






Fig. 13. Illustration of an in situ transient calorimetric capacitor loss
measurement approach: (a) Sawyer-Tower circuit with highlighted
DUT CC and FLIR A655sc thermal camera, (b) simplified thermal
equivalent circuit of the DUT where the internal thermal resistance
Rth,int is assumed to be negligible, (c.i) recorded temperature curve
from Fig. 12a (f = 100Hz) and (c.ii) calculated capacitor losses
with Rth = 34.96 � C/W and Cth = 0.325Ws/� C.

frequency harmonics. The losses from this high-frequency
waveform component must be understood as well, and we
seek to characterize the losses in the DUT from 1 kHz −
100 kHz.

Methodology: Measuring these high-frequency losses
across the large capacitances studied here introduces ad-
ditional difficulties and a minor reconsideration and recal-
ibration of the measurement setup (note that prior high-
frequency Sawyer-Tower measurements measured capaci-
tances of the, at most, nF order, not the 100 nF order
studied here [25,26]). From Fig. 2a, we see that the DUT
impedance is now in the range of Ω, and, according to
the DF measurement of Fig. 2c, this places the ESR in
the range of 10 mΩ which is of the same order as the
contact resistance of the solder joints and connection paths.
Further, 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
considered lossless and Cref ≈ 10 ·Ccal, as in Section IV-A,
equal contact resistance for both capacitors causes the ap-
parent loss tangent of the reference capacitor to be ten
times larger than that of Ccal, 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 magnitudes between
Cref and the DUT to overcome this issue and to allow a
calibration measurement with close to identical currents as
in the DUT evaluation, and Ccal is implemented with one
0.2 µF (TDK, CAA572C0G2J204J640LH) and two 0.15 µF
(TDK, C5750C0G2A154J230KE) C0G capacitors, yielding
a total capacitance of 500 nF, 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
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Fig. 14. Measured losses at high-frequency in the CCs DUT from
1 kHz−100 kHz with an excitation voltage of 5, 7.5 and 10Vrms.
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 α = 1. Triangular waveform measurements
are limited by the power amplifier bandwidth to 10 kHz. (a)
Measured losses and (b) dissipation factor DF. Star scatter point
shows thermally-measured losses using (14), which validates the
high-frequency Sawyer-Tower measurements.

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 Vrms are applied to the
DUT, with the magnitude limited by the total losses, which
scale with frequency. A sinusoidal excitation is applied with
a high-frequency power amplifier up to 100 kHz, and, to
validate that α = 1 holds at high-frequency, a triangular
voltage (rectangular currents) excitation of 10 Vrms is also
applied. The triangular waveform is limited to 10 kHz by
the bandwidth of the high-frequency power amplifier.

Measurement results: Fig. 14 shows the measured high-
frequency losses under the triangular and sinusoidal voltage
excitations. The dissipation factor DF for 10 Vrms is rela-
tively flat (above 2 %) up to 10 kHz and increases to 3.3 % at
100 kHz for losses of 860 mW. As expected with α = 1, the
losses for triangular voltages and sinusoidal voltages with the
same peak AC voltage are identical, as shown in Fig. 14a. A
transient thermal measurement is performed to validate the
high-frequency Sawyer-Tower measurements, where using
(14) and the previously-derived Rth and Cth values, we find
losses of 787 mW at 100 kHz (represented by the star scatter
point in Fig. 14a).

These measurements provide a loss estimation for the
high-frequency component in the filter capacitors. The mea-
sured 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 ceramic capacitor 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 practi-
cal application, as we show in the following section. In this
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section, we combine the high-frequency and low-frequency
loss modelling 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 like 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 excitation must be known, which for the high-
frequency excitation can be obtained directly by integrating
the high-frequency inductor current ripple. Assuming the
Steinmetz parameters are independent of DC bias (shown
in Section IV-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 work. For a given
voltage, the charge excitation depends on the non-linear
relative permittivity (or differential capacitance), and with
the SE and iGSE-C modelling dependent on the peak charge
stored, the correct estimation of this charge is critical to
obtain an accurate loss calculation. According to Fig. 2d,
the differential capacitance of the DUT reduces by approx-
imately 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 sub-section.

A. Evaluation of the Charge Excitation

For a given capacitor voltage excitation U(t), the charge
is defined by the differential capacitance Cd as:

Q(t) =

∫
Cd(U) · dU(t)

dt
dt =

∫
Cd(U)dU. (15)
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Fig. 15. Differential capacitance over voltage derived according
to (6) for the measured hysteresis curves shown in Fig. 10b with
250Vrms AC excitation and increasing DC bias of 0V, 200V,
and 400V. The differential capacitance is shown for the charging
(solid) and discharging (dotted) portions of the voltage excitation.
For a given voltage, Cd depends greatly on the overall hysteresis
waveform, including the AC magnitude, DC bias, and direction of
the excitation (see (∗), which highlights the variability near 0V).
The small-signal Cd,s and large-signal Cd,l differential capacitance
curves can be used to estimate the charge excitation for small or
large AC voltage excitations, respectively.

With the highly non-linear Cd found in Section IV-A, the
small-signal Cd curve in Fig. 2d is only true under small-
signal excitation conditions. Otherwise, Cd(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 Cd(U) functions must exist
that depend on the excitation magnitude and the DC bias.
The extracted Cd(U) from the excitations in Fig. 10b are
plotted in Fig. 15 for Uac = 250 Vrms and DC bias voltages
of 0 V, 200 V, 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 capac-
itance both with DC bias Udc and with the direction of
the excitation (charging or discharging) in Fig. 15. The (∗)
highlights that the Cd 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
Usat, the associated discharging Cd is, for the most part,
largely independent of DC bias and AC magnitude. (The
same holds true if the discharging curve exceeds −Usat, with
identical charging curves.) For the Udc = 400 V 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 Cd.

The non-linearity of the capacitance around the zero-
voltage crossing, then, complicates the prediction of the
stored charge for a given voltage waveform, as the integra-
tion in (15) is not straightforward. For large AC excitation
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Fig. 16. Relative error σ of the calculated charge-equivalent
capacitance CQ,calc using (15) for sinusoidal AC excitation and DC
bias relative to the measured CQ of Fig. 10d with (a) the small-
signal Cd,s and (b) the large-signal differential capacitance Cd,l

(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.

magnitudes, Q can instead be conservatively approximated
with the large-signal capacitance as the average of Cd during
the rising and falling voltage excitations, as shown in Fig. 15
with the Cd,l dashed line. This curve is a good approximation
when the AC swing exceeds |Usat| on both the negative and
positive voltage swings. Cd,s remains a valid prediction of
charge storage under small-signal excitations.

For an arbitrary waveform, including those with the 3rd

harmonic injections of Fig. 9a, the charge in a given loop
can be calculated with either Cd,s or Cd,l, which respectively
yield the lower and upper bounds on hysteretic losses, as
shown in Fig. 9d and Fig. 9e. 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
(σ) using Cd,s and Cd,l for the measured charge in Fig. 10d
is shown in Fig. 16. As expected, the small-signal charge
prediction Cd,s is a good approximation when the AC
magnitude is small absolutely or relative to the DC bias (cf.
Fig. 16a), while the opposite holds true for the prediction
given by Cd,l (cf. Fig. 16b).

The regions where the small- and large-signal approxima-
tion respectively yield the minimal absolute charge error |σ|
are separated by the red line Ubound in Fig. 16, which can
be simplified as (the dashed lined in Fig. 16):

Ubound = 0.60 · Udc + 26.35 V. (16)

For a minimal charge approximation error at a given DC
bias Udc, Cd is selected as:

Cd =

{
Cd,s, UDUT,rms ≤ Ubound

Cd,l, UDUT,rms > Ubound,
(17)

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

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 param-
eters 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 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 Vrms

AC voltage (shown in Fig. 17a.i). The switching frequency
is selected at fs = 100 kHz and a two-stage filter (comprised
of two identical filters, S1 and S2, with a crossover frequency
fc = 10 kHz) provides an attenuation of approximately
80 dB at the switching frequency. Each filter is constructed
with an inductor of L = 85 µH and 6 paralleled DUT
capacitors (C = 2.8 µF). A load of 380Ω is used at the
output.

The filter stages have a nearly-identical fundamental-
frequency voltage excitation (Fig. 17a.ii), with the
fundamental-frequency voltage drop across the inductor of
S1 safely neglected. The peak high-frequency current ripple
îL,HF of the inductor in S1 can be calculated from the time
varying duty cycle d(t) = uac(t)

1
2Udc

pattern as:

îL(t) =
1

8

Udc(1− d)(d+ 1)

Lfs
, (18)

and reaches up to 12 A in this application. In S2, the
high-frequency current ripple is attenuated by an additional
40 dB and is therefore negligible (Fig. 17a.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 Cd,l, with Q̂LF = 159 µC 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 Q̂LF = 156 µC was directly measured (cf.
Fig. 17b.i).

The high-frequency charge excitation in S1 can be ob-
tained by integrating the high-frequency inductor current of
S1 and dividing the current by the 6 paralleled capacitors,
giving a maximum per-device charge of Q̂HF,max = 2.5 µC
(dotted line in cf. Fig. 17b.i). The measured switching-
frequency charge ripple amplitude nicely follows this the-
oretical prediction.

Using the SE parameters from Section IV-A (k = 1.06 ·
106, α = 1, β = 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
S1 peak at 173 mW with an average value P̄HF of 64 mW
(Fig. 17b.ii). The transient calorimetric measurement ap-
proach of Section IV-D is used to measure the losses
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(which cannot be accurately measured with the Sawyer-
Tower circuit with the low- and high-frequency excitations,
as discussed in Section IV-E).

Fig. 17c.i shows the temperature rise of the capacitors,
which is translated into instantaneous power loss (Fig. 17c.ii)
with (14) and the thermal equivalent circuit parameters 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 S1,
the measured losses increase by 122 mW over the losses in
S2 due to the high-frequency ripple. While the prediction
of P̄HF is off by approximately a factor of two (64 mW
predicted losses), the prediction error of total losses in S1
is only 12 %, and the high-frequency error can be partially
explained by the reported increase of DF by 30 % at high-
frequency (Fig. 14b). Non-ideal 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 consid-
ered sine-wave filter with a small high-frequency voltage
ripple compared to the fundamental voltage waveform. For
motor drives with fundamental frequencies up to 200 Hz-
300 Hz, this ratio may be even more tilted towards the low-
frequency losses, The total loss approximation error for S1 is
under 12 %, validating the measurements, the iGSE-C model,
and the charge estimation approaches in this work.

VI. CONCLUSION

Ferroelectric Class II Ceramic Capacitors (CCs) promise
large volume reductions in inverter and rectifier sine-wave
filters, and are expected to gain importance in future appli-
cations demanding exceptional power density. While prior
work has found non-linear and large losses in these compo-
nents, no extensible loss model is available in the literature
that accurately describes these hysteretic losses.

In this work, a Steinmetz-based loss modeling approach
– called the Improved Generalized Steinmetz Equation for
ceramic Capacitors, or iGSE-C – is proposed and verified for a
commercially-available X7R CC. We measure the ferroelec-
tric hysteresis losses across AC excitation magnitude, DC
bias, frequency, temperature, and harmonic injection using
the Sawyer-Tower 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 components in power electronics applications,
the iGSE-C accurately predicts losses under non-sinusoidal
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 advan-

tage that the fundamentally large ratio of reactive to active
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Fig. 17. (a.i) Example of single-phase DC/AC converter with a
split 800V DC-link and a 50Hz, 250Vrms 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.

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 Ref. [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 increase measured. In [41] and
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[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 jeopar-
dize any electrical measurement). While this 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 mea-
sured directly (again after a DC current calibration step),
reducing the measurement 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 measurement in a hardware prototype, as discussed in
Section IV-D and demonstrated in Section V-B.
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