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Abstract 

Tantalum Hybrid electrolytic/electrochemical capacitors are very versatile compo-
nents, used in a wide variety of applications. This paper deals with pulse discharge characte-
ristics measurement and specific power determination of these capacitors. Capacitors  
100 V rated voltage were chosen for the measurement. The capacitors were repetitively dis-
charged into a low resistance load. More than 140 surge discharges were made with each 
component. The results were statistically processed and are presented. Equivalent series resis-
tance of Hybrid capacitors is calculated from these measurements and based on its magnitude 
the specific power of the components is determined. Simultaneously with tantalum Hybrid 
capacitors some aluminum electrolytic capacitors were measured and the results are presented 
as well. Based on these results the capacitors are then compared. Tantalum Hybrid capacitors 
have the highest volumetric specific power (related to its dimensions) in medium voltage 
range. 

Introduction 

Tantalum Hybrid capacitors take advantage of the best features of electrolytic and 
electrochemical capacitors. They combine an anode from an electrolytic capacitor, a cathode 
from an electrochemical capacitor and compatible electrolyte. The tantalum Hybrid capacitor 
is a series combination of an anodic dielectric oxide film capacitance, Ta2O5, and a high elec-
trochemical capacitance, a film of the conductive metal oxide, RuO2. The ruthenium oxide 
creates the electrochemical cathode. High operating voltage is achieved by using a dielectric 
oxide layer on the anode without exceeding the breakdown potential of the aqueous electro-
lyte. This allows capacitors with high cell voltage to be produced. 

mailto:devans@evanscap.com


The advantages of tantalum Hybrid capacitors can be considered with an understand-
ing of common electrolytic capacitors. Here oxide layers are generally found on the both elec-
trodes.  The oxide layer on the anode is thicker than on the cathode, and sets the capacitor 
working voltage. The cathode oxide layer is very thin and sets the reverse voltage capability 
of the component. It is necessary to keep the cathode capacitance as high as possible to dimi-
nish its effect on the overall capacitance of the capacitor because the anode and cathode capa-
citances are in series. Capacitors connected in series follow this relationship, (see Fig. 1) 

CATo t CCC
111 ,         ATotAC CCCC , (1)  

where CC a CA are cathode and anode capacitances respectively. The properties of electrolytic 
capacitors (rated capacitance and voltage) are given entirely by anode oxide layer properties. 
The cathode oxide layer must ensure that its capacitance is as high as possible. The  
anode and cathode occupy more or less the 
same volume in common electrolytic capa-
citors; the energy and power volumetric 
efficiencies of such construction are 
somewhat limited. 

The usual cathode found in a tanta-
lum electrolytic capacitor is replaced by an 
electrochemical cathode based on ruthe-
nium oxide, RuO2, in the tantalum Hybrid 
capacitor. The ruthenium oxide is bonded 
to a thin tantalum foil. Such cathode deliv-
ers high specific capacitances (up to 
100mF/cm2) [1]. The cathode dimensions 
are minimal in comparison with traditional 
cathodes (and so is the volume). The avail-
able space can be used to enlarge the 
anode, which leads to increased capacit-
ance or rated voltage, or the capacitors can 
be made smaller. 

Fig. 1 shows a transformation from 
a full equivalent circuit diagram for the 
tantalum Hybrid capacitor diagram to a 
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Fig. 1 Transformation from a full equiva-
lent circuit diagram for the tantalum Hybrid 
capacitor to a simplified one. 

simplified one, which meets the demands of a wide variety of applications. With help of the 
full equivalent diagram, we can briefly describe the technology of the tantalum Hybrid capa-
citor. The anode is manufactured by pressing and sintering of highly pure tantalum powder. 
By sintering a porous anode slug is created which is subsequently covered by a dielectric 
oxide film of the Ta2O5. The internal surface area of the slug is many times larger than its 
outer geometric dimensions. The dielectric layer is created electrochemically in a process 
called formation. The dielectric thickness corresponds to the magnitude of the voltage used 
during formation. The formation voltage is higher than the rated voltage and the ratio between 



the formation and the rated voltage is at least 1.3 for Hybrid capacitors. In the equivalent cir-
cuit diagram the ROx parameter represents the leakage resistance of the oxide layer and DV 
diode symbolizes valve characteristics of this particular layer. ESL represents equivalent se-
ries inductance of the Hybrid capacitor. The Hybrid capacitors have lower parasitic induc-
tances in comparison to aluminum electrolytic capacitors because a slug replaces the wound 
structure. Thus, the resonant frequency of Hybrid capacitors is higher. ESR is the equivalent 
series resistance of the capacitor. It is a parameter of high importance because on its base the 
specific power of a capacitor is defined, as is described below. Its magnitude is mostly af-
fected by the kind of electrolyte used. The electrolyte of tantalum Hybrid capacitors with 
working voltages consists of 38 % sulfuric acid solution in water. This electrolyte 
delivers the highest conductivity and is liquid in the whole range of operating temperatures. 
Finally a parallel connected resistance to RuO2 capacitance is shown in the diagram. This re-
sistance represents a possible pseudocapacitance electrode leak [2]. 

Because the anode and cathode capacitances are in series, the anode charge has to be 
equal to the cathode charge, and the following applies: 

CA QQ , 

CCAA CVCV , 

(2)  

(3) ( 

The cathode voltage must not exceed the electrolyte breakdown potential. The nega-
tive electrode capacitance must be greater than a minimum value, rearranging (3) it follows: 

C

AA
C V

CV
C  (4) ( 

Typical tantalum Hybrid capacitor potential drop associated with the negative elec-
trode is designed to be 0.3 volt maximum [3]. 

Measured Capacitors 

For pulse discharge characteristics measurement and specific power determination 
based on calculated equivalent series resistance value were chosen three tantalum Hybrid and 
two aluminum rated voltages. The measured capacitors 
parameters are shown in Table 1 and Table 2. Tantalum Hybrid capacitors from THS series 
(see Table 1 and Table 2) are suited for the temperature range from -55 to + l-
tage derating). They are manufactured in a hermetic tantalum case and contain three anode 
elements connected in parallel. The cathode is as described  the ruthenium oxide layer 
bonded to a thin tantalum foil. Tantalum Hybrid capacitor THQ1 is in a hermetic case as well. 
It contains only one anode element. The cathode is as described. The temperature range is the 
same as for the THS series capacitors. Aluminum electrolytic capacitor BHC 
ALS40A103KF100 is designed for demanding applications. It is manufactured in an alumi-
num cylindrical case of classic construction, typical for aluminum electrolytic capacitors. The 
temperature range is from -40 to + The capacitor is provided with screw terminals. The 
aluminum capacitor Nichicon LK is designed for consumer electronic applications and the 



temperature range is just - -IN terminals. 
For further information about measured capacitors see Table 1 and Table 2. 

 
Table 1 Measured capacitors parameters (1). 

Capacitor C R 
[mF] 

UR 
[V] 

C8 Hz 
[mF] 

Mass 
[g] 

Dimensions 
D x L 

S x S x L 
[mm] 

Volume 
[cm3] 

Evans Hybrid 
T HS3125422F 4.2 125 4.43 128 35 x 35 x 15 18.4 

Evans Hybrid 
T HS3100752 7.5 100 7.37 128 35 x 35 x 15 18.4 

Evans Hybrid 
T H Q1100192 1.9 100 2.02 47 35 x 8 7.7 

B H C 
A LS40A103K F100 10.0 100 8.17 222.4 50 x 105 206.2 

Nichicon L K  (M) 2.2 100 2.19 22.3 29 x 30 19.8 
CR is the rated capacitance, 
UR is the rated voltage (the maximum voltage),  
C8 Hz is measured capacitance at 8 Hz, 
D x L = Diameter x Length, 
S x S x L = Side x Side x Length. 
 

Table 2 Measured capacitors parameters (2). 

Capacitor Energy 
[J] 

Specific Energy 
[J/cm3] 

Specific Energy 
[J/g] 

f-  
[Hz] 

f0  
[Hz] 

Evans Hybrid 
T HS3125422F 32.8 1.8 0.26 969.8 36390 

Evans Hybrid 
T HS3100752 37.5 2.04 0.29 706.2 13370 

Evans Hybrid 
T H Q1100192 9.5 1.24 0.2 704.4 57820 

B H C 
A LS40A103K F100 50 0.24 0.22 1194.0 2546 

Nichicon L K  (M) 11 0.56 0.49 1312.0 4642 
Energy calculations are based on rated values. 
f-  is the frequency where the phase angle is -  
f0  is the self resonant frequency. 
 
In the following text, there is an example of measured characteristics of EIS (Electro-

chemical Impedance Spectroscopy) for the tantalum Hybrid capacitor THS3125422F. Fig. 2 
shows a plot of impedance vs. frequency
one (reactance). The capacitor self resonant frequency is the point where the reactance is mi-
nimal (theoretically zero) and the component phase angle this capacitor the self 
resonant frequency is about 36,390 Hz. At higher frequencies the component acts inductive. 
Because of lower parasitic inductance, the self resonant frequency is higher for tantalum Hy-
brid capacitors than for aluminum electrolytic capacitors as we can see from Table 2. In Fig. 3 
there is the capacitance vs. frequency plot and Fig. 4 shows the phase angle vs. frequency 
plot. An ideal capacitor has a phase angle of - The plot shows nearly ideal behavior for 
frequencies below about 100 Hz. The real and imaginary parts of impedance are equal for -

phase angle. The frequency which coincides with this phase angle is about 970 Hz. In 



comparison with electrochemical capacitors this characteristic frequency is at least one order 
of magnitude higher. At higher frequencies the component acts lossy. The tantalum Hybrid 
capacitor characteristics are closer to electrolytic capacitors than to electrochemical ones. 

 

 
Fig. 2 Resistance and reactance vs. frequency for the tantalum Hybrid capacitor THS3125422F. 

 

 
Fig. 3 Capacitance vs. frequency for the tantalum Hybrid capacitor THS3125422F. 



 
Fig. 4 Phase angle vs. frequency for the tantalum Hybrid capacitor THS3125422F. 

Experimental Part  Pulse Discharge Characteristics Measurement 

A diagram of the circuit used for pulse discharge current measurement is shown in 
Fig. 5. The measurement was carried out in the High Voltage Laboratory in the department of 
Power Engineering at CTU in Prague. The aim of measurement was to find out the pulse dis-
charge currents into a low resistance load, to confirm the capacitors' ability to withstand high 
current discharge surges and last but not least to determine the power of capacitors, defined 
by the following formula: 

ESR
U

Pma tched 4

2
0  (5) ( 

In the formula (5) U0 stands for inception voltage which was used for capacitor charg-
ing, and ESR represents capacitor's internal series resistance. The internal resistance value 
was determined from the pulse discharge current magnitude and the resistance value of the 
discharge (external) circuit. The pulse discharge simplified model for a capacitor is shown in 
Fig. 6. 
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Fig. 5 Test circuit diagram. 

The internal resistance value is given by: 

Ext
MAX

R
I
U

ESR 0  (6) ( 

IMAX stands for amplitude of dis-
charge current and RExt for the resistance 
of the external discharge circuit. Its value 
is very small and was determined by using 
a four-wire method. For measuring the 
discharge resistance the electronic multi-

used. 
Action statement of the circuit (Fig. 

5) is quite simple. An autotransformer is 
used for setting the required voltage value 
on a measured capacitor. AC voltage is 
rectified and fed to the tested capacitor 
through a charging resistance. Six parallel 
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Fig. 6 Capacitor discharge into a resis-
tance load, simplified model. 

connected aluminum electrolyt oltage. The 
tested capacitor voltage is measured by electronic multimeter HP34401A. A power switch is a 
three phase clamper controlled by 230 VAC voltage. After closing the switch the capacitor 
discharges itself into a low resistance sensing 0.001 or (ratio 1 kA/ 1 V). It is a special 
sensing resistor suited preferably for pulse current measurement (type CSR 3/1000 No 002). 
The waveform of the voltage on this resistor is sensed by digital oscilloscope LeCroy Wave-
Runner (type LT264, DSO). After the capacitor is completely discharged, the power switch is 
opened and the capacitor is allowed to be charged through the charging resistor R again (cho-
sen according to the magnitude of the voltage used). Charge and discharge procedure is re-



peated over 140 times, a cycle takes 10 to 15 sec. The results are shown in Table 3 and Table 
4. 

Table 3 Pulse discharge current measurement results (1). 

Capacitor 
Charging 
Voltage 

[V] 

Charging 
resistor 

 

Discharge 
ci rcuit 

resistance 
 

ESR 
 

 

Number 
of surges 

[ - ] 

Average 
discharge 

current 
amplitude 

value 
[kA] 

Maximum 
reached 
cur rent 

[kA] 

Evans Hybrid 
T HS3125422F 125 90 0.0113 0.055 147 1.88 2.15 

Evans Hybrid 
T HS3100752 100 90 0.0110 0.053 191 1.57 1.93 

Evans Hybrid 
T H Q1100192 100 90 0.0113 0.115 181 0.79 0.9 

B H C 
A LS40A103K F1000 100 90 0.0110 0.025 195 2.76 3.71 

Nichicon L K  (M) 100 90 0.0113 0.069 163 1.25 1.54 
Table 4 Pulse discharge current measurement results (2). 

Capacitor 

Matched 
power 1 
[k W] 

 

Volumetr ic 
specific power 

[k W /cm3] 

G ravimetr ic 
specific power 

 [k W/g] 

Average peak 
discharge pow-

er value 
[k W] 

Maximum peak 
discharge power 2 

value 
[k W] 

Evans Hybrid 
T HS3125422F 71.02 3.86 0.55 235.0 268.8 

Evans Hybrid 
T HS3100752 47.17 2.57 0.37 157.0 193.0 

Evans Hybrid 
T H Q1100192 21.75 2.83 0.46 79.0 90.0 

B H C 
A LS40A103K F1000 100.0 0.48 0.45 276.0 371.0 

Nichicon L K  (M) 36.23 1.83 1.62 125.0 154.0 
1.  The matched power calculations are based on equation (5). 
2.  The maximum peak power is a product of amplitude of discharge current and a capacitor voltage. 

 
Fig. 7 The workplace in High Voltage 
Laboratory. 

 
Fig. 8 Tantalum Hybrid THS series capa-
citor being measured. 

The components heated up slightly during the measurement but no degradation 
processes were observed. Tantalum Hybrid capacitors have the highest volumetric specific 
power (kW/cm3), as is shown in Table 4. Their calculated matched power can be lower than 
matched power of comparable aluminum electrolytic capacitors due to slightly higher internal 
ESR. This affects the value of the gravimetric specific power (kW/g). From this point of view 



the tantalum Hybrid capacitors seem similar or even lower than common aluminum electro-
lytic capacitors (it is necessary to take into account that specific mass of tantalum is much 
higher than that of aluminum). Their volumetric efficiency is unbeatable though. Presently 
these are the components with the highest volumetric specific power in medium voltage 
range. 

Fig. 9 to Fig. 23 shows the examples of measured surge discharge currents, distribu-
tion histograms during the measurement and reached discharge power (a product of a voltage 
and a discharge current magnitude). 

 
Fig. 9 Tantalum Hybrid capacitor THQ1100192, plot of discharge current vs. time. 

 
Fig. 10 Tantalum Hybrid capacitor THQ1100192, discharge currents distribution histogram during 
the measurement. 



 
Fig. 11 Tantalum Hybrid capacitor THQ1100192, plot of discharge power vs. time. 

 
Fig. 12 Tantalum Hybrid capacitor THS3125422F, plot of discharge current vs. time. 

 
Fig. 13 Tantalum Hybrid capacitor THS3125422F, discharge currents distribution histogram. 



 
Fig. 14 Tantalum Hybrid capacitor THS3125422F, plot of discharge power vs. time. 

 
Fig. 15 Tantalum Hybrid capacitor THS3100752, plot of discharge current vs. time. 

 
Fig. 16 Tantalum Hybrid capacitor THS3100752, discharge currents distribution histogram. 



 
Fig. 17 Tantalum Hybrid capacitor THS3100752, plot of discharge power vs. time. 

 
Fig. 18 Aluminum electrolytic capacitor BHC ALS40A103KF100, plot of discharge current vs. time. 

 
Fig. 19 Aluminum electrolytic capacitor BHC ALS40A103KF100, discharge currents distribution 
histogram. 



 
Fig. 20 Aluminum electrolytic capacitor BHC ALS40A103KF100, plot of discharge power vs. time. 

 
Fig. 21 Aluminum electrolytic capacitor Nichicon LK (M), plot of discharge current vs. time. 

 
Fig. 22 Aluminum electrolytic capacitor Nichicon LK (M), discharge currents distribution histogram. 



 
Fig. 23 Aluminum electrolytic capacitor Nichicon LK (M), plot of discharge power vs. time. 

Conclusion 

Tantalum Hybrid capacitors are very efficient components. These capacitors combine 
tantalum electrolytic capacitor anode with an electrochemical RuO2 based cathode. Using 
electrolytic capacitor anode enables relatively high working voltages to be reached. On the 
other hand, using electrochemical capacitor cathode increases volumetric efficiency of these 
components. Tantalum Hybrid capacitor properties are comparable to those of electrolytic 
capacitors; their size is considerably smaller though. From surge discharge characteristic mea-
surements, the internal equivalent series resistance of these components was determined. In-
ternal resistance values are comparable with those of aluminum electrolytic capacitors. Tanta-
lum Hybrid capacitors demonstrated capability to withstand repetitive discharges into a low 
resistance load. Hybrid capacitors  calculated matched power values are comparable with 
those of aluminum electrolytic capacitors. Tantalum hybrid capacitor volumetric specific 
power values are many times higher though. Tantalum Hybrid capacitors have the highest 
volumetric specific power (kW/cm3) in medium voltage range. Gravimetric specific power 
(kW/g) values are comparable with those of aluminum electrolytic capacitors. Tantalum Hy-
brid capacitors are a suitable replacement for classic electrolytic capacitors in demanding ap-
plications, where their small size and high specific power command a premium product. 
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