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Abstract - The feasibility of applying standard commercial
ceramic capacitors (CC) for controlling a series resonant
converter was examined by a simulation model that was
calibrated experimentally. The study reveals that the CC could be
a viable control element for resonant converters. It is shown that
CC controlled series resonant converter can be operated under
ZVS. The results of this study show that control attributes of the
capacitor controlled SRC are identical to those of the
conventional frequency controlled SRC, if the range of the
capacitor change is equal to the range of the frequency change in
the conventional converter, squared. Based on the present
investigation, capacitance ratios of 1:5 can be practically
achieved with commercial CC. It was found that the nonlinearity
nature of the CC has only a minor effect due to the narrow
bandwidth nature of resonant converters.
Keywords - Ceramic capacitors; ferroelectric dielectric;
simulation; SPICE; voltage dependent capacitors; series resonant
converter; soft switching; capacitor’s driver

I. INTRODUCTION
Ceramic capacitors (CC) are being used extensively in
power electronics circuits as they have a multitude of
advantages that match power conversion circuits’
requirements. Having a high dielectric constant, the CC are of
small size and by proper design they can withstand high
voltages. Furthermore, they have a relatively low equivalent
series resistance (ESR) and are compatible with high
switching frequencies to about 10MHz. And finally, the CC
are relatively inexpensive and thus compatible with current
cost-effective design trends. Some CC dielectric materials,
notably the COG, are temperature stable and some CC
dielectric materials are relatively insensitive to bias voltage.
But small size CC with high dielectric constant material, like
X5V, are extremely sensitive to bias voltage. For example, the
X5V based CC drop to 20% of their initial value when
exposed to the maximum allowable voltage. The bias
dependence problem is usually “solved” by specifying larger
capacitances such that the required capacitance will be assured
at the operating point.

advantage. In particular, using the CC as a control element,
notably in resonant circuits. The idea of using variable reactive
elements for tuning resonant circuits has been explored in the
past. For example, the use of a variable inductor to control
resonant converters was shown in [1-3] and the possibility of
applying CC to control converters was studied in some earlier
papers [4-8].
A switched-capacitor was used to emulate a variable
capacitor and then applied for auto tuning of a resonant circuit
[9], while a switched capacitor bank was applied to control a
resonant LLC converter [10]. Commercial dielectric materials
and CC have been extensively studied, characterized and
modeled in the past [e.g. 11-28].
The primary objective of this study is to characterize the
voltage dependent CC features when applied to control
resonant circuits. The study has been carried out on the series
resonant converter to explore the generic behavior of capacitor
controlled resonant circuits. This work discusses only the case
of Series Resonant Converter (SRC).
II. CAPACITOR CONTROLLED SRC
The conventional control method of a classical SRC (Fig.
1a) is by a variable frequency. The input to output voltage
ratio is normally derived by analyzing the small signal
equivalent circuit (Fig. 1b), applying the first harmonics
approximation of [29] for the AC load resistance
8 n2
Rac  2 12 Rload , where the parameters are per Fig. 1a and
 n2
vin is the sinusoidal input drive, which magnitude is related to
the DC input voltage of the half bridge SRC, Vin, by

vin 



Vin ; vout is the voltage across Rac related to the DC

load Rload output voltage, Vout, by, vout 
1b the voltage ratio transfer function is

This preliminary investigation examines the possibility of
turning the voltage dependence deficiency of CC into an
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Fig. 2. Voltage gain magnitude. (a) Classical frequency controlled SRC (b)
Variable capacitor controlled SRC.

(c)
Fig. 1. SRC. (a) Classical half bridge SRC, (b) Small signal Rac model of a
SRC converter, (c) Variable capacitor controlled half bridge SRC.
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where f is the sinusoidal drive frequency, f0 is the resonant
frequency, f 0  1 2 Lr C r , and Q  Lr / Cr Rac .
Typical small signal gain curves of the classical SRC with
Q as a parameter are shown in Fig 2a.
The small signal voltage gain of a capacitor controlled
SRC (Fig. 1c) is depicted in Fig. 2b. The curves of this plot
were obtained by defining a base capacitor Cs for a fixed
switching frequency fs and using it to convert the frequency
ratio into a capacitance ratio. This leads to the normalized
small signal input to output voltage transfer ratio of the
capacitor controlled SRC, in which the switching frequency fs
is fixed.

(b)
Fig. 3. Phase of the voltage transfer ratio. (a) Classical frequency controlled
SRC (b) Variable capacitor controlled SRC.
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It should be noted that for the same resonant tank
inductance, Lr, and load resistance, Rac, the ratio of Qs to Q is:
Qs

Q

Cv
Cs

Cv/Cs>1 the resonant frequency of the SRC is below the
operating frequency fs.
Further examination of Fig. 2a reveals that the response of
the capacitor controlled SRC is in fact identical to that of the
frequency controlled one when taking into account that
fs
Cv
. For example, the gain of Q=3 curve in Fig. 2a for

f0
Cs
the frequency ratio fs/fo=2 is approximately 0.2 and so is the
gain for same Q in the capacitor controlled SRC for Cv/Cs=4.
This implies that for identical envelope of performance, the
range of Cv/Cs should be equal to the range of fs/fo squared.
III. PSPICE MODEL

(3)

To help compare the response of the capacitor controlled
SRC to the conventional frequency controlled one, both Q and
Qs are plotted in Fig. 2b. It should also be noted that,
according to (2), fs/fo is equal to the square root of Cv/Cs, so the
scales of Fig. 2a and 2b axis were plotted differently.
The phase plots (Fig. 3a, 3b) show that in the two
converters, the phase of the source currents is lagging with
respect to the input voltage at frequencies which are higher
than the resonant frequency of the relevant Q plot. This
implies that operation at this region facilitates zero voltage
switching (ZVS) both in the classical and in the capacitor
controlled SRC.
The equivalent capacitor Cv in (2) represents the capacitance
of the serially connected Cr1 and Cr2 (Fig. 1c). Cr1 is required to
block the DC path from the bias source to the half bridge. Cr1
could be a fixed voltage-insensitive capacitor, with the
capacitance much larger than that of the resonant capacitor Cr2,
or a voltage dependent capacitor, similar to Cr2. In the fixed
Cr1 solution, a lower overall ESR of the two capacitors may be
achieved, but the physical dimensions of Cr1 will be larger. In
the latter case, the capacitors assembly will be more compact.
In this case, the range of change of the capacitance will be
affected by the input voltage to the resonant network.
Considering a symmetrical drive of the half bridge (Fig.
2c) and a bias voltage Vbias at the midpoint between the two
capacitors, the voltage across the upper capacitor, Cr2, will be
(Vbias-Vin/2)

To ease the study, a PSPICE model was first calibrated
experimentally to follow a commercial voltage dependent CC.
The CC (GRM31MR72A474KA35L) was first tested to
extract its voltage dependence. The set up (Fig. 5), used to
measure the CC under test (CUT), is based on a voltage divider.
It includes an excitation source Vexc, a series resistor Rser, an
isolating capacitor Ci, sense resistor Rs, and a relatively large
resistor Rv, through which the bias voltage, Vbias, is fed.
In this experiment, a laboratory DC voltage supply is used
for Vbias, whereas Vexc is generated by a laboratory voltage
signal generator set to a sinusoidal output at a frequency of
100kHz. The amplitude of Vexc was rather small, so the high
frequency component of the capacitor’s voltage in these
measurements was in the range 0.1Vrms-0.25Vrms. The
voltages at points A and B, referred to ground, were measured
by an oscilloscope and the obtained values were used to
calculate the incremental capacitance for each bias voltage.
The measured Cd=f(Vbias) data (dots in Fig. 6) was then
applied to set up a PSPICE model of the variable capacitor
under test (Fig. 7), implemented by inserting the points {(Cd1,
VBias1), (Cd2, VBias2), ….(Cdn, VBiasn)} into the Table of E7.
The simulation model of a voltage dependent capacitor
was constructed by non-linear cloning of a linear capacitor as
described in [30]. In this model (Fig. 7) the behavior of a
voltage dependent capacitor C11 is emulated using a linear
capacitance C4 which is exposed to the same voltage as C11
(C4 is fed by the voltage dependent source E6 which replicates
the voltage across the C11).

The DC bias source needs to have a high output
impedance, so not to load the resonant network. The proposed
driver, whose block diagram is shown in Fig. 4, fulfills this
requirement by having the collectors of BJTs at its output.
These output BJTs are driven by level shifters that have dead
zone at their inputs, set by the comparators B1, B2, to prevent a
shoot through current through the BJTs. Optimization of the
control and the selection of the optimal commercial CCs are
beyond the scope of this paper.
The normalized voltage gain ratio of the capacitor
controlled SRC is shown in Fig. 2b for three Qs values. Similar
to the case of the classical frequency controlled SRC, the ZVS
range for the CC controlled SRC is to the right of the peaks,
which are at Cv/Cs=1. This is due to the fact that when

Fig. 4. Block diagram of the proposed capacitor driver.
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Fig. 5. Laboratory set up used to measure capacitance-to-voltage relationship
of the CUT.

The current of the emulated capacitor C11 is determined
by a voltage-dependent current source G6. The input to G6 is
the current of the reference capacitor C4 times the voltage
V(Cd), set by the ETABLE voltage-dependent source E7,
which replicates numerically the Cd=f(Vbias) behavior of the
CC. Hence,
dV 

i (C11)  V (Cd )  iC 4  V (Cd )   C 4 C 4 
dt 


(4)

dVC11
dt

(5)

It follows from (5) that in this model the capacitance of
C11 is equal to the capacitance of C4, modified by V(Cd)
which represents the Cd=f(Vbias). If C4 is set to unity (i.e. 1F),
the capacitance of C11 is numerically equal to V(Cd).
C11  C 4  V (Cd )  Cd

The excellent matches between the experimental and
simulation results validate the assessment that the PSPICE
model (Fig. 7) is accurate, and it can thus emulate faithfully
the behavior of the CC in a physical system. This justifies the
present approach of simulation in lieu of hardware
experiments.
IV. BEHAVIOR OF CC CONTROLLED SRC

Since the voltages across C11 and C4 are equal:
i (C11)  [C 4  V (Cd )]

Fig. 7. PSPICE model of the CUT built to follow the response of Fig. 6

(6)

The model was first tested by reproducing the original data
(dots in Fig. 6). The excellent match verifies the ability of the
PSPICE model to emulate the static behavior of the CUT.
A verification of the PSPICE model was carried out by
comparing an experimentally recorded step response to the
simulated one. Fig. 8 shows the accuracy of the PSPICE
model both in the dynamic and static senses.

Fig. 6. Voltage dependence of the experimental CC. Dots: experiment values;
Solid line: SPICE simulated.

As described above, the capacitance of the experimental
CC, shown in Fig. 6, was measured under small AC excitation.
However, the voltage change across the capacitor, while
operated in resonant circuitry may be noticeably large depending on the current of the resonant network.
Consequently, since the voltage-capacitance dependence is
non-linear, the curve, presented in Fig. 6 may not reflect the
actual effective large signal capacitance [30, 31].
The difference between the large and small signal
capacitance can be illuminated by considering charge-voltage
characteristic of the experimental CC, depicted in Fig. 9.
Considering some bias voltage VC (point C, Fig. 9), when
the excitation is very small, as in Fig. 6, the effective
capacitance, denoted here as small signal capacitance, Cd, will
coincide with the local derivative at that point:

Fig. 8. Response of the CC to a step voltage drive via a resistor. Solid line:
experimental; Dotted line: simulation.
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As predicted, the higher the voltage variations (AC
voltage) across the capacitor, the larger the difference between
the small- and the large signal capacitances. However due to
the relatively small non-linearity of the charge-voltage
characteristic of the experimental capacitor (Fig. 9), this
difference is small, unless the AC voltage is really large. That
is, even for 80V peak-to-peak AC voltage, which is 80% of the
capacitor’s voltage rating, the maximum difference is less than
20% (Fig. 10). This suggests that for the capacitor considered
in this study, the design of the converter can be based on the
small signal capacitance Cd (Fig. 6).

Fig. 9. Charge-voltage characteristic of experimental CC and definition of
small and large signal capacitances Cd and Cac.

Cd 

dQ
dV

The control range of the experimental CC in a SRC is
depicted in Fig. 11. Fig. 11a corresponds to the case when Cr1
is fixed and Cr1>>Cr2, whereas in Fig. 11b both capacitors are
voltage dependent. In the latter case the input voltage of 12V
has been assumed. Since the input voltage is relatively small,
for the bias voltages of 20V and up, the voltages across Cr1
and Cr2 are virtually the same.

(7)

which is represented by the slope at point C in Fig. 9.
Large voltage variations of the capacitor’s voltage, as those
found in the resonant converter, call for different definition of
the capacitance. In this case, due to the large charge’s change,
the capacitance cannot be represented by a local derivative.
This capacitance is denoted here as a large signal capacitance
Cac. For a given bias voltage VB (point B, Fig. 9), and
assuming that due to the voltage changes, the charge variation
is QB, the ‘effective’ large signal capacitance, Cac, is defined
as:
C ac 

Q B
V B

(8)

The large signal capacitance Cac of the experimental
capacitor for different AC and bias voltages is presented in
Fig. 10.

(a)

Capacitance
0.5
0.4
0.3
[ F]
Vac=20Vpp
Cd
0.2 V =40V
ac
pp
0.1 Vac=60Vpp
Vac=80Vpp
0
0
20 40 60 80 100
Bias voltage, [V]

(b)

Fig. 10. Large signal capacitance Cac as function of bias voltage and AC
voltage of experimental CC. Dashed line: Cd; Solid lines: Cac for AC voltages
from 20Vpp (top line) up to 80Vpp (bottom line).

Fig. 11. Control range capability of experimental CC when applied in SRC.
(a) Cr1 is fixed, Cr2 is voltage dependent (b) Cr1 and Cr2 are voltage
dependent.
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V. CONCLUSION

Fig. 12. Voltage of a 1F CC driven by a sinusoidal voltage source of 10Vpk
and a frequency of 1kHz, via a 220 resistor.

Consequently, the overall range of change of the
capacitance in response to the applied bias, in two options, is
very close, which explains the similarity of 11a and
11b.Higher input voltage will modify the control at low bias
region in the case when both Cr1 and Cr2 are voltage dependent
(Fig. 11b). It should be noted that since the capacitor’s voltage
rating cannot be exceeded, the bias voltage needs to be limited
so as to allow enough space for the AC amplitude. For
example, considering the capacitor explored in this study
which has a rating of 100V max, the peak capacitor voltage
plus the maximum bias voltage should not exceed 100V.

The viability of applying a standard commercial CC for
controlling resonant networks has been examined. Unlike the
traditional SRC, this approach allows operation at fixed
frequency while the control is done by shifting the resonant
frequency of the network using a variable capacitance. It is
shown that variable capacitance can be obtained by applying a
bias voltage between two serially connected commercial CC,
by means of DC voltage driver that has a high output
impedance. The analysis of the capacitance controlled SRC,
carried out in this study, indicates that the switching frequency
should be set equal to the resonant frequency of the smallest
expected capacitance value. This way, the converter is
operated above the resonant frequency over the entire control
range which, similar to the traditional SRC, assists ZVS.
The behavior of the capacitor controlled SRC was further
examined by an experimentally calibrated PSPICE model of a
commercial capacitor GRM31MR72A474KA35L (Murata).

When the CC is driven by large signal, the nonlinearity
exhibits itself as a distortion of the CC waveforms (Fig. 12).
The distortion is a function of the curvature of C=f(V). When
driven by a sinusoidal voltage, v  va sin(t ) , the current, i,
for a linear segment is (9) and for a second order segment is
(10)


kv2
i  C0   va cos(  t )  a sin(2  t ) 
2



i  C0  [va cos(  t ) 


k1va2
sin(2  t )
2

k2va3
cos(  t )  cos(3  t )]
4

(9)

(a)

THD ratio
7
6
5
4
3
2
1
0
1
2

(10)

where k, k1, and k2 are the coefficients of the first order or
second order curve fitting of the capacitance-voltage
relationship, and C0 is the non-biased capacitance.
Fig. 13a shows the current THD in the SRC of this study
when driven by a half bridge (Fig. 1c) as a function of Q for
different CC bias voltages. Fig. 13b shows the ratio between
the current THD of the CC controlled SRC and the THD of a
SRC with a fixed capacitor. The ratio increases with Q
because the THD with fixed capacitor decreases while the
nonlinearity of the CC still introduces distortion. However, the
absolute THD values at large Q values for moderate voltage
deviation across the CC are still small (Fig. 13a). It can thus be
concluded that the non-linearity of practical CC, will have
only a minor effect on the operation of the SRC.

3
Q

4

5

(b)
Fig. 13. Current THD as function of Q; fs=fo=100kHz; (a) of CC controlled
SRC. Vcap p-p=40V; Upper trace: 40V bias; Middle trace: 20V bias; Lower
trace: 0V bias. (b) THD ratio of the current of the CC controlled SRC to the
current THD of a SRC with a fixed capacitor. CC operational point as in (a).
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The present study demonstrates that even though the variable
capacitor of the proposed SRC is exposed to relatively large
AC signals, the design of the converter can be based on the
small signal capacitance, provided by manufacturer’s data
sheets or measured by injecting a small AC excitation at
different bias voltages.
The results of this study show that control attributes of the
capacitor controlled SRC are identical to those of the
conventional, frequency controlled, SRC, when taking into
f
Cv
. Based on the present investigation,
account that s 
fo
Cs
Cv/Cs ratios of 1:5 can be practically achieved. This implies
that the performance of the capacitor controlled SRC would be
comparable to the conventional SRC in which the range of fs/fo
is about 1:2.2 It is further found that the non-linearity of
practical CC, has only a minor effect on the operation of the
SRC.
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