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Letters

On SPICE Simulation of Voltage-Dependent Capacitors

Ilya Zeltser and Shmuel (Sam) Ben-Yaakov , Life Fellow, IEEE

Abstract—The capacitance of voltage-dependent capacitors can
be defined in two ways: as “total capacitance” Ct (v) = Q/v and
“local capacitance” Cd (v) = dQ/dv. The former is applicable to
cases when the capacitance is measured by a charge injection or
when the total capacitance is derived from the properties of the
dielectric material. The “local capacitance” is applicable in cases
when the capacitor is measured by a small test signal for var-
ious bias voltages. Based on the capacitance definitions, SPICE
compatible models are implemented either by applying local and
integral operators or by a nonlinear reflection of a linear capacitor.
These are demonstrated by PSPICE behavioral-dependent sources.
When properly emulated, the Ct and Cd models are applicable
for simulating both small and large signals across the nonlinear
capacitor. It is further brought up that both models suffer from
convergence problems that can be partially alleviated by slowly
increasing the level of the excitation signal and by reducing the
maximum step time.

Index Terms—Capacitors, ceramic capacitors, ferroelectric
dielectric, modeling, simulation, SPICE, voltage dependent
capacitors.

I. INTRODUCTION

THE need for a reliable SPICE model of variable capacitors
in power electronics is induced by two primary reasons:

the use of voltage-dependent capacitors to enhance the operation
of circuits such as converters [1]–[6] and snubbers [7], [8], and
the fact that some commercial capacitors, notably the X7R and
X5V based ones, are highly voltage dependent. Hence, SPICE
models of variable capacitors are important for theoretical inves-
tigations as well as for the examination and tuning of engineering
designs. SPICE-based simulation tools are very popular among
workers in the power electronics field due to them being readily
available, user friendly and quick to setup and run. This letter is
focused on SPICE modeling and does not intend to provide an
overview of the subject of variable capacitor modeling.

The diversity of the previously proposed SPICE models of
voltage-dependent capacitors [1], [7], [9]–[18] and the seem-

Manuscript received May 27, 2017; revised July 1, 2017, August 11, 2017,
and September 30, 2017; accepted October 9, 2017. Date of publication October
24, 2017; date of current version February 1, 2018. (Corresponding author:
Sam Ben-Yaakov.)

I. Zeltser is with the Department of Power Electronics, Rafael Advanced
Defense Systems Ltd., Haifa 3102102, Israel (e-mail: ilyaz@rafael.co.il).

S. Ben-Yaakov is with the Department of Electrical and Computer Engineer-
ing, Ben-Gurion University of the Negev, Beer-Sheva, 8410501 Israel (e-mail:
sby@bgu.ac.il).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2766025

ingly confusion regarding the proper choice of a model for a
given application, as pointed out in [16], deem the need for a
clarification of the differences between the models. Such clari-
fication can also help us to resolve some confusion concerning
the fundamentals of variable capacitor modeling.

For example, in [1] Zhang et al. evaluated the performance of
a voltage-dependent capacitor device in a pulsewidth modula-
tion (PWM) converter. The device is composed of four ceramic
capacitors (CC) in a bridge configuration similar to the ones
presented earlier [1]–[5]. While developing a SPICE model for
the device, Zhang et al. [1] state that the general template for a
SPICE model of a controlled capacitor, which is appropriate for
handling large signals, is

i = C(v)
dv

dt
+ v

d (C(v))
dt

(1)

where i is the capacitor’s current, C(v) is the capacitance, and v
is the voltage across the capacitor.

They have used, however, a truncated model

i = C(v)
dv

dt
(2)

which is stated to be appropriate for small voltage perturbations
as was the case in the study. However, as Drofenik et al. [9]
pointed out, and is further clarified in this letter, the two mod-
els can be equated only if C(v) in (1) and (2) have different
definitions, otherwise these two models are mutually exclusive.

Numerous papers have demonstrated that once a SPICE
model of a variable capacitor is calibrated against experimen-
tal data, it yields accurate results in mimicking the capacitor’s
behavior under static and dynamic conditions [1], [8], [9], [19].
However, the apparent lack of clarity as to the differences be-
tween vast varieties of the previously proposed models calls for
formal classification of the many modeling alternatives.

The purpose of this letter is to delineate the fundamentals
of SPICE modeling of voltage-dependent capacitors and the
translation of the governing principles into various methods for
constructing SPICE models for nonlinear capacitors.

II. DEFINITION OF “CAPACITANCE”

It would appear that some of the inconsistencies in the choice
of a SPICE model for voltage-dependent capacitors stems from
not properly defining the “capacitance” in use. Given a nonlin-
ear charge storage element, the relationship between the stored
charge (Q) and the voltage across the element (v) is nonlinear,
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Fig. 1. Graphical illustration of “total capacitance” Ct , and “local capaci-
tance” Cd .

as illustrated in Fig. 1. Consequently, there are two possible
definitions of “capacitance” [13], [15]. One definition, termed
here “total capacitance” ((Ct(v)) is the ratio between the total
charge at a given voltage (Q(v)) to the voltage at that value (v),
as shown in Fig. 1

Ct(v) =
Q(v)

v
. (3)

Another possible definition of capacitance, termed here “local
capacitance” (Cd(v)) is the local derivative of Q(v) with respect
to v (see Fig. 1)

Cd(v) =
dQ(v)

dv
. (4)

The application of the total capacitance (Ct) model is appro-
priate in cases in which the capacitance is expressed or measured
per definition (3). For example, when charge injection is used to
measure the total capacitance [19]–[21]. Conversely, the local
model (Cd ) is appropriate when the capacitance is expressed
or measured per definition (4). For example, the capacitance of
CC and parasitic capacitances of semiconductor devices as a
function of the voltage across them is measured by exposing the
capacitor to a dc voltage and then subjecting the capacitor to a
small current perturbation.

Clearly, for a linear capacitor Ct = Cd . However, for the
general case of a nonlinear capacitor Ct �= Cd . The relationship
between the two can be formulated as follows:

Cd(v) =
dQ(v)

dv
(5)

dQ(v) = Cd(v)dv (6)

Q(v) =
∫ v

0
Cd(v)dv (7)

Ct(v) =
Q(v)

v
(8)

Ct(v) =

∫ v

0 Cd(v)dv

v
. (9)

III. POSSIBLE SPICE MODEL OF A VOLTAGE-DEPENDENT

CAPACITOR

Considering the above, there are a number of ways for devis-
ing a SPICE compatible model of a variable capacitor. These
can be divided into two groups: models that are based on Ct and
those based on Cd .

Fig. 2. Possible implementation of a SPICE model of Ct by: (a) expressing
C(v) by a curve fitted function and (b) by a table.

A. Models Based on Ct

1) Model A: The first SPICE compatible model of Ct to be
considered (designated as Model A), follows the basic definition
of Ct (3):

i =
dQ

dt
(10)

Q = v · Ct(v) (11)

i = Ct(v)
dv

dt
+ v

d(Ct(v))
dt

. (12)

The last expression can now be emulated by a current source
equal to the sum of the two right terms. For that, there is a need
to generate a SPICE compatible variable that mimics Ct(v).
This can be done by a behavioral model (such as EVALUE in
PSPICE) in which the {expression} is an experimental fitting
of Ct as a function of v, and the numerical value of the out-
put voltage is equal to the value of the Ct(v). An example of
a possible implementation of this model in PSPICE is given
in Fig. 2(a).

The implementation shown in Fig. 2(a) applies a behavioral
current source (GVALUE, G1) and a behavioral voltage source
(EVALUE, E1) whose output signals are per the specified ex-
pression. The expression of GVALUE applies the derivative op-
erator of PSPICE, DDT. The output of EVALUE source, node
Ca , emulates the capacitance. That is, the value of the voltage
at Ca is equal numerically to the value of the capacitance. It is
assumed, just for the sake of illustration, that

Ct(v) = 0.95 · (1 − 9.85m·abs(V (C1, C2))) (13)
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Fig. 3. Loose linear approximation of Cd (v) given in [1].

where V(C1,C2) is the voltage across the emulated capacitor.
The absolute operator (abs) is required to handle both positive
and negative voltages across the capacitor.

The above approximation of Ct(v) is calculated by (9) from
Cd(v) given in [1]. Cd(v) is obtained by a loose fit of Cd(v)
curve to a straight line (see Fig. 3) of the form

Cd(v) = 0.95 · (1 − 19.7m · Va) (14)

where Va is the voltage across the capacitor (see Fig. 3)
An alternative embodiment of the SPICE model according to

Model A is to describe Ct(v) as a table [11] rather than as a
fitted curve [see Fig. 2(b)]. The table is defined by the pairs (x,y)
[Table of E2 in Fig. 2(b)]. The “x” values are abs (V(C3,C4)) and
the “y” values determine the capacitance value. Since the fitting
is to a linear curve, two points suffice. The advantage of the
table approach is that it can include the actual measured points.
The downside is that it might cause convergence problems due
to the discrete nature of the data and the irregularity of the array.

2) Model B: Following [10], another approach can be taken
for implementing a SPICE Ct model. Based on the definition
of Ct(v), one can also get an integral form for the model as
follows:

i =
dQ

dt
(15)

Q = v · Ct(v) (16)

i =
d(v · Ct(v))

dt
(17)

v(t) =

∫ t

0 idt

Ct(v)
. (18)

That is, the implementation is by a voltage source rather than
a current source [see Fig. 4(a)].

This implementation makes use of the PSPICE integral oper-
ator SDT and applies one voltage source that emulates the full
(18) without generating the value of C by an auxiliary source.
The capacitor is defined again by (13).

An alternative approach for SPICE variable capacitor model-
ing which has been rather popular is to apply nonlinear cloning
of a linear capacitor. That is, to reflect a linear capacitor by a non-
linear “transformer” similar to the approach presented in [22]
for an inductor. In the case of Model B (for Ct), the emulated
capacitor is realized by a voltage source (E4) while the linear
capacitor reference is fed by the same current as the emulated
capacitor [I(E4), current into C7—Fig. 4(b)]. The operator SDT

Fig. 4. PSPICE implementation of Cd (v) by applying (a) direct translation
of (18) to a PSPICE expression using the integral (SDT) operator, and (b) by
nonlinear cloning of a linear capacitor.

is replaced by the inherent nature of a linear capacitor by which
the voltage across the capacitor is the integral of the current.

B. Models Based on Cd

1) Model C: This approach is for modeling voltage-
dependent capacitors which are defined by the derivative ca-
pacitance Cd . In this case

Cd(v) =
dQ

dv
(19)

Cd(v) =
dQ
dt
dv
dt

(20)

Cd(v) =
i

dv
dt

(21)

i = Cd(v)
dv

dt
. (22)

Applying the same implementation concepts as before, the
SPICE compatible model of Cd can be emulated by a current
source as depicted in Fig. 5(a), using the PSPICE’s derivative
operator DDT.

An alternative way for a SPICE Cd model [7] is to ap-
ply nonlinear cloning of a linear capacitor. In this approach
[Fig. 5(b)], the operator DDT is replaced by the inherent na-
ture of a linear capacitor by which the current is a derivative
of the voltage. In Fig. 5(b), C4 is a linear capacitor which is
exposed to the same voltage as the emulated nonlinear capaci-
tor (V (Cd) = V (C11, C12)). However, the reflected current of
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Fig. 5. PSPICE implementation of Cd (v) by applying (a) direct translation
of (22) to a PSPICE expression using the derivative (DDT) operator, and (b) by
nonlinear cloning of a linear capacitor.

C4, back to the terminals of the emulated capacitor (I(V1)), is
multiplied by the expression that describes Cd as a function of
the emulated capacitor’s voltage: V(C11,C12).

IV. SIMULATION EXAMPLES

The performance of the various PSPICE implementations of
a voltage-dependent capacitor is illustrated by running a simula-
tion on a circuit similar to the one presented in [1]. The nonlinear
capacitor is placed in series with a resistor and inductor, and fed
by a 500 kHz square wave voltage source having an amplitude
of 10 V and duty cycle of 0.4. A dc bias of 10 V is placed in
series to control the capacitor’s operating point. The models ap-
ply the approximations (13) and (14) as appropriate. The results
of the simulation runs for all of the six models discussed here
[see Fig. 6(a)] show that all models produce exactly the same
waveform across the emulated nonlinear capacitor. Fig. 6(b) is
the response of all the six emulated variable capacitors to a
40 V ramp with a rise time of 50 µs. Here again, all the ca-
pacitors are in series with a 1 µH inductor and 8 mΩ resistor.
Fig. 6(c) shows the result of a simulation in which the induc-
tor is removed and the series resistor increased to 25 Ω. The
plots of Fig. 6(c) also include the charging curve of a 0.95 µF
linear capacitor to show the effect of the voltage-dependent ca-
pacitors on the rise time. The results confirm that all the six
models are correct for both large and small signals when Cd and
Ct are expressed properly. The oscillations seen in Fig. 6(b),
are due to the resonance frequency of the network. The fact
that all the plots of the simulation results coincide, demon-
strate, again, the identical behavior of all the models. The broken
lines between adjacent peaks clearly show the decrease of the
capacitance as the total voltage across the nonlinear capacitors
increases.

The importance of proper definition of “capacitance” is fur-
ther illustrated by considering the case of capacitive charge
storage. Clearly, the amount of charge stored in a capacitor is
related to the “total capacitance” (Ct). Applying the modeling
guidelines presented here, the “total capacitance” can be ob-
tained from the “local capacitance” (which is normally given
by manufacturers of CC) by simulation. One possible approach
is presented in Fig. 7. The variable capacitor model applied
here is similar to the one shown in Fig. 5(b) with one exception:
the expression for calculating the capacitance is not plugged
into the GVALUE source G6 directly, but rather defined by a
separate EVALUE source E7 so it can be plotted by the Probe
program.

In the simulation experiment, the capacitor is fed by a ramp
(V4) and the charging current is integrated (by “INTEG”) to
obtain the accumulated charge (node Q in Fig. 7). Behavioral
voltage source “V_Ct” is then used to calculate the “total capac-
itance” Ct = V (Q)/V (ramp) on the fly.

The results of the simulation by the circuit of Fig. 7, shown
in Fig. 8, clearly demonstrate the significant difference between
Ct and Cd , for the variable capacitor exemplified here, as the
two are related by (9). In this studied case, the Ct capacitance
is approximated by (14) and hence

Ct

Cd
(V ) =

1 − 9.85m · V
1 − 19.7m · V (23)

exhibiting a Ct/Cd ratio of about 3 at 40 V.

V. EXPERIMENTAL SETUP

The presented modeling approach was tested against experi-
ments in the following way.

1) Experimental data Cd = f(VBias) of a commercial CC
(GRM31MR72A474KA35L) was extracted by the setup
of Fig. 9. The test bench (see Fig. 9) used to measure the
capacitor 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 rela-
tively 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 100 kHz. The capacitor’s voltage
in these measurements was in the range 0.1–0.25 Vrms.
The voltages at points A and B, referred to as ground,
were measured by an oscilloscope and the obtained val-
ues were used to calculate the incremental capacitance for
each bias voltage. The measured Cd = f(Vbias) data (dots
in Fig. 10) was then applied to set-up a PSPICE model
of the variable capacitor under test, implemented by in-
serting the points {Cd, VBias}into the Table of E7 of the
Cd PSPICE model of Fig. 11. It is of interest to point out
that the experimental and reconstructed Cd , measured at
100 kHz, matches very well the curve given by the manu-
facturer (Murata) data sheet, which is reportedly measured
at 1 kHz with a capacitor voltage excitation of 1 V.
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Fig. 6. Simulation results of the voltages across all the six voltage-dependent capacitor models presented in letter. The voltage-dependent capacitors are defined
by (13) or (14) as appropriate. (a) When each of the capacitors is connected serially with a 1 µH inductor and 8 mΩ resistor, biased by 10 V and fed by a 10 V
square wave of 500 kHz with a duty cycle of 0.4. (b) Similar to (a) but the excitation is a single 50 Vramp with rise time. (c) When each of the six capacitors is
connected in series with a 25 Ω and the network is fed by a 40 Vpulse of 0.1 µs rise time.

Fig. 7. Simulation experiment circuit to extract Ct . The PSPICE model of the
nonlinear capacitor is based on Cd . Ct is extracted by applying (8) and (9), i.e.,
integrating the capacitor current (V_Icap , INTEG) and dividing the resulting
charge by the capacitor’s voltage in V_Ct .

Fig. 8. “Total” and “local” capacitances of the capacitor used in [1], obtained
by the simulation experiment of Fig. 7.

Fig. 9. Laboratory set up used to measure capacitance-to-voltage relationship
(Cd ) of the CU T .

Fig. 10. Cd voltage dependence of the experimental capacitor
(GRM31MR72A474KA35L). Dotted line: experiment values obtained by the
setup of Fig. 9; solid line: simulated in SPICE using the model of Fig. 7.

Fig. 11. PSPICE model of the capacitor under test, built to follow the response
of the experimental setup of Fig. 9.

2) The accuracy of the SPICE model was then validated by
reconstructing the Cd = f(VBias) curve measured in the
experiment (see Fig. 9). The reconstruction was done by
exposing the model capacitor to small sinusoidal pertur-
bation under various bias voltages, and calculating the
derivative capacitance Cd , for each bias point, from the
voltage excitation values and the resulting ac currents. Ex-
cellent agreement is found between the plot, reconstructed
by the simulation, and measured data (see Fig. 10).

3) For the large signal experiment, the capacitor was exposed
to voltage steps of different amplitude via a series resistor.
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Fig. 12. Experimental setup for measuring large signal response of the capac-
itor under test (GRM31MR72A474KA35L).

Fig. 13. Response of the experimental capacitor (GRM31MR72A474KA35L)
when charged by the circuit of Fig. 12. Solid lines: experimental; marked dots:
simulated in SPICE using the model of Fig. 11.

Fig. 14. Response of the experimental capacitor (GRM31MR72A474KA35L)
when discharged by the circuit of Fig. 12. Solid lines: experimental; marked
dots: simulated in SPICE using the model of Fig. 11.

The setup, used in this experiment, is depicted in Fig. 12.
The magnitude of the voltage steps is set by the laboratory
dc voltage supply Vdc . The charging and discharging of
the capacitor is controlled by MOSFET transistor M1 which
is driven at 10 Hz by a pulse generator Vdr through the
gate resistor RG . When the transistor is OFF, the capacitor
charges through the resistors Rser and Rdch , whereas the
discharge is done through the resistor Rdch and the turned-
on transistor M1 . This way, the time constants of the
charging and the discharging phases are different allowing
to verify the accuracy of the simulation model of Fig. 11
at different transition rates.

4) The SPICE simulation model of Fig. 11 was then ex-
posed to the same charge and discharge scheme. The

obtained simulation results are plotted as dotes in Figs.
13 and 14, in excellent agreement with the measured
waveforms.

The excellent agreement, obtained in the small signal exper-
iments (see Fig. 10) and the large signal experiments (Figs. 13
and 14), clearly points out to the fact that the SPICE modeling
methodology presented in this letter, yields universal models
that are applicable for simulating large and small signal behav-
ior of voltage-dependent capacitors. It should be noted that the
large signal experiment (see Fig. 12) is in fact identical to the
experiments of [19] in which charge was injected into a voltage-
dependent capacitor by a special device. In the two cases, there
is a step increase in capacitor voltage as a result of a charge
quanta injection.

V. CONCLUSION

The capacitance of voltage-dependent capacitors can be de-
fined in two ways, as “total capacitance” Ct and “local ca-
pacitance” Cd . The former is applicable to cases when the
capacitance is measured by a charge injection or when the to-
tal capacitance is derived from the properties of the dielectric
material. The “local capacitance” is applicable in cases when
the capacitor is measured by a small test signal for various bias
voltages. Based on the capacitances definitions, SPICE com-
patible model can be implemented by behavioral current and
voltage sources which apply PSPICE’s DDT or SDT operators
and are programmed to follow the nonlinearity of the capacitor.
An alternative approach is to use a nonlinear reflection of a lin-
ear capacitor. The advantage of the reflection approach is that
the resulting models are compatible with PSPICE “ac” and “dc”
analyses while the models based on PSPICE’s DDT or SDT
operators can only be run in transient analysis. When properly
emulated, both the Ct and Cd models are applicable for simulat-
ing small and large signals across the nonlinear capacitor. This
is illustrated by simulation results of test network that includes a
voltage-dependent capacitor. Time-domain simulation runs, in
which the voltage across the nonlinear capacitor are small and
large signals show exactly the same voltage across the 6 models
presented here, validating thereby the theoretical analysis.

The models, tested in this study, have exhibited very similar
performance in terms of simulation run time and convergence.
It has been observed that run time as well as convergence is-
sues are not affected by the type of model but rather by the
parameters of the circuit (e.g., drive frequency, quality factor of
the resonant tank, Q, rise time, etc.) while the way the model
has been implemented had little or no effect on the numerical
calculation by the simulator.

Experiments were conducted to further asses the physical
accuracy of the presented SPICE models. To this end, commer-
cial CC, tested by small and large signals, were modeled, and
exposed to same signals as in the experiments. The excellent
match between the experimental and simulated results confirms
the conjecture about the excellent emulation of the physical
nonlinear capacitor by the SPICE model.

The excellent agreement, obtained in the small and the large
signal experiments of this study, prove that the Cd and Ct of the
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tested CC share the same V = f(Q) curve and that the SPICE
modeling methodology, presented in this letter, yields universal
models that are applicable for simulating the large and small sig-
nal behavior of voltage-dependent capacitors in general and CC
in particular. However, it should be pointed out that the “large
signal” of this study refers to single, or low frequency, events. As
mentioned in the Appendix, CC exhibit unique behavior when
subjected to a sustained ac voltage excitation. Consequently, the
accuracy of the proposed models for cases in which the capacitor
is driven by an ac voltage of variable amplitude may be com-
promised. Considering the fact that the data of CC response
to ac voltage excitation is presently scarce (see Appendix),
extensive research is required before these effects can be imple-
mented in a universal model. It should be emphasized that once
properly set up, the SPICE model yields accurate results bar-
ring convergence problems. However, “accurate” means that the
simulation program calculates the numerical solutions under the
assumption that the capacitor is accurately described by Ct(v)
or Cd(v) capacitances. The questions of hysteresis, tempera-
ture effects, aging, etc., are clearly not taken into account. Once
these are properly studied for a given device, the SPICE mod-
els can be updated to include these effects. Hence, the models
presented here should be considered as a first-order approxima-
tion, useful for the general examination of circuits that include
voltage-dependent capacitors.

The issue of “total” and “local” behavior of nonlinear ele-
ments is, of course, not limited to capacitance but is equally
relevant to resistance and inductance. For example, the “incre-
mental resistance” concept is widely used in the analysis of
semiconductor devices, incandescent-lamp filaments, discharge
lamps, and numerous other elements. Likewise, “incremental
inductance” is a key factor in determining the inductors’ current
ripple in PWM converters. SPICE simulation models of these
impedances that have been presented previously [7], [16], [18],
[22]–[24], follow the principle of modeling defined in this let-
ter. Applying the methodology of this letter, a delineation of
the possible SPICE approached to model variable resistors and
inductors can be accomplished. This, however, is beyond the
scope of this letter.

APPENDIX

A Note on CC Behavior Under Variable AC Voltage Excitation

It should be emphasized that the PSPICE models of nonlin-
ear capacitors, presented in this letter, do not cover the cases of
sustained ac voltage excitation of CC. When exposed to a sus-
tained ac voltage of variable amplitude, the behavior of Class
II and Class III CC, which are based on ferroelectric dielectric
material, change dramatically [25]–[30]. Fig. A1 depicts the ap-
parent capacitance of one of the experimental CC as a function
of ac voltage excitation with no dc bias, as provided by the
manufacturer. Further research is needed to link the behavior
seen in Fig. A1 to the large and small signal excitations behav-
ior that can be accurately simulated by the proposed modelling
methodology.

Fig. A1. Capacitance change of one of the experimental capacitors (Murata,
GRM31MR72A474KA35L) as a function of ac voltage excitation.
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