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ELECTRIC ENERGY LOSS AT ENERGY EXCHANGE BETWEEN CAPACITORS
AS FUNCTION OF THEIR INITIAL VOLTAGES AND CAPACITANCES RATIO
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The processes of electrical energy exchange between two connected capacitors of different capacity charged to different
voltages are studied. The features of influence of the ratio of capacitor capacities, as well as their initial voltages on a
loss of electric energy during its redistribution between the capacitors are determined. The conditions of decrease of
such losses and increase of coefficient of energy transfer from one capacitor to another one are defined.
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Capacitors are widely applied as electro-energy storage systems in the electro-discharge installations, which
are currently used for high-performance electro-hydraulic [10], shock electric ark [3], magneto-impulse [9], dimen-
sional and volume electro-erosion [1, 2, 3, 5, 8] and other kinds of processing of materials, media and products. In many
circuit designs of electro-discharge installations the several capacitors with various capacitances are applied [4, 6, 10].
They discharge on load with a time delay for shape control of pulse currents in load.

In the systems with semiconductor direct voltage shapers, which contain the filtering high-capacitance capaci-
tors it is applied the additional dosing capacitors for more exact control of energy in load [1, 35, 7]. Thus, the parallel
connection of capacitors of different capacity is one of the most common methods for regulating the dynamic parame-
ters of electro-discharge installations.

Besides it is usually assumed that the exchange of electric energy between connected capacitors takes place
without energy losses. However, our research has shown that in some cases, such losses may be unacceptably high, and
their value depends on the capacitance of capacitors and their voltages.

Therefore, the aim of the work was to determine the regularities of influence of the capacitances ratio, as well as
the initial capacitor voltages on the losses of electric energy during its redistribution between two connected capacitors.

Fig. 1 shows the electrical equivalent circuit of electric pulse installation with two capacitors C1 and C2 con-
nected in parallel, between which after switching on commutator (thyristor) VT2 at time point = 0 can take place a redis-

tribution of electrical energy if capacitors were pre-charged from shaper
\-’Tl/ VT2 i of direct voltage (SDV) to different voltages (i.e. if Uc (0 —) # U(0 —)).
Here Uc(0—) and Uqy(0—) — voltages on capacitors C1 and C2 before
moment of commutation, respectively.
In analyzing the following assumptions have been accepted:
C & ] inductance capacitors and wires is negligible; internal pure resistances
' of capacitors and their capacitances are not equal (R;#R, u C,#(C,);
Ugy Ues . . . . . ;
| B i T T Losa before turning on the switch VT2 at time point ¢ =0 the inequality
- — Y | Uci1(0-) | > | Ucy(0-) | holds for initial voltages on capacitors; after
Fig. 1 turning on the switch VT2 the commutators (thyristors) VT1 and VT3
remain switched out until the time point ¢= ¢#,, at which the voltages on
capacitors become equal Uci(t,) = Ucy(t,) with the accuracy required for the operation of the circuit.
Analysis of voltage variation on capacitors. On the basis of the law on changeless of a total charge of capacitors before
and after their connection, and taking into account that charges of capacitors ¢, =C,U¢ and g,=C,Uc, we can write
the following expression for the voltages on the capacitors C1 and C2 after the completion of transient of charging of
capacitor C1 from capacitor C2 (for t>1¢,)

Uci(ty) = Ues(t,) = [C1 Uci(0 =) + CUe(0 )]/ (Cy + Cy). (D

——
i(t)

SDV

It is noteworthy that if C1 = C2, then the final voltages on the capacitors would not depend on their capacitance

values, and according to (1) are defined as
Uci(t,) = Uca(t,) = [Uci(0 -) + Uea(0 -)]/2. )

As can be seen from (2) if voltages Uc (0 —) and Uc»(0 —) would be equal on value, but different on sign, then
after transient completion both capacitors would be discharged to zero.

Analysis of energy distribution between capacitors C1 and C2. The following expressions have been found in
[7] for:

— Relative energy loss in pure resistances of circuit under consideration:
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Wi = We Wer(0) = KU a0 -1 f1+). G)
Here k= C,/Cy, and U 22 (0-)=Uc»(0-)/Uc1(0-) —relative initial voltage of capacitor C2.

— Energy transfer coefficient K, which is defined as the ratio of the total energy of the capacitors C1 and C2 af-
ter the energy exchange between them to their total energy before commutation:

* %2
K= (1 + kU (0 —))2 / (1+ k)(l +kUg(0 —)) , @)

— The efficiency n, which is determined as the relation of energy that went in capacitor C2 to the energy,
which was taken from capacitor C1 after power exchange between them:

n= (1 +(1426)U ¢ (0 —))/ (2 +k+ kU (0 —)). (5)
Let's note that according to (5) there are conditions, at which n < 0:
Ucr (0-) < —1/(1+2k). (6)

Analysis shows that the efficiency n < 0 when the following three conditions are satisfied: 1) initial voltages on
C1 and C2 have different polarity (it follows from (6)); 2) after the energy exchange the final voltage on C1 remains the
same polarity, whereas the voltage on C2 changes its polarity (follows from condition 1 and from equalization of final
voltages on C1 and C2); 3) when | Ue(t) | < | U (0 —) | (follows from definition of 1)).

Table represents the results of calculations W'r, K and 1 using (3) — (5) when U'(0-) changes from — 1 to 1
and for k= C,/C;=10,1; 1; 10.

k=GC/C, | U0 1 0.8 0.6 0.4 0.2 0 -02 | -04 ] -06 | —08 | —1
W'x 0.00 | 0.00 | 0.01 0.03 0.06 |0.09 | 0.13 0.18 0.23 0.29 | 0.36
0,1 K 1.00 | 1.00 | 0.99 0.97 094 |1 091 | 0.87 0.82 0.78 0.72 | 0.67
n 1.00 | 0.90 | 0.80 0.69 0.58 1048 | 0.37 0.25 0.14 0.02 | 0.00
W'x 0.00 | 0.02 | 0.08 0.18 032 |0.50 | 0.72 0.98 1.28 1.62 | 2.00
1 K 1.00 | 0.99 | 094 | 0.84 0.69 |10.50 | 0.31 0.16 0.06 0.01 | 0.00
n 1.00 | 0.89 | 0.78 0.65 0.50 1033 ] 0.14 0.00 0.00 0.00 | 0.00
W'x 0.00 | 0.04 | 0.15 0.33 0.58 1091 | 1.31 1.78 2.33 295 | 3.64
10 K 1.00 | 1.00 | 0.97 0.87 0.58 |1 0.09 | 0.06 0.31 0.49 0.60 | 0.67
n 1.00 | 0.89 | 0.76 0.59 0.37 ]0.08 ] 0.00 0.00 0.00 0.00 | 0.00

In Fig. 2 the following dependences are given: a — relative energy loss 'z, b — energy transfer coefficient K, ¢
— efficiency n as functions of relative voltage U (0 —) (which is changed in interval from +1 to —1 for k= C,/C, =0,1;
1; 10).

W

1 0806 -04-02 0 02 04 ["('J*”'x Lol 08 -06 04 02 0 02 04 06 08 |1 -1-08 <06 <04 02 00 02 04 06 08 1
. Ug2(0-) b U (0-) g U (0-)
Fig. 2
As can be seen from Fig. 2, a the relative energy loss 'y increases from zero to maximal value when relative
initial voltage U (0 —) changes from +1 to —1 for all k considered. Moreover, the larger is k (capacitance C, with re-
spect to C)), the value of Wy is greater. For example, when k increases 10 times from 0.1 to 1 the maximal energy loss
increases 5.6 times, whereas at changing k from 1 to 10 the ¥ rises 1.8 times.
From (4) follows that energy transfer coefficient K =0 at U (0 —) =—1/k. It can be seen in Fig. 2, b at k= 10
and U'(0-)=—0,1,aswellasat k=1 and U' (0 —) =— 1.
In these cases, the final voltages Uc(t,) = Uc(2,) = 0, and thus the total final energy in the capacitors is zero. It
is noteworthy that when £ = 10, and voltage U*Cz(O —) continues to decrease below the value — 0,1 then coefficient K
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begins to increase again. This is explained by the fact that at U’ »(0 —)<— 0,1 the final voltage on C2 changes its polar-
ity, and, hence, final voltage on capacitors and their total final energy will not be equal to null any more. From (6) fol-
lows that for k=0,1; k= 1; k= 10, efficiency n =0 at U*Cz(O -)<-0,83; <-0,33; <- 0,05 respectively (Fig. 2, ¢).

Conclusions. 1t was found that decrease in a difference between initial voltages on two connected capacitors,
as well as decrease in the ratio capacitance of charged capacitor to capacitance of discharged one cause a decrease in
electric energy loss and increase in efficiency of energy redistribution between capacitors. Additionally the energy loss
and efficiency do not depend on the resistances of the analyzed circuit. In particular at initial voltages on charged
capacitor and discharged one U (0 —) = 0; Ug (0 —) > 0 respectively, as well as at variation of coefficient k = C,/C,
from 10 to 0,1 (i.e. 100 times) the value of efficiency increases from 0,08 to 0,48 (see the table for U (0 —) = 0). At the
same time, for U*CQ(O —)=0,5 and the same changes in the coefficient & the efficiency increases from 0,68 to 0,74,
while for U*Cz(O —) =0,9 efficiency is almost constant and equals to 0,95.

1. Carrey J., Radousky H.B., Berkowitz A.E. Spark-eroded particles: Influence of processing parameters // Journal of Applied
Physics, Vol. 95, Num. 3, 1 February 2004. — Pp. 823-829.

2. Fryungel F. Pulse engineering. Generation and application of capacitor discharges. — Moskva: Energiia, 1973. — 233 p.
(Rus)

3. Kaleko D.M., Moravsky V.E., Chvertko N.A. Percussion capacitor welding. — Kiev: Naukova dumka, 1984. — 307 p. (Rus)

4. Livshitz A.L., Otto M.Sh. Pulse electrotechnology. — Moskva: Energoatomizdat, 1983. — 352 p. (Rus)

5. Mysinski W. Power supply unit for an electric discharge machine // Proceedings of 13th European Conference on Power
Electronics and Applications, (EPE '2009). — 8-10 September 2009, Barcelona, Spain. — Pp. 5299-5305.

6. Pentegov I.V. Bases of the theory of charging circuits of the capacitor energy storages systems. — Kyiv: Naukova dumka,
1982. —421 p. (Rus)

7. Shcherba A.A., Suprunovska N.I. Processes of energy redistribution between parallel connected capacitors // Tekhnichna
Elektrodynamika. — 2015. — No 4. — Pp. 3—11. (Rus)

8. Shcherba A.A., Suprunovska N.I. Study features of transients in the circuits of semiconductor discharge pulses generators
with nonlinear electro-Spark load // 2014 IEEE International Conference on Intelligent Energy and Power Systems, IEPS 2014 —
Conference Proceedings 2014, Article number 687200, Pp. 50-54. IEEE Xplore Digital Library DOI: 10.1109/IEPS.2014.6874200.

9. Shcherba A.A., Suprunovska N.I., Ivashchenko D.S. Modeling of nonlinear resistance of electro-spark load for synthesis of
discharge circuit of capacitor by time parameters // Tekhnichna Elektrodynamika. — 2014. — No 3. — Pp. 12 — 18. (Rus)

10. Vovchenko A.I, Tertilov R.V. Synthesis of capacitive non-linear- parametrical energy sources for discharge-pulse tech-
nologies // Zbirnyk Naukovykh Pratz Natsionalnoho Universytetu Korablebuduvannia. — 2010. — No 4. — Pp. 118-124. (Rus)

YK 621.3.011:621.372

3AJIEJKHICTD BTPAT EJJEKTPUUYHOI EHEPI'TI ITPU EHEPTOOBMIHI KOHIAEHCATOPIB BIJI IXHIX
MNOYATKOBUX HAITPYT TA CHIBBIJIHOIIEHHSA €EMHOCTEMN
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Jocniosiceno npoyecu 0OMIHYy eleKMPUYHOIO eHEPLIEI MIdC 080MA 3'€OHAHUMU KOHOEHCAMOPAMU PI3HOT EMHOCTI, 3aPAONCEHUMU OO
pisnux nanpye. Bcmanoeneno ocobausocmi énnugy cniggionoutents eMHocmeil KOHOEHCAmopis, a maKodic iXHix nouamKo8ux Hanpye
Ha GUHUKAIOUT émpamu elekmpoenepeii npu ii nepepo3noodini misxc konoencamopamu. Busnaueno ymosu smeHuienHa makux empam i
30i1beHHA KoehiyicHma nepedayi enreKmpudnoi enepaii i0 00H020 KondeHcamopa 0o inwozo. biobmn. 10, puc. 2., Tabm. 1.

Knrouoei cnosa: enepreTndHi Iponecy, KOHACHCATOPH, BTPAaTH eJIeKTPOeHeprii, koeilieHT repenadi eHeprii.
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3ABUCHUMOCTH ITOTEPH JEKTPHUYECKOM SHEPT AU ITPU SHEPTOOBMEHE KOHJIEHCATOPOB
OT UX HAYAJIBHBIX HATIPSI)KEHU 1 COOTHOIEHUS EMKOCTEM
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Hucruryr 2sekrpoaunamukn HAH Ykpaunsl,
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Hccnedosanvl npoyeccol obMmena snekmpuieckoll snepaueti Mexcoy 08ymMsa COeOUHEHHbIMU KOHOEHCamopamu pasiuyHolu emMKocmu,
3AaPANCEHHbIMU 00 pAa3Hblx Hanpﬂofcenuﬁ. Yemanoenenvr ocobennocmu 6nusAHUS COOMHOWEHUS eMKOCMEl KondeHcamopos, a makoice
UX HAYATLHBIX HANPAJNCEHUL HA BO3HUKAIOWUE NOMEPU dIeKMPOIHepUL NpU ee nepepacnpeoenenuu mexncoy konoencamopamu. On-
peoenenvl YCiosus YMeHbUIeHUs. AKUX NOMeEPb U VEeIUYeHUs KOdPhuyueHma nepedadu 31eKmpuieckol dHepeuu om 00H020 KOH-
Odencamopa k opyeomy. bubin. 10, puc. 2, Tab6mn. 1.

Knrouegvie cnosa: suepreTnuecKye mporeccsl, KOHISHCATOPbI, TOTEPH AJIEKTPOIHEPruH, KO3 GHUIHEHT Nepeaayn SHEPrHH.
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