Characterization of an Evans Tantalum Hybrid
Capacitor THQA2016502! 5 mF/ 16 Volts
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Brief Description of the Capacitor

The tantalum Hybrid capacitor
combines an anode from a wet slug ‘*—F’»U.EJ:
tantalum electrolyc capacitor with a 1 | Glass | metal
ruthenium oxide based cathode fram seal
redox electrochemical capacitofhe
working electrolyte is 38% solution of |
sulfuric acid in water. The capacitor is _ | p 0130

0500 MIN Hermetic weld

) ) Tantalum
enclosed in hermetic tantalum case. anode

f
: . Q274
For better understanding see the fig. 1. pellet |
Dimensions are in inche®Ruthenium Teflon ~~ Electrolyte
oxide which forms the cathodsf the spacer A Separator
0,600 Cathode foil

capacitoris deposited on thin tantalum
foils facing the pressed and sintered |
anode pellet. For parameters of tt £y 1- Construction of the tantalum Hybrid ca-
capacitor, see the talslbelow. pacitor THQA2016502.

Table 1: Parameters of the tantalum Hybrid capacitor THQEE502 (1).

Parameter Symbol Value  Unit

Rated capacitance Cr 5 mF
Rated voltage Ur 16 Vv
Weight m 8 g

Diameter x Length DxL 1.5x0.6 cm
Energy* E 0.64 J

Specific energy* Espec 0.08 J/g

*) Energy calculationarebased on rated values.



Table 2: Parameters of the tantalum Hybrid capacitor THQA2016502 (2).

Parameter Symbol Value Unit

DC capacitance** Coc 7.4 mF

AC capacitance at 120 Hz Cac 5.57 mF
Resistance (ESR) at 1 kHz ESR 0.118 +

Leakage current*** [ Leak 30.9 A
Frequency of -45° phase shift fas 213.2 Hz
Resonance frequency fo 49.7 kHz
Specific power**** Pspec 5424 W
Specific power density - 511.7 Wi/cm’
Specific power density - 67.8 Wilg

**) DC capacitance is determinéam constant current charging (5 mA).
***) Leakage current is measured after 15 minutes at rated voltage and room temperature.
***%) Specific power is calculatedisingthe following formula:
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where Ugis rated voltage ahecapacitor andESA is its equivalent series resistance.
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Fig. 2. Plot of capacitance vs. frequency. Blue markers show actually measured values while
the black line is a result of mathematical modeling, the actual formula is given on the follow-

ing page.



The formula describing dependence of capacitance on frequency:
! : / $
0(-" %* (- %l
wherefis a frequency iHz, A, B, C, D are constants which are specified for each particula
capacitor; in case of our measured capacitor these are following:
A =1167.49,
B =-,-./0120/ *,
C =0.000205552
D =0.19117

*+#’_

Whensubstitding previous constants into the formula we get the following:

&&'( H*
24,8 (&,2°(-"%,),," " (- %, )&*&&($
frequencyris chosen frontherangeof 1 Hz to 15000 Hz and the capacitance id if.

*+#’_

For frequency rangigom 1 Hz to 2000 Hz it may be more accurate to use approximation by
polynomials of 8" or 6" order, see fig. 3 below. (red ' 6rder, green ="Border)
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In the above equatiorfstands for frequency in Hz and calculated capacitance B.in
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Fig. 3: Plot of capacitance vs. frequency. Approximation by polynomials.
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Fig. 4: Plot of ESR (resistance) vs. frequency and its approximation described below.

The formula describing dependence of equivalent series resistance (ESR, resistarese) on fr
quency:
/
LU I — ) 0 -0 ) ) _#o -
)" -] 0% (- %1 %) (- %3 (- %4 (- %5 (-"%6(-"$
wherefis frequency iHz, A, B, C, D, E, F, G, H, | are constants which are specified for each
particular capacitdiin case of our measured capacitor these are following:

A =941255, D =0.147229, G =-3.54304*10",
B =-1.14464, E =-0.0000314533, H = 1.09253*10",
C = 20.469, F =5.01514*10, | =-1.1857840%%

Whensubstitding previous constants into the formula we get the following:

) i %, BH("* 2, )., & (- %
o S e o &t
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frequencyfis chosen from range of 1 Hz to @80 Hz, £SRis in ohms.
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Fig. 5. Plot of reactance vs. frequency. The red line is an approximation by the function de-
scribed below.

We have already mentioned a formula describing dependence of capacitareze on fr
guency. Now we will use this formula to obtain a formula describing dependence of reactance
on frequency. It is well knwn that the pure equation for capacitive reactance incorporates
capacitance in it. It is very nice but it has a limitation. The formula works well as long as the
capacitance is constdUT, as we have showthe capacitance is strongly dependent on
frequency due to porous anode used in construction of our Hybrid capacitor.

[ : |
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We already know that for capacitance we can use a general formula as follows:
/
*4+#0-11 / )

0(-"%* (- %1
Incorporating this formula into the formula for reactance we get the following:
& 0(-" %*(-%1
7,-.! !
n 8_ / " 8_ /

0(-"%* (-%1
In the previous formul&stands for frequency in Hz alj B, C, D are constants specific for
each particulacapacitor. In case of our measured capacitor these are:
A =1167.49,
B =-,-/0120/ *,
C =0.000205552
D =0.19117




The previous constantsgether with frequency iRz gave usa capacitance ihF. In order to
obtaina reactance in ohms we need to @auce a multiplieB in our case 10 Then we can
write the following:
0(-" %* (- %1

"8-/
After incorporating the previously mentioned constanto the previous formula we get the
following final equation describing dependenceedctance on frequency. See the cedre
plotted on previous page.

7,-.1 &,
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fstands for frequency iHz, calculated reactancéis in ohms.
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Fig. 6. Plot of phase angle vs. frequency. An ideal capacitor has a phase angle of -90°.

The general formula describing dependence of phase angle on frequency:
/
- - | — o 0 -0 ) ) -#o -0 (-
= | O%*(-/Ol/o)( %3 (- %4 (- %5 (-"%>(-"%? (- $
where fstands for frequency ard B, C, D, E, F, G, H, J, K are constants speciffor each
particular capacitor. Ithecase of our measured capacitor these constants are as follows:

A = 5.34566*10, E =-0.01740186, J =-1.06948*10'8,
B =-560.88, F = 5.05024*10, K =1.08967*10%,
C =-2.55275, G =-6.35507*10'°,

D = 5.61447, H = 3.83561*10"



Substituting previous constants into the general formula we get:

_ O#"(&F
T 29 2
%)% (&2 (72 ) (&2% (- %
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wherefis a frequency from 1 Hz to 10 Hz Phase angle is measured in degrees.

A capacitor works efficiently if its phase angle is somewhere betwdb& "6%805-&
With it on mind we can abandon the previous formula and we can appttexbehavior of
the capacitor by polynoia of 3 order. Such a polynoial approximates dependence of
phase angle on frequency in the said range of efficient operation.

=, L1240 %, ) (-2 )& (5T %)"&( (&20(-0%

wherefstanddor a frequency from range of 1 Hz to 300 Hz for our particular capacitor under
evaluation. Phase angle is measured in degrees. See the curve below.
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Fig. 7: Plot of phase angle vs. frequency. Approximation by polynomial of 3° order. Efficient
mode of operation. An ideal capacitor has a phase angle of -90°.



Temperature Spectroscopy (TS)
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Fig. 8: Plot of capacitance vs. temperature.
A formula describing temperature dependence of capacitance for our particular capacitor is:

*H@! -)"&+ %, )&"#+ (@2),),.#+'# ( @ %
YttH&H™ (&% (@2 &+#(. (&2 ( @%
where Cap is the capacitance i## F and @$)& 7(8*(9"7:9(& $6&Br& capacitance was nmgea
ured at 120 Hz with 0.5 VAC with no DC bias.

Now we can proceed to a temperature dependence of ESR (resistance) and loss factor
(Tg. Delta) ESR was measured again at 120 Hz and loss factor is calcudaigdhe follav-
ing equation:

AB)L1$S@+! "8 (- (*+#()" $

Wherefis frequency, in our case it is 120 HZgp is a capacitance in ESRis a resistance in
+. A formula describing temperature cependence of esistanceis a polynomial of 8 order:

)"I ’@ ! /’ )m+" 2 ’)H#"#_" ( @)/0’ )HH(+*(_&' ( @ 2 &X((+ ( &’ZI ( @ %
%' W+-' (&2T( @2 ")+ (&°%% (@ % p#-&+ (&% (@)

<(8%(9"7:9(&$)&"="$6&$6EERE) & $68&+-&>((&72(&*@ATEAB&T?(&BA@ @ACS6=&*"=(-
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Fig. 9: Plot of ESR (resistance) vs. temperature for our particular capacitor. ESR decreases
with an increase of temperature due to higher ionic mobility at higher temperatures.
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Fig. 10 Plot of Tg. Delta (loss factor) vs. temperature. See the following page for a formula.



A formula describing temperature dependence of lossrf§€y. Delta)3 again 6" order -
lynomial:

AB)1$@™>, @ ! /, }*"#,& 2 ,)&--- ( @%,),, " -#" (@ 2
2#,(*  (&2( @2 .y #+H (&2 (@ Ytt)y-#H# (&2% (@2
2&&(( (&2% (@)

<(8*(9"7:9(&$)&"="$6&$6&5;-

We usedWol/fram Mathematica® software in this evaluation.



