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Abstract 

The fundamental role of the Q=f(v) function in the characterization of ferroelectric ceramic 
capacitors is delineated and analyzed.  Guidelines for reconstructing the Q=f(v) data from manufacturers’ 
data are developed and shown to yield additional information on the capacitors. The analytical derivations 
were backed by simulation and experimental results. Application of the voltage dependent ferroelectric 
capacitors as a control element for a fixed frequency series resonant converter was tested by simulation. The 
results suggest that this proposed approach is viable and that the expected performance is comparable to 
that of a variable frequency series resonant converter.    

Introduction 

Ferroelectric Dielectric Ceramic Capacitor (FDCC), designated as Class II and Class III by the industry, are 
widely used in current electronics and power electronics designs [1-4]. Being of high capacitance yet of 
small size, and relatively inexpensive, the FDCC is the first choice by many designers. The paraelectric, 
Class I, capacitors such as the ones based on the COG material, are more stable temperature wise and have 
rather low Equivalent Series Resistance (ESR), but the maximum capacitance currently available is limited 
to about 0.1μf. For higher capacitance, as needed for decoupling and filtering, the FDCC such as the X7R 
material are the only ceramic capacitors of choice. 

Notwithstanding the high popularity of the FDCC, it is still insufficiently specified and many of its 
parameters are unclear or missing [5]. A case in point is the question of modeling the FDCC. Two 
approaches have been suggested [6-10] per (1) and (2), and the question which model is correct, and when, 
needs clarifications. 

 

Another example for the need of a clear characterization of FDCCs is the ambiguity of the data 
provided by the manufacturers. For example, the plot Fig. 1a provided in a data sheet of a commercial FDCC 
(Fig. 1) is the incremental, or local, capacitance while Fig. 1b is the large signal capacitance measured under 

  = ( ) 										(1); 											 	 = { ( )∙ } 	 (2)         
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zero bias voltage. As observed, the large signal capacitance is increasing up to a peak value at v=0.8V after 
which the capacitance declines. This behavior seems inconsistent with the behavior of the small signal 
capacitance shown in Fig. 1a, from which one would expect the large signal capacitance to drop as the 
amplitude increases. 

 

(a)                                       (b)  

Fig. 1. Manufacturer’s data on a FDCC (Murata). (a) Local (derivative) capacitance. (b) Large signal 
capacitance. 

The fundamental Q=f(v) function 

The fundamental attribute of a charge storage element, the capacitor, is the relationship between the 
stored charge and the voltage. In a linear capacitor this relationship is linear (Fig.2a) while in the voltage 
dependent capacitor, the relationship will be nonlinear (Fig. 2b). For the latter, it is possible to define three 
types of capacitances (Fig. 2c): Local, or small signal capacitance Cd (3), Total capacitance Ct(4) and large 
signal capacitance Cac (5). 

                                          ( ) = ( )				(3); 					 ( ) = ( )		(4)			 , 	 = ∆∆ 						(5)   
 

 

(a)                                                  (b)                                                   (c)  

Fig. 2. The Q=f(v) curve. (a) Linear capacitor. (b) Voltage dependent capacitor (as a FDCC). (c) 
Definition of local capacitance (Cd), total capacitance (Ct), and large signal capacitance (Cac). 
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Based on the definitions of the capacitances, one can derive the relevant model for each case. For the local 
capacitance, Cd, from (6)-(8) we find (9). For the total capacitance, Ct, from (10)-(12) we find (13).  Hence, 
the two models are valid if the correct ‘capacitance’ is used in each of them.  

 

 

                     

          

Furthermore, the two capacitances can be linked by:                (11) 

The large signal capacitance Cac defined here (5) is different from the one which is apparently 
provided by manufacturers (e.g. Fig. 1b).  For large signals, the non-linearity will cause a distortion of the 
signal. That is, if the capacitor is fed by a sinusoidal signal, the current will be distorted, and vise versa. 
Consequently, deriving the “capacitance” from the ratio irms/vrms is, strictly speaking, incorrect. Hence, the 
correct way to define such a capacitance will be according to (5). Further discussion is given in full paper.   

Reconstruction of the Q=f(V) curve 

It is rather unfortunate that manufacturers do not provide the fundamental Q=f(v) data for their 
FDCC products. This curve, however, can be reconstructed from the data that is provided. Reconstruction 
from the local capacitance data Cd (e.g. Fig. 1a) is not a good choice since it was obtained by 0.5Vrms 
excitation which is really not small signal. On the other hand, since the large signal capacitance (Cac, Fig. 
2b) measurements started with small signal excitation, reconstruction from this curve will produce high 
resolution near the origin. If the Cac data is not given for the full voltage range, the rest of the Q=f(v) can be 
reconstructed from the Cd. For the sake of brevity, only the reconstruction from Cac will be discussed here. 
The reconstruction from Cd (Fig. 2a) follows the same ideas covered here.   

The concept of reconstruction Q=f(V) from Cac(v) is illustrated in Fig. 3.  

Any point on the Cac(v) curve is defined by:   ( ) = 		;  Hence:  

Fig. 3. Reconstruction of Q=f(v) from the given Cac curve  
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(a)                                                  (b)                                                    (c)  

Fig. 4. Reconstructing parameters from manufacture’s data. (a) Reconstructed Q=f(v). (b) Reconstructed 
Cd. (c) Comparison of reconstructed Cd to that given by manufacturer. 

                              

(a)                                                                                                   (b) 

Fig. 5. Explanation of the peak in Cac. (a) Slopes of Cac. (b) Effect on Cac. 

Therefore, for any point {v, Cac(v)} on the Cac(v) curve one can calculate the corresponding Q(v) and by 
that reconstruct {v, Q(v)} of the Q=f(v) curve. The reconstructed curve (Fig. 4a) now includes the points up 
to the maximum voltage of the Cac(v) data (2V, in Fig. 1b). Based on the reconstructed Q=f(v) the local 
capacitance Cd can now be obtained by taking the derivative of the Q curve (Fig. 4b). Comparing the 
reconstructed Cd with the one provided by the manufacturer (Fig. 4c), one notices two differences. At higher 
voltages, there is a mismatch, presumably due to the rather coarse digitization of the original Cac employed 
here. Another, more pronounced difference, is the hump at around 0.5V which is not seen in the original Cd 
data provided by the manufacturer (Fig. 1a).  The reason for that is the fact that the data measured by the 
vender was obtained with 0.5Vrms excitation. This large signal smears all the fine details around 0.5V. 
These details were maintained in the Cac data since these measurements were made by small increments, 
(Fig. 1b). Hence, the reconstructed Q(f(v) curve includes some of the details missing from the provided Cd 
data. This also explains the peak in the Cac (Fig. 1b). As illustrated in Fig. 5a, the large signal slopes of the 
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excitation used for getting Cac, are smaller around the origin, increase at mid voltage range and then decline 
at a higher voltage.  This exhibits itself as a peak in the Cac curve (Fig. 5b).  

Simulation and experimental results 

Experimental data Cd = f(VBias) of a commercial ceramic capacitor (GRM31MR72A474KA35L, Murata) 
was extracted by an experimental set up. The test bench, used to measure the capacitor under test, 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 capacitor’s voltage in these 
measurements was in the range 0.1Vrms-0.25Vrms. The measured Cd=f(Vbias) data (dots in Fig. 6) was then 
applied to set up two PSPICE models of the variable capacitor [10] under test according to (9) and (13). Fig. 
7 is a comparison between simulation and experimental results of the voltage across the tested FDCC when 
subjected to a step voltage via a resistor.  

 
Fig. 6. Voltage dependence of the experimental 
FDCC (GRM31MR72A47KA35L). Dots: 
experiment values obtained by the setup of Fig. 9. 
Solid line: simulated in SPICE using the model of 
Fig. 7. 

Fig. 7. Response of the DUT to a step voltage 
drive via a resistor. Solid line: experimental; 
dotted line: simulated in SPICE using the model 
of Fig. 10. DC voltage bias was subtracted to 
facilitate a clear comparison.  
 

Shown are two steps of about 6V magnitude. One was delivered to the RC network with no DC bias on the 
FDCC, while the other was when the capacitor was subjected to a 40V bias. The excellent agreement verifies 
the FDCC characterization detailed in this paper.  

Application example – capacitor-controlled series resonant converter 

The conventional control method of a classical SRC (Fig. 8a) is by a variable frequency. Alternatively, 
the converter can be run at a fixed switching frequency while the resonant capacitor is a voltage dependent 
ceramic capacitor controlled by a current source (Fig. 8b) [11]. The expected small gain input to output 
relationship is:  
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(a) 

 

(b) 

Fig. 8. SRC. (a) Classical half bridge SRC , (b) Variable capacitor controlled half bridge SRC. 

 

Fig. 9. 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). 
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The large signal capacitance Cac of the experimental capacitor for different AC and bias voltages is 
presented in Fig. 9.  

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).  

The control range of the experimental CC in an SRC is depicted in Fig. 10. Fig. 10a corresponds to the 
case when Cr1 is fixed and Cr1>>Cr2, whereas in Fig. 10b 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.  

 

 

(a)                                                                        (b) 

Fig. 10. 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. 

References 

[1] Burks, D., Hofmaier, R., Knudtsen, S., G. Shirn, G.: A ceramic capacitor for AC applications, 39th Electronic 
Components Conference, pp. 194 – 201. 

[2] Dejean, O. ,T. Lebey, T.  and Bley, V.: An experimental characterization of nonlinear ceramic capacitors for 
small and large signals, IEEE Transactions on Components and Packaging Technologies, Vol. 23, no. 4, pp. 627-
632. 

[3] Williams, Novak, K. B., Jason, R. Miller , Blando, G.  and Shannon, N.: DC and AC Bias Dependence of 
Capacitors, Int. Design Conference, 2011. 

[4] Johanson Dielectrics, “AC power computation for DC rated capacitors,” available for download at: 
http://www.johansondielectrics.com/downloads/jdi-ac-power-2005-05.pdf 

[5]    Mosley, L., Schrader, J.: ‘Hysteresis Measurements of Multi-Layer Ceramic Capacitors Using a Sawyer-Tower 
Circuit’, in CARTS -CONFERENCE, Symposium for passive electronic components 2007, pp. 309-320. 

Characterization of ferroelectric ceramic capacitors BEN-YAAKOV Sam

EPE'18 ECCE Europe ISBN: 978 - 9 - 0758 - 1528 - 3 - IEEE catalog number: CFP18850-ART P.7
Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)



[6] Cadence, “Modeling Voltage-Controlled Resistors and Capacitors in PSpice,” [Online]. Available: 
http://www.pspice.com/resources/application-notes/modeling-voltage-controlled-resistors-and-capacitors-
pspice. 

[7] Pearson, S., and Alain Laprade, A.: Tips and Tricks to Get More Out of Your SPICE Models, Fairchild Power 
Seminar, 2007. 

[8] Basso.C., SPICE Analog Behavioral Modeling of Variable Passives. Power Electronics Technology [Online], 

2018. Available: http://www.powerelectronics.com/content/spice-analog-behavioral-modeling-variable-
passives. 

[9] Stošović, M.A., Dimitrijević, M. and Litovski, V.: SPICE Model of a Linear Variable Capacitance, The 5th Small 
Systems Simulation Symposium, 2014, pp. 43-46. 

[10] Variable Capacitor. MathWorks, MA, USA. “Variable Capacitor – Model linear time-varying capacitor,” 
[Online]. Available: https://www.mathworks.com/help/physmod/elec/ref/variablecapacitor.html 

[11] Zeltser, S. and Ben-Yaakov, S.: On SPICE Simulation of Voltage-Dependent Capacitors, in IEEE Transactions 
on Power Electronics, Vol. 33, no. 5, pp. 3703-3710. 

[12] Ben-Yaakov, S. and Zeltser, I.: Ceramic capacitors: Turning a deficiency into an advantage, IEEE Applied 
Power Electronics Conference and Exposition (APEC), 2018, pp. 2879-2885. 

 

Characterization of ferroelectric ceramic capacitors BEN-YAAKOV Sam

EPE'18 ECCE Europe ISBN: 978 - 9 - 0758 - 1528 - 3 - IEEE catalog number: CFP18850-ART P.8
Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)


