found nonlinear and large
losses in these components, no extensible loss model is available
in the literature that accurately describes these hysteretic losses.

In this article, a Steinmetz-based loss modeling approach—
called the Improved Generalized Steinmetz Equation, or iGSE-
C—is proposed and verified for a commercially available X7R
CC. We measure the ferroelectric hysteresis losses across ac
excitation magnitude, dc bias, frequency, temperature, and har-
monic injection using the ST circuit.

Losses are shown to scale according to a power law with peak
charge, with the Steinmetz coefficients constant over dc bias. By
analogy with well-developed methods for ferromagnetic compo-
nents in power electronics applications, the iGSE-C accurately
predicts losses under nonsinusoidal voltage excitations, as long
as the charge is accurately characterized or measured.

Finally, a procedure is given and validated for predicting total
losses—the sum of low-frequency and high-frequency losses—
in a sine-wave filter, with the low-frequency losses dominating
the total power dissipation in the CCs.

APPENDIX A
CALORIMETRIC MEASUREMENT METHODS

A. Steady-State Calorimetric Measurement

A steady-state calorimetric measurement has the advantage
that the fundamentally large ratio of reactive to active power has
no impact on the measurement accuracy or precision, and these
measurements were conducted with film capacitors for traction
applications in [32]. With the strong temperature dependence of
X7R CCs previously known [14], this technique is not possible
here.

B. Indirect Transient Calorimetric Measurement

An indirect measurement uses the temperature increase of
something other than the DUT to estimate the losses in the DUT.
These losses are typically recorded under quasi-steady-state
conditions. In [33], the dielectric losses of insulation materials
were evaluated by measuring the increase in temperature of
a thermally isolated test chamber (with a calibration resistor
in an equal package). In [15], a similar approach was used,
with the DUT located in an oil bath and the temperature in-
crease measured. In [41] and [42], wide-bandgap-semiconductor
switching losses were measured with the temperature increase
of a brass block after a dc current calibration (the steep dv/dt-
transients jeopardize any electrical measurement). While this
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measurement technique produces valid, accurate results, it is
much slower than the implemented electrically based technique.

C. Direct Transient Calorimetric Measurement

In order to rapidly evaluate semiconductor hard and soft
switching losses, recently a new method was introduced where
the temperature of the semiconductor case is measured directly
(again after a dc current calibration step), reducing the measure-
ment time to the range of seconds [36]. The same method was
employed in [43] to characterize the losses of magnetic materials
under large-signal excitations with frequencies up to 50 MHz.
The calibration losses are generated by impressing a dc current
upon the magnetic core samples.

The dc calibration (or any other known loss calibration) is
not possible for capacitors, and, therefore, this method is not
directly applicable here. Based on existing capacitor loss data,
however, this method can be employed for an in situ measure-
ment in a hardware prototype, as discussed in Section IV-D and
demonstrated in Section V-B.

ACKNOWLEDGMENT

The authors would like to thank Prof. S. Ben-Yaakov for his
useful feedback on the initial manuscript. Additionally, they
would like to thank P. Papamanolis, Ph.D. Student at the Power
Electronics Systems Laboratory (PES), ETH Zurich, and Dr. T.
Guillod, Postdoctoral Researcher at PES, for highly interesting
discussions and valuable inputs on loss modelling concepts and
measurement techniques for magnetic materials. They would
also like to thank N. Nain, M.Sc. Course Student at PES, for her
extensive support in taking the initial measurements.

REFERENCES

[1] C. B. Barth, T. Foulkes, I. Moon, Y. Lei, S. Qin, and R. C. N. Pilawa-
Podgurski, “Experimental evaluation of capacitors for power buffering in
single-phase power converters,” IEEE Trans. Power Electron., vol. 34,
no. 8, pp. 7887-7899, Oct. 2018.

[2] K. Raggl, T. Nussbaumer, and J. W. Kolar, “Guideline for a simplified
differential-mode EMI filter design,” IEEE Trans. Ind. Electron., vol. 57,
no. 3, pp. 1031-1040, Mar. 2010.

[3] G. Buja and G. Indri, “Improvement of pulse width modulation tech-
niques,” Arch. fiir Elektrotechnik, vol. 57, no. 5, pp. 281-289, Sep. 1975.

[4] D.O.Boillat, F. Krismer, and J. W. Kolar, “EMI filter volume minimization
of a three-phase, three-level T-type PWM converter system,” IEEE Trans.
Power Electron., vol. 32, no. 4, pp. 2473-2480, Oct. 2016.

[5] Y.Leietal., “A 2 kW single-phase seven-level flying capacitor multilevel
inverter with an active energy buffer,” IEEE Trans. Power Electron.,
vol. 32, no. 11, pp. 8570-8581, Jan. 2017.

[6] D. Bortis, D. Neumayr, and J. W. Kolar, “n — p-Pareto optimization and
comparative evaluation of inverter concepts considered for the Google
Little Box Challenge,” in Proc. 17th IEEE Workshop Control Model. Power
Electron., Sep. 2016, pp. 1-5.

[71 M. J. Pan and C. Randall, “A brief introduction to ceramic capacitors,”
IEEE Electr. Insul. Mag., vol. 26, no. 3, pp. 44-50, May/Jun. 2010.

[8] A. Sheikholeslami and P. G. Gulak, “A survey of behavioral modeling
of ferroelectric capacitors,” IEEE Trans. Ultrason., Ferroelectr, Freq.
Control, vol. 44, no. 4, pp. 917-924, Jul. 1997.

[9] I.Novak, K.B. Williams, R. Miller Jason, G. Blando, and N. Shannon, “DC
and AC bias dependence of capacitors,” in Proc. DesignCon, Jan. 2011,
pp. 1-16.

[10] F. Maislinger, H. Ertl, G. Stojcic, C. Lagler, and F. Holzner, “Design of a
100 kHz wide bandgap inverter for motor applications with active damped
sine wave filter,” The J. Eng., vol. 2019, no. 17, pp. 3766-3771, Apr. 2019.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 12, DECEMBER 2020

[11] J. W. Kolar, H. Ertl, and FE. C. Zach, “Influence of the modulation method
on the conduction and switching losses of a PWM converter system,” I[EEE
Trans. Ind. Appl., vol. 27, no. 6, pp. 1063—1075, Nov. 1991.

[12] K. Taniguchi, Y. Ogino, and H. Irie, “PWM technique for power MOS-
FET inverter,” IEEE Trans. Power Electron., vol. 3, no. 3, pp. 328-334,
Jul. 1988.

[13] M. Antivachis, D. Bortis, L. Schrittwieser, and J. W. Kolar, “Novel buck-
boost inverter topology for fuel-cell powered drive systems,” in Proc. IEEE
Appl. Power Electron. Conf. Expo., Mar. 2018, pp. 1492-1499.

[14] D. Neumayr, D. Bortis, J. W. Kolar, M. Koini, and J. Konrad, “Compre-
hensive large-signal performance analysis of ceramic capacitors for power
pulsation buffers,” in Proc. 17th IEEE Workshop Control Model. Power
Electron., Jun. 2016, pp. 1-8.

[15] S. Coday, C. B. Barth, and R. C. N. Pilawa-Podgurski, “Characterization
and modeling of ceramic capacitor losses under large signal operating
conditions,” in Proc. 19th IEEE Workshop Control Model. Power Electron.,
Jun. 2018, pp. 1-8.

[16] L.E.Mosley, “Capacitor impedance needs for future microprocessors,” in
Proc. 26th Symp. Passive Compon., Apr. 2006, pp. 193-203.

[17] C. P. Steinmetz, “On the law of hysteresis,” Trans. Am. Inst. Electr. Eng.,
vol. IX, no. 1, pp. 1-64, Jan. 1892.

[18] K. Venkatachalam, C. R. Sullivan, T. Abdallah, and H. Tacca, “Accurate
prediction of ferrite core loss with nonsinusoidal waveforms using only
Steinmetz parameters,” in Proc. IEEE Workshop Comput. Power Electron.,
Jun. 2002, pp. 36-41.

[19] J. B. Goodenough, “Summary of losses in magnetic materials,” IEEE
Trans. Magn., vol. 38, no. 5, pp. 3398-3408, Dec. 2002.

[20] S. Ben-Yaakov, “Characterization of ferroelectric ceramic capacitors,” in
Proc. 20th IEEE Eur. Conf. Power Electron. Appl., Sep. 2018, pp. 1-8.

[21] “Equivalent series resistance (ESR) of capacitors,” Tech. Rep. 035002 A4,
QuadTech, Northumberland, U.K., 2007.

[22] J.FE Scott, “Ferroelectrics go bananas,” J. Phys.: Condens. Matter, vol. 20,
no. 2, pp. 021001-021002, Dec. 2007.

[23] G.Liu, S.Zhang, W.Jiang, and W. Cao, “Losses in ferroelectric materials,”
Mater. Sci. Eng. R: Repo., vol. 89, pp. 1-48, Mar. 2015.

[24] S.Ben-Yaakov, “Some observations on loss and hysteresis of ferroelectric-
based ceramic capacitors,” IEEE Trans. Power Electron., vol. 33, no. 11,
pp- 9127-9129, Nov. 2018.

[25] J. B. Fedison and M. J. Harrison, “Cls hysteresis in advanced super-
junction MOSFETS,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,
May 2016, pp. 247-252.

[26] G. Zulauf, S. Park, W. Liang, K. N. Surakitbovorn, and J. Rivas-Davila,
“Closs losses in 600 V GaN power semiconductors in soft-switched, high-
and very-high-frequency power converters,” IEEE Trans. Power Electron.,
vol. 33, no. 12, pp. 10748-10763, Jan. 2018.

[27] C.P. Steinmetz, Lectures on Electrical Engineering Dover Phoenix Edi-
tions, vol. 3. New York, NY, USA: Dover, 2003.

[28] C. B. Sawyer and C. H. Tower, “Rochelle salt as a dielectric,” Phys. Rev.,
vol. 35, pp. 269-273, Feb. 1930.

[29] L.E. Mosley and J. S. Schrader, “Hysteresis measurements of multi-layer
ceramic capacitors using a Sawyer-Tower circuit,” in Proc. 26th Symp.
Passive Compon., Jan. 2007, pp. 285-295.

[30] G. Zulauf, Z. Tong, J. D. Plummer, and J. M. Rivas-Davila, “Active power
device selection in high-and very-high-frequency power converters,” IEEE
Trans. Power Electron., vol. 34, no. 7, pp. 6818-6833, Oct. 2018.

[31] M. S. Nikoo, A. Jafari, N. Perera, and E. Matioli, “Measurement of
large-signal Clss and Clg losses of transistors based on nonlinear res-
onance,” IEEE Trans. Power Electron., vol. 35, no. 3, pp. 2242-2246,
Sep. 2019.

[32] J. M. Miller, C. W. Ayers, L. E. Seiber, and D. B. Smith, “Calorimeter
evaluation of inverter grade metalized film capacitor ESR,” in Proc. IEEE
Energy Convers. Congr. Expo., Sep. 2012, pp. 2157-2163.

[33] H. H. Race and S. C. Leonard, “Calorimetric measurement of dielectric
losses in solids,” Electr. Eng., vol. 55, no. 12, pp. 1347-1356, Dec. 1936.

[34] A. Brockmeyer, “Experimental evaluation of the influence of DC-
premagnetization on the properties of power electronic ferrites,”
in Proc. IEEE Appl. Power Electron. Conf., Mar. 1996, vol. 1,
pp. 454-460.

[35] J. Muhlethaler, J. Biela, J. W. Kolar, and A. Ecklebe, “Core losses under
the DC bias condition based on Steinmetz parameters,” IEEE Trans. Power
Electron., vol. 27, no. 2, pp. 953-963, Feb. 2012.

[36] M. Guacci et al., “Experimental characterization of silicon and gallium
nitride 200 V power semiconductors for modular/multi-level converters
using advanced measurement techniques,” IEEE J. Emerg. Sel. Topics
Power Electron., Sep. 2019.



MENTZI et al.: NOVEL IGSE-C LOSS MODELING OF X7R CERAMIC CAPACITORS

[37] S. Coday and R. C. N. Pilawa-Podgurski, “High accuracy calorimetric
measurements and modeling of ceramic capacitor losses under large ripple
operation,” in Proc. IEEE Appl. Power Electron. Conf., Mar. 2020, pp.
188-194.

R. M. Burkart, H. Uemura, and J. W. Kolar, “Optimal inductor design for
3-phase voltage-source PWM converters considering different magnetic
materials and a wide switching frequency range,” in Proc. Int. Power
Electron. Conf., May 2014, pp. 891-898.

W. G. Hurley and W. H. Wolfle, Transformers and Inductors for Power
Electronics: Theory, Design and Applications. Hoboken, NJ, USA: Wiley,
2013.

[40] J. T. Evans, “Characterizing ferroelectric materials,” in Proc. 19th IEEE
Int. Symp. Appl. Ferroelect., Feb. 2010, pp. 1-123.

L. Hoffmann, C. Gautier, S. Lefebvre, and F. Costa, “Optimization of the
driver of GaN power transistors through measurement of their thermal
behavior,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2359-2366,
May 2014.

D. Rothmund, D. Bortis, and J. W. Kolar, “Accurate transient calorimet-
ric measurement of soft-switching losses of 10 kV SiC MOSFETs and
diodes,” IEEE Trans. Power Electron., vol. 33, no. 6, pp. 5240-5250,
Jun. 2018.

P. Papamanolis, T. Guillod, F. Krismer, and J. W. Kolar, “Transient calori-
metric measurement of ferrite core losses,” in Proc. 35th Appl. Power
Electron. Conf. Expo., Mar. 2020, pp. 195-201.

(38]

[39]

[41]

[42]

[43]

David Menzi (Student Member, IEEE) received the
B.Sc. and M.Sc. degrees in electrical engineering and
information technology from the Swiss Federal Insti-
tute of Technology (ETH), Zurich, Switzerland, in
2015 and 2017, respectively. He is currently working
toward the Ph.D. degree with the Power Electronic
Systems Laboratory, Zurich.

He focused on power electronics, control theory,
as well as high voltage technology and also spent a
semester at the Royal Institute of Technology, Stock-
holm, Sweden, as an Exchange Student. During his
studies, he worked at ABB Medium Voltage Drives, Turgi, Switzerland, as an
Intern and a Working Student. His current research focuses on ultracompact
three-phase inverter and rectifier systems with wide inputoutput voltage range.

Dominik Bortis (Member, IEEE) received the M.Sc.
and Ph.D. degrees in electrical engineering from the
Swiss Federal Institute of Technology (ETH), Zurich,
Switzerland, in 2005 and 2008, respectively, and the
Ph.D. degree from the Power Electronic Systems
Laboratory (PES), ETH Zurich.

From 2008 to 2011, he was a Postdoctoral Fellow
and from 2011 to 2016, a Research Associate with
PES, co-supervising Ph.D. students and leading in-
dustry research projects. Since January 2016, he has
been heading the research group, Advanced Mecha-
tronic Systems, PES, which concentrates on ultrahigh speed motors, magnetic
bearings and bearingless drives, new linear-rotary actuator, and machine con-
cepts with integrated power electronics. His targeted applications include, e.g.,
highly dynamic and precise positioning systems, medical and pharmaceutical
systems, and future mobility concepts. He has published 90+ scientific papers
in international journals and conference proceedings and filed 30+ patents.

Dr. Bortis has received seven IEEE Conference Prize Paper Awards.

13383

Grayson Zulauf (Student Member, IEEE) received
the B.A. degree in engineering sciences and the B.E.
degree in electrical engineering (with highest hons.)
from the Thayer School of Engineering, Dartmouth
College, Hanover, NH, USA, in 2012 and 2013, re-
spectively, and the M.S. degree in electrical engineer-
ing from Stanford University, Stanford, CA, USA,
in 2019. He is currently working toward the Ph.D.
degree in electrical engineering with the Stanford
University Power Electronics Research Lab, Stanford
University, Stanford, CA, USA.

From 2013 to 2016, he was an Electrical Engineer and Product Manager with
Motiv Power Systems. In 2019, he was a ThinkSwiss Research Fellow with the
Power Electronics System Laboratory, Federal Institute of Technology, Zurich,
Switzerland. His research focuses on extending high- and very-high-frequency
resonant converters to electrified transportation applications.

Dr. Zulauf is a Stanford Graduate Fellow and a National Science Foundation
Graduate Research Fellow.

Morris Heller (Student Member, IEEE) received the
B.Sc. degree in electric engineering from Hochschule
Luzern/FHZ, Luzern, Switzerland, in 2014, and the
M.Sc. degree in electrical engineering and informa-
tion technology, with a focus on power electronic
systems design and power semiconductors technol-
ogy, in 2018, from the Swiss Federal Institute of
Technology (ETH), Zurich, Switzerland, where he is
currently working toward the Ph.D. degree with the
Power Electronic Systems Laboratory.

His research focuses on three-phase rectifiers and
multiport power converters.

Johann W, Kolar (Fellow, IEEE) received the M.Sc.
and Ph.D. degree (summa cum laude/promotio sub
auspiciis praesidentis rei publicae) from the Vienna
University of Technology, Vienna, Austria, in 1997
and 1999, respectively.

Since 1984, he has been working as an indepen-
dent Researcher and international Consultant in close
collaboration with the Vienna University of Tech-
nology, in the fields of power electronics, industrial
electronics, and high-performance drive systems. He
is currently a Full Professor and the Head of the Power
Electronic Systems Laboratory, Swiss Federal Institute of Technology (ETH),
Zurich, Switzerland. He has proposed numerous novel PWM converter topolo-
gies, modulation and control concepts, multiobjective power electronics design
procedures, etc., and has supervised 70+ Ph.D. students. He has published 900+
scientific papers in international journals and conference proceedings, four book
chapters, and has filed 190+ patents. He has presented 30+ educational seminars
at leading international conferences, and served as IEEE PELS Distinguished
Lecturer, from 2012 to 2016. His current research interests include ultracompact
and ultraefficient SiC and GaN converter systems, ANN-based power electronics
components and systems design, solid-state transformers, power supplies on
chip, as well as ultrahigh speed and ultralight weight drives, bearingless motors,
and energy harvesting.

Dr. Kolar has received 34 IEEE Transactions and Conference Prize Paper
Awards, the 2014 IEEE Power Electronics Society R. David Middlebrook
Achievement Award, the 2016 TEEE William E. Newell Power Electronics
Award, the 2016 IEEE PEMC Council Award, and two ETH Zurich Golden
Owl Awards for excellence in teaching. He has initiated and/or is the Founder
of four ETH spin-off companies.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


