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Abstract 

In this thesis, analysis of an active low loss approach to maintain the DC voltages across 

series connected electrolytic capacitors used in a converter is presented. The proposed 

design mitigates the impact of leakage current dispersion, which causes voltage 

imbalance among capacitors. In traditional method, a passive balancing circuit is often 

used, where balancing resistors are usually connected in parallel with the capacitors. 

However, the current flowing through the resistors is much higher than the leakage 

current of the capacitors and cause high dissipative loss.  An active balancing circuit is 

proposed in this thesis, which ensures the capacitor voltages at desired values without 

unreasonable increase in the power loss. The circuit is designed using both two and four 

electrolytic capacitors in series connection to divide the dc bus voltage. For the ease of 

design and analysis, an application of both two and four equal voltages across capacitors 

is considered. Here, the control circuit is designed using op amps to compensate the 

voltage imbalance occurred among capacitors. Simulation results for impacts of various 

leakage currents as well as load variation and improvements after applying the proposed 

technique are discussed. 
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Chapter 3 

Introduction 

1.1 Introduction 

P resently, applications of voltage converters using electrolytic capacitors are com m on in 
electronic equipm ents such as process control, m anufacturing, factory autom ation, 
telecom m unications, U P S , drives and server pow er supplies. T o m aintain full DC bus voltage of 
these converters, the electrolytic capacitors are equipped w ith an arrangem ent of tw o or m ore 
series-connected electrolytic capacitors rated at low er voltage. But, an electrolytic capacitor is 
not an ideal capacitor and has significant leakage current. T he leakage current of capacitors 
typically differ from  one to another, w hich m ean that the supply voltage is not divided 
proportionately across the capacitors. T o com pensate the large dispersion of the leakage 
current and ensure desired sharing of the total dc bus voltage am ong the series-connected 
capacitors, a passive balancing circuit is often used, in w hich balancing resistors are usually 
connected in parallel w ith the capacitors. But, the current flow ing through the resistors is m uch 
higher than the leakage current of the capacitors and cause high dissipative loss. T hese 
balancing loss results into a considerable additional energy cost. S o, ordinary balancing circuits 
have disadvantages such as large w eight, size and loss. A nother draw back of the ordinary 
passive balancing circuit is the standby pow er consum ption. For exam ple, a 400V 10kW  
converter equipped w ith the ordinary balancing circuit consum es m ore than 200kW h standby 
energy over one year. T he standby consum ption now adays becom es m ore and m ore in the 
focus. Developm ent engineers are perm anently looking for som e new  and m ore efficient circuit.  
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1.2 Electrolytic Capacitor 

An electrolytic capacitor is a type of capacitor that uses an electrolyte, an ionic 

conducting liquid, as one of its plates, to achieve a larger capacitance per unit volume 

than other types. They are often referred to in electronics usage simply as "electrolytics". 

They are used in relatively high current and low frequency electrical circuits, particularly 

in power supply filters, where they store charge needed to moderate output voltage and 

current fluctuations in rectifier output. There are two types of electrolytic: aluminum and 

tantalum. 

Electrolytic capacitors are capable of providing the highest capacitance values of any 

type of capacitor. However they have drawbacks which limit their use. The voltage 

applied to them must be polarized; one specified terminal must always have positive 

potential with respect to the other. Therefore, they cannot be used with AC signals 

without a DC bias. They also have very low breakdown voltage, higher leakage current 

and inductance, poorer tolerances and temperature range, and shorter lifetimes compared 

to other types of capacitors. 

By com bining sm all size and very low  cost per unit capacitance, electrolytic capacitors (hereafter 
called electrolytics) are the only cost-effective choice for high-value applications like pow er 
supply filtering in m ost consum er devices. How ever, electrolytics have huge leakage and 
dielectric absorbtion. W ith regular use, electrolytics fail w ith age by drying out or leaking 
electrolyte follow ing internal corrosion.  

T here are tw o types of leakage; physical and electrical. S ince the electrolyte is a liquid or paste, 
w hen an electrolytic catastrophically fails it usually oozes som e corrosive goop called physical 
leakage. U nlike an ideal capacitor, electrolytics slightly conduct w hen there's voltage across the 
plates called electrical leakage. O ther than being a deviation from  ideal behavior, the sm all 
leakage in new  electrolytic causes no m ajor problem s; as the electrolytic ages, the leakage 
increases [1]. 
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1.2.1 Electrical behavior of electrolytic capacitor  

A  com m on m odeling circuit for an electrolytic capacitor has the follow ing schem atic: 

 

Fig 1.1: S chem atic circuit for an electrolytic capacitor. 

W here, R L eakage is the leakage resistance, R ES R  is the equivalent series resistance (ES R ), L ES L  the 
equivalent series inductance (L  being the conventional sym bol for inductance). 

R ES R  m ust be as sm all as possible since it determ ines the loss pow er w hen the capacitor is used 
to sm ooth voltage. L oss pow er scales quadratically w ith the ripple current flow ing through and 
linearly w ith R ES R . L ow  ES R  capacitors are im perative for high efficiencies in pow er supplies. L ow  
ES R  capacitance can som etim es lead to destructive L C  voltage spikes w hen exposed to voltage 
transients. 

T his is only a sim ple m odel and does not include dielectric absorption and other non-ideal 
effects associated w ith real electrolytic capacitors. 

1.3 Series Connected Capacitors and Leakage current discussion 

Insufficient voltage ratings can be a problem, and series-connection may be the only way 

to obtain electrolytics with a high enough voltage rating. Few modern styles electrolytic 

are available with voltage ratings above 450V, including LCRs (500V) and Sprague 

Atoms (600V). Series-connection requires addition of so-called "bleeder" or voltage 

balancing resistors, one across each capacitor, conducting a current that keeps the 

voltage across the series capacitors balanced. Even brand new high quality electrolytic 

capacitors conduct to some degree.  
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This leakage current depends on the quality of the electrolyte, temperature and condition 

of the capacitor, and can be represented by a resistance in parallel with the capacitor. In 

the Fig 1.2, series-connected capacitors C1 and C2 have some leakage resistance RL1 and 

RL2. Because of the wide tolerances of electrolytics, this leakage current varies from 

sample to sample, and by Ohm's law, affects the voltage balance between electrolytic 

capacitors connected in series. 

  

Fig 1.2:  Voltage balance between the series capacitors.  

Balance resistors RB1 and RB2 keep the voltage balance between the series capacitors 

within tolerance by including another larger current in parallel with the leakage current. 

The balancing current is chosen large enough to overwhelm any leakage imbalance and 

thereby to guarantee safe operation. To calculate the value of the balancing resistors, the 

approximate maximum leakage of the series-connected capacitors is determined first. The 

leakage current in µA ranges from 1/5*   (CV) to 1/2*   (CV) according to Nichicon, with 

C in µF, V in volts and current in µA. Leakage specifications can also be available from 

capacitor's data sheet. One common rule-of-thumb for the balancing current is 10x the 

leakage current, thus for two 100µF/350V capacitors connected in series to form a 50µF 

capacitor, maximum leakage of 1/2*   (100*350) = 94µA, times 10 is about 1 mA. If the 

applied voltage is considered to be 650V, then RB1 and RB2 = 325K? . Power dissipation 

of I*V = 0.325W, so a minimum 1W resistor would give an adequate safety margin. It is 

required to check the voltage rating of any balancing resistors too. 
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It could be thought that two 350V electrolytics connected in series would have a voltage 

rating of 700V, but the loose tolerances of electrolytics again interferes. As pointed out in 

the Evox Rifa electrolytic capacitor application note, series capacitors act as a capacitive 

voltage divider, and N electrolytics connected in series with a capacitance tolerance range 

of Cmin to Cmax have a maximum divided voltage (at the junction of the two capacitors) 

Vdiv = (Vapplied * Cmax) / (Cmax + (N - 1) * Cmin). In this example, with a ± 20% capacitance 

tolerance, Cmax = 1.2*100 and Cmin = 0.8*100, with Vdiv = (650*120)/ (120 + (2-1)*80) = 

390V. This exceeds the voltage rating of the electrolytics by 40 volts; with some algebra 

it is found that 350+350 gives a 583V maximum when the capacitive tolerance is 20%. 

For the applied voltage of 650V, the minimum voltage rating for each capacitor would 

need to be 400V.  

In the application note, Nichicon presents a more precise calculation of the balancing 

current than the 10x-leakage rule given above. Let, Vdiff = (Vmax - Vmin) be the difference 

in operating voltage resulting from leakage imbalance for the two electrolytics in series 

and Idiff = (Imax - Imin) is the maximum difference in leakage current between the two 

capacitors, then RB1 = RB2 = Vdiff / Idiff. Using the current range given above, Idiff = 0.3*                

(CV)*Tc*F, where Tc is a temperature coefficient and F is a fudge factor. Electrolytics 

conduct more as the temperature increases, with Tc at 200C of 1, increasing to 2 at about 

600C and 5 at about 850C. Again, this characteristic can be found in capacitor's data 

sheet. The fudge factor is an arbitrary safety factor of an extra 40%, thus for our example 

at 600C, Idiff 0.3*  (100*400)*2*1.4 = 168µA. Nichicon picks an arbitrary Vdiff of 10% of 

the capacitor rating, but by knowing the intended application a better worst case estimate 

can be made.  

If it is considered that, the worst case voltage imbalance due to leakage current between 

the series capacitors increases with decreasing balance resistor current. Thus the larger an 

imbalance can be tolerated, the smaller balance current can be applied. If the capacitive 

tolerance is not ignored, it is must to add the capacitive and leakage effects to get a valid 

worst case estimate of the voltage imbalance. Using two 400V/100µF series connection 

operating at 650V, the worst case voltage imbalance due to the capacitive tolerance of 

20% is 390 - 260 = 130V. This imbalance can increase due to leakage by 20V to (400 – 
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250) = 150V, and balancing resistance = Vdiff/Idiff = 20V/168µA = 120K?  or balancing 

current = (320/120K) = 2.7mA. This indicates 0.9W per balance resistor requiring two 

2W or larger power resistors. A better solution would be to increase the voltage rating to 

450V, resulting in a small increase in leakage current difference (10µA) with an increase 

in voltage imbalance tolerance by 100V. Then, balancing resistance = Vdiff/Idiff = 

120V/178µA = 675K?  or balancing current = 320/675K = 480µA at 0.16W. It may also 

be worthwhile to match devices to minimize capacitive imbalance, although some 

tolerance should remain to accommodate possible changes in the characteristics of ageing 

capacitors.  

Since 450V is the highest readily available electrolytic voltage rating, for voltages much 

over 650V the number of series-connected capacitors should be increased. With three 

450V series-connected capacitors and 20% capacitive tolerance, the maximum operating 

voltage is 450*(120 + 2*80)/120 = 1050V. Choosing an operating voltage of 900V, with 

a nominal 300V across each capacitor, if two capacitors operate at their lowest voltage 

and one at its highest, then Vmax = 1.2*900/ (1.2 + 0.8 + 0.8) = 346V. Here Vdiff = 

2*(450-346) and Idiff is still 178µA, thus, balancing resistance = Vdiff/Idiff = 1.2M?  or 

balancing current = 300/1.2M = 250µA.  

For multiple identical series-connected electrolytic capacitors:  

?  T he sum  of the voltage ratings should be 30-40%  higher than the applied voltage.  

?  A  voltage-balancing resistor netw ork is required, and the balance current need be no 
m ore than about 1 m A .  

T he 10 tim es of leakage rule m akes no assum ptions about the voltages of the capacitors in use, 
providing a conservative requirem ent, although not considering the voltage im balance due to 
capacitance and leakage current tolerances. A  m ore thorough analysis w ill guarantee that the 
voltage ratings of the series connected capacitors are safely w ithin w orst case lim its. T he 
m anufacturer's recom m endations point out the factors that affect the capacitor balance e.g. 
tem perature, range of leakage current, capacitive tolerance, voltage range and these factors 
should be considered in selection and installation [1].  
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Finally, as an effect of the "electro-chem ical origin" of electrolytic capacitors, the leakage 
current is largely dependent on operating tem perature and aging conditions of the com ponent. 
It should be noted that if the capacitor voltage is increased to values being higher than the 
specified surge voltage, the "leakage" current increases rapidly due to the re-starting of the 
reform ing process (grow ing of the oxide layer) w hich w ill take place [2]. Furtherm ore, at norm al 
operation conditions (voltages below  the surge level) the leakage current m ay be m uch higher 
than the specified value for the first m inutes after the voltage is applied ("inrush current"). T his 
is especially true after a longer period of voltage-free storage of the com ponent (oxide layer 
deterioration). But also the norm al operation leakage current approxim ately doubles its value 
for each 20°C tem perature increase. T he typical operating leakage current of pow er electrolytic 
capacitors can be calculated using the form ula as below  [2] 

… … … …     (1.1) 

(VR  is the rated voltage) valid for long-life (L L ) types at 20°C. T he m axim um  leakage current 
("acceptance test" according to standard EN  130 300), how ever, is lim ited to  

   … .......... (1.2) 

valid also for 20°C (for 35°C this perm issible lim it has to be m ultiplied by a factor of 2.5). 

 

Fig 1.3: T ypical and m axim um  leakage currents of a 10000µF L L -grade electrolytic capacitor 
according to Equations (1.1, 1.2). 

1.4 S pecified leakage current and operating leakage current 
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In the ideal case the leakage current IL  of an electrolytic capacitor depends on the capacitance 
value of the capacitor, the applied voltage, a constant adder and, particularly im portantly, on 
the m easuring tim e. N orm ally the leakage current of an electrolytic capacitor is therefore 
specified w ith a form ula that contains the capacitance C R  and the rated voltage VR  and w hich 
defines the lim it value of the leakage current after a certain m easuring tim e (in this case 2 and 5 
m inutes), for exam ple using the follow ing form ulae: 

?  IL  (2 m in) < (0.01 * VR  * C R ) + 3 µA  

?  IL  (5 m in) < (0.002 * VR  * C R ) + 3 µA , for VR  = 100 V 

?  IL  (5 m in) < (0.01 * VR  * C R ) + 3 µA , for VR  > 100 V 

?  or, in accordance w ith EN  130300 

IL  (5 m in) < (0.3 * VR  * C R ) 0.7) + 4 µA  

How ever, every m anufacturer uses his ow n calculation form ulae, m ost of w hich also differ from  
series to series. T he leakage current value calculated w ith the relevant form ula defines the 
m axim um  value after the elapse of the m easuring tim e after the rated voltage has been applied. 
N orm ally the value of the leakage current w ill be m uch sm aller [3]. 

 

Fig 1.4: T ypical tim e behavior of the leakage current of an alum inium  electrolytic capacitor after 
sw itching on. 

A s show n in the curve in Fig 1.4 show s, the leakage current after 5 m inutes is far low er than the 
5 m inute acceptance lim it value of 70 µA . A nd in this exam ple the m easured leakage current 
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value approaches a constant, sm all value of around 5 to 10 µA  on an asym ptotic basis. T his final 
value is know n as the operating leakage current and has usually established itself after around 
one hour. A fter this tim e all the w eaknesses in the dielectric of the electrolytic capacitor of the 
m odern professional electrolytic capacitor supplied today have been healed and the leakage 
current has declined to a perm anent low  value. T he leakage current value after 2 or 5 m inutes, 
the so-called acceptance value, is relatively high com pared to the curve show n in Fig 1.3.  

U sers expect and generally also receive relatively stable electrolytic capacitors today in term s of 
their leakage current properties. “R elatively” because the leakage current values of film  
capacitors or ceram ic capacitors can obviously not be achieved by electrolytic capacitors. T he 
leakage current of an electrolytic capacitor is generally considered to be at a m uch higher level. 
T his is due to the fact that the 5 m inute value for the leakage current specified in data sheets is 
generally several factors higher than the actual operating leakage current. A nd the operating 
leakage current w ill not be reached, of course, until the capacitor has been operating for a 
certain length of tim e, until in fact the w eaknesses in the dielectric have been healed properly. 
T he longer the voltage is applied to the capacitor, the low er the leakage current w ill be as 
show n in Fig 1.5. How  rem arkably low  the leakage current m ay be on good quality professional 
goods these days is show n clearly by a sim ple test. First of all, an electrolytic capacitor is charged 
to its rated voltage and then it is disconnected from  the pow er source. T hen the rem aining 
voltage on the electrolytic capacitor is m easured at hourly intervals. S ince the leakage current 
ensures that the capacitor suffers constant trickle discharge, after a certain tim e the m easured 
voltage should have fallen to zero.  
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Fig 1.5: L eakage current properties of electrolytic capacitors during a 2000 hours life test. T he 
longer the voltage is applied to the capacitor, the low er the leakage current becom es. 

1.5 Voltage and tem perature dependence of the operating leakage current 

A s the exam ple described above show s, the operating leakage current is several factors low er 
than the acceptance value specified in the relevant data sheets. General specifications for the 
operating leakage current in the form  of form ulae in the literature contain m assive fluctuations. 
But this is hardly surprising w hen w e consider that the quality of professional electrolytic 
capacitors has im proved m assively in term s of leakage current over the last 20 years. 

A  leakage current value of around 10 µA  for a 1000 µF electrolytic capacitor at 35V (as show n in 
Fig 1.3) is therefore by no m eans uncom m on. How ever, this value is also not stable. T he 
operating leakage current of an alum inium  electrolytic capacitor w ith non-solid electrolyte is 
extrem ely dependent on the tem perature and voltage. T hese properties are understandable 
and can be explained easily using the m odel of the activation energy. T he level of the operating 
leakage current under operating conditions can be calculated in approxim ate term s using the 
factors Iop / IL  show n in Fig 1.6 and Fig 1.7 below  [3]. 

 

Fig 1.6: T ypical m ultiplier of the leakage current as a function of the voltage applied 
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Fig 1.7: T ypical m ultiplier of the leakage current as a function of the capacitor tem perature 
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1.6 T hree m ain causes that dam age the electrolytic capacitor 

1. O vervoltage: If the specified voltage is exceeded, current w ill leak through the isolation, 
not in a slow  w ay that m ight regenerate w eak areas, but violently, creating hotspots 
w here additional break-dow n occurs. T he danger of explosion is im m inent. 

2. R eversed polarity: A s described, the inverse of regeneration i.e. self destruction w ill 
occur. If the applied voltage is near the norm al (right polarity) w orking voltage, break 
dow n is quick and violent. T he effect of a low  inverse voltage m ight be reversible. 

3. T em perature: T em perature shortens the life of an electrolytic capacitor. A  good rule of 
thum b is that every 100 C over 850C w ill cut the life expectancy in half [4].  

1.7 Influence of L eakage current on electrolytic capacitor 

M any m anufacturers also issued instructions and even form ulae that describe the influence of 
the level of the applied voltage on the expected useful life. S ince w e now  know  that the level of 
the applied voltage co-determ ines the level of the leakage current, it can certainly be assum ed 
that voltage influences useful life. A fter all, the leakage current is also a m easure of the form ing 
w ork that takes place over the entire life tim e of the capacitor. S ince this form ing w ork 
ultim ately w ithdraw s oxygen from  the electrolyte and uses it to repair dam aged or w eakened 
oxide layers, the electrolyte is therefore consum ed. And the loss of electrolyte determ ines the 
useful life of the electrolytic capacitor on the basis of the conventional m odel. O n a purely 
theoretical basis, therefore, if the full rated voltage is applied to the electrolytic capacitor, the 
com ponent should offer a shorter useful life than if a low er voltage w as to be applied. How ever, 
if it is considered the physical causes of the electrolytic capacitor leakage current, it is likely that 
only part of the leakage current w ill be found in the form  of form ing w ork. T he rem ainder of the 
electrons w ill tunnel through the dielectric using tunnelling effects or w ill flow  in the form  of 
cross current through electrolyte film s around the rubber seal, in other w ords they w ill have no 
influence w hatsoever on the possible loss of electrolyte. If the level of the leakage current is 
taken into account it can be concluded that the influence of leakage current on useful life is in 
fact rather low . T his certainly applies to electrolytic capacitors in the voltage range up to around 
100 V (low  voltage) and for electrolytic capacitors w ith solvent, non aqueous electrolytes. For 
these capacitors the sm all m echanical variations in the sealing capacity of the gaskets and 
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therefore the distribution of the expected electrolyte loss over the useful life is definitely m ore 
significant than the level of the applied voltage and the leakage current related to it.  

Connecting electrolytic capacitors in series results in the voltage being split betw een the 
com ponents and in turn this is influenced by the leakage current difference betw een the 
individual capacitors in a series. It is therefore very im portant that the leakage current 
differences are balanced in the circuit design since even very sm all differences can cause 
problem s. T hese differences norm ally becom e apparent w hen the circuits are activated in the 
form  of overvoltage on the com ponent w ith the low est leakage current. S ince considerable 
fluctuations can be found betw een individual capacitors from  the sam e production batch in 
term s of their leakage currents, it is also possible that large voltage differences m ay occur. It is 
observed that voltage increases across the capacitor w ith low er leakage current. If this results in 
exceeding the rated voltage of a capacitor, under certain circum stances this can result in 
prem ature failure [3].  

1.8 T raditional M ethod 

1.8.1 P assive Voltage Balancing  

For passive capacitor voltage balancing the tw o resistors R B form  a voltage divider and a perfect 
voltage distribution VC1 =VC2 w ould be given in case of zero output current ? I = 0 (Fig 1.8). T he 
output current, how ever, is defined by the leakage current difference ? I = Il,C2 - Il,C1 of the DC 
link capacitors. T his leads to the consequence that for practical applications R B has to be 
selected such that the expected leakage current difference is sm all in com parison to the 
quiescent current IQ  of the voltage divider to achieve a good voltage distribution VC1 ˜VC2 ˜VD / 2, 
i.e. a voltage deviation ?V ? 0. Here, the m ost significant draw back of the passive voltage 
balancing becom es obvious.  T he quiescent current w hich determ ines the dissipative losses has 
to be a m ultiple of the w orst case leakage difference of the capacitors, and also if the actual 
value of ? I is m uch sm aller or even ? I ? 0 is valid, considerable losses rem ain perm anently. 
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Fig 1.8: P assive Voltage Balancing netw ork. 

U sing the output resistance R B / 2 of the voltage divider, the capacitor voltage deviation is 
calculated to ?V = ? I · R B/ 2; norm alization by the nom inal voltage VD / 2 of the capacitors leads 
to 

… … … … … … …   (1.3) 

Consequently, if the capacitor voltages shall be balanced to ?v = ±10% , then a quiescent current 
of IQ  = 5 · ? I have to be chosen. U sing Equation (1.1), the total losses of the tw o balancing 
resistors ("balancing losses") sum  up to 

… … … … … …  (1.4) 

For relevant values ?v < 0.1 the balancing losses are dom inated by the quiescent current losses 
P B ˜ P Q . 

 

1.8.2 Design Exam ple 
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T o give an exam ple for the dim ensioning of a passive balancing netw ork, it should be assum ed 
that the 500V DC voltage link of a 10kVA AC  drive system  equipped w ith tw o 10000µF/350V 
capacitors (e.g., EP CO S  type B 43 564). T he leakage current of this com ponent according to 
equations (1.1, 1.2) for the relevant capacitor operating voltage ( Fig 1.3, VR  ˜ 250 V ) is in the 
range betw een Il,op ˜ 1.3 m A  (typical) and Il,m ax ˜ 9 m A  . Due to the fact that the output current ?  
I of the balancing netw ork is form ed by the leakage current difference of the tw o capacitors, but 
on the other hand the values given before are valid for 20°C only, a m axim um  value of ?I = 5 to 
10 m A  shall be assum ed. Choosing IQ  = 10 to 5 · ?I leads to a quiescent current of IQ  = 50 m A  
w hich lim its using equation (1.3) the center point voltage deviation to ?v = 5% . N ow  the 
resistance value of the balancing resistors can sim ply be calculated to R B =VC / IQ  =250V / 50m A  = 
5 kO . T he calculated dim ensioning coincides very closely w ith a guideline given by the 
m anufacturers. In the data sheets or application recom m endations ([2] or [5]) it is frequently 
specified that the balancing resistors shall be calculated using the relation R B ·C ˜ 50 sec = T B. For 
the case at hand this again leads to R B = 5 kO . T he relation used before im plies also that the 
balancing process ?V ?  0 of the (first order) system  has a tim e constant of T B. If the capacitors 
are charged up to ?v = ±20%  at the pow er-up of the converter (e.g., caused by ±20%  different 
capacitance values), it w ill take approxim ately 3 m inutes until ?V ?  0 is valid. A  quiescent 
current of IQ  = 50 m A  at VD ˜ 500 V results in balancing losses of P B = 25 W . If the converter is 
perm anently pow ered by the m ains, these losses w ill sum  up to a considerable energy 
consum ption of approxim ately 220kW h per year. Considering the product life cycle of the 
converter, the balancing energy costs are m any tim es higher than the costs for the passive 
balancing netw ork itself. T his suggests the developm ent of an advanced balancing m ethod. 

 

 

 

 

1.8.3 A ctive Voltage Balancing – Basic Concept 

T he basic idea of the proposed active balancing concept is to separate the dim ensioning of the 
voltage divider's quiescent current from  the leakage currents of the electrolytic capacitors. In an 
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optim al case the voltage divider only w ould define the potential of the center point "C" to VC  
=VD / 2 acting as the input reference level of an idealized voltage follow er stage. W ith this, R B ?  
8 , IQ

 ? 0 w ould be possible and the balancing loss (appearing in the output stage of the 
am plifier) are now  determ ined only by the actual leakage current difference and not by w orst 
case conditions as this is true for the passive balancing netw ork [6]. 

A lthough the ideal case IQ
 ? 0 now  is not valid any m ore, the losses can be considerably reduced 

because a m uch low er quiescent current as com pared to the passive case is possible considering 
the current gain ß of the transistors ? I ?  ? I ß . N eglecting the losses of the voltage divider itself 
(i.e., IQ

 ? 0, ß ?  8 ) the losses of the active balancing are calculated to 

P B = ½  VD ?I … … … … … … . (1.5) 
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1.9 L iterature R eview  

T o overcom e this critical im pact of leakage current, different techniques have been introduced 
tim e to tim e. T o avoid the m alfunctioning and ensure expected sharing of the bus voltage, a 
passive resistive balancing circuit is used in traditional m ethods [2], [5] - [7]. T he balancing 
circuit is principally a resistive divider w hose m idpoint is connected to the capacitors m idpoint. 
T o com pensate the m axim um  leakage current dispersion, the divider is designed so that the bias 
current is the m ultiple of the m axim um  leakage current. S uch a large bias current m ultiplied by 
the dc bus voltage causes a significant pow er loss. T hen, as an alternative, the active voltage 
balancing techniques w ith reduced pow er loss for series-connected high-pow er electrolytic 
capacitors have been introduced [6]-[8]. T he losses in these m ethods are by far low er in 
com parison to the passive balancing m ethod. 

 Furtherm ore, the active circuit also gives a stiffer balancing characteristic (VC1 = VC2 =VD/2 for 
the idealized case ß ?  8 ). For realization of the em itter-follow er bipolar transistors w hich show  
a m axim um  collector-em itter voltage of at least VD/2 are required. Considering DC link over 
voltages, no balanced operating conditions and safety m argins to guarantee a robust and 
reliable operation of the active balancing, at least 400V to 500V sem iconductor devices seem  to 
be necessary in practice for a DC link w ith 500V nom inal voltage. How ever, high-voltage bipolar 
transistors are characterized by a com paratively low  ß due to their w ide effective base region. 
General-purpose 400V N P N / P N P  transistor pairs, e.g., M P S A 44/M P S A94 are characterized by a 
current gain of typically only ß ˜ 40 and, therefore, are not suited w ell for realizing the proposed 
concept.  

A lthough "high-gain" high voltage bipolar transistor pairs are available in the 400V region (e.g., 
ZET EX  ZT X 458/ZT X 558, ß ˜ 200 [9]), it has to be considered that the transistor types m entioned 
before are "low -pow er" devices, i.e., lim ited to typically P  = 1 W . In the case of ? I > 4m A  these 
elem ents w ould be therm ally overloaded. O n the other hand, real high-voltage bipolar pow er 
transistors are hardly available as com plem entary pairs and/or show  very low  current gain. 
Consequently, an im plem entation using com plem entary pow er M O S FET  transistors w ould be of 
advantage. But also here the availability of high-voltage p-channel devices is very lim ited (e.g. 
500V transistor M T P 2P 50E by O N  S em iconductor); furtherm ore, these sem iconductor devices 
are rather expensive. 
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T he balancing circuit is based on a bipolar junction transistor (BJT ) high-voltage push–pull 
am plifier w hose output is connected to the m idpoint of the dc bus capacitors, w hile the input is 
connected the m idpoint of a resistive voltage divider. S ince the am plifier input im pedance is 
quite high, the voltage divider bias current and the related losses could be quite low . A  sim ilar 
circuit based on a high-voltage M O S FET  push–pull am plifier is proposed in [8]. A  few  active 
dissipative and non-dissipative voltage balancing techniques that are used in super capacitor 
m odules are discussed in [9] and [11]. A ctive non-dissipative balancing circuits for series-
connected lithium -ion and lead–acid batteries are analyzed in [12]–[16]. A ll these balancing 
m ethods, w ith som e m inor m odifications, could be applied to the series-connected high-pow er 
electrolytic capacitors. 

Considering the cost effectiveness, sim plicity and range of voltage application, op am ps can be 
em ployed as voltage com parator to design the proposed regulating m ethod [17], [18]. 

T herefore, the leakage current differences are balanced w ith im portance in the circuit design 
because even very sm all difference can cause problem s. In this thesis, a novel approach to 
im prove the im pacts of leakage current dispersions for both tw o and four series connected 
electrolytic capacitors have been analyzed. 
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1.10 O bjective and M ethodology 

1.10.1 O bjective 

T o im prove the shortcom ings of a traditional resistive balancing m ethod, the objective of this 
thesis is to propose a new  regulating strategy w hich w ill keep the voltage across series 
connected electrolytic capacitors at desired level in spite of various leakage currents dispersion. 
T he objectives and outcom e can be sum m arized as below : 

?  A nalyze the im pact of leakage current dispersion for both tw o and four series connected 
capacitors. 

?  Design a technique that replaces traditional balancing resistances. 

?  R egulate the im pact of leakage current dispersion and m aintain voltage balancing 
am ong series capacitors at specified level despite leakage current dispersion. 

?  Facilitate m ultiple outputs and verify the regulating circuit by applying varied loads. 

1.10.2 M ethodology 

T he objective w ill be approached through tw o and four electrolytic capacitors of equal voltage 
connected in series across DC  bus. Key challenge of this thesis w ill be to design a proper 
regulating technique to alleviate voltage im balance betw een series electrolytic capacitors due to 
leakage current dispersion. O p am ps w ill be used for the push-pull of the required current to 
com pensate the voltage im balance occurred due to leakage current dispersion am ong 
capacitors. S uitable op am ps w ill be selected w ith the consideration of the voltage com patibility. 
S o, this design to balance voltage across capacitors w ill fully substitute the balancing resistors. 
T he m idpoint of the capacitors w ill be connected to the offered active less dissipative circuitry 
so that the im pact of capacitor leakage current dispersion is canceled out. T he proposed circuit 
w ill also regulate the im pact of load variation w hich causes asym m etric voltages across 
capacitors. A s a result, the capacitor voltages w ill be controlled and m aintained at the desired 
level.  
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1.11 O rganization of the T hesis 

T he thesis is organized as follow s: 

Chapter 1 includes introduction, background, basics of capacitors leakage current and its 
influences, traditional m ethod, objective and m ethodology of the thesis. 

Chapter 2 includes analysis of the im pacts of leakage current dispersion for tw o and four series 
connected capacitors. S im ulation results are also reported in this chapter. 

Chapter 3 includes design of the proposed technique and im provem ents after applying the 
regulating technique. S im ulation results are also reported in this chapter.                                                                             

Chapter 4 includes conclusions of the thesis w ith som e recom m endation for further research. 
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Chapter 2 

Analysis of the Impact of Leakage Current Dispersion 

 

2.1 The impact of leakage current dispersion 

The voltage being split between the electrolytic capacitors while connected in series and in turn 

this is influenced by the leakage current difference between the individual capacitors in a series. 

Even a large voltage differences may occur due to this leakage current differences. It is observed 

that voltage increases across the capacitor with lower leakage current. If this results in exceeding 

the rated voltage of a capacitor, under certain circumstances this can result in premature failure. 

2.2 Analysis of the impact of leakage current dispersion 

2.2.1 Observation of the impacts  

The simulation setup for the analysis of the impacts of leakage current dispersion is shown in Fig 

2.1. The impacts because of leakage current dispersion are shown in Fig 2.2. Here, different 

leakage currents with different values are applied for capacitors C1, C2, C3 and C4 respectively 

given in Table 2.1 and corresponding graphs are shown in Fig 2.2 (a), (b), (c) and (d). In Fig 2.2 

(a) the emergence of leakage currents are considered abrupt at time 2ms and linear for other 

instant as shown in Fig 2.2 (b), (c) and (d).  

It is observed from the simulation results that voltage decreases across the capacitor in which 

leakage current is higher and on the other hand, voltages relatively goes high across other 

capacitors with lower or no leakage currents as shown in Fig 2.2 (a?), (b?), (c?) and (d?). This 

voltage imbalance begins among the capacitors at the instant of leakage current dispersion is 

applied.  

In Fig 2.3 (a) equal leakage current i.e. no dispersion (IL1 = IL2) is applied and load resistances 

were also kept equal RL1 = RL2. As a result there is no voltage imbalance is observed as shown in 

Fig 2.3 (b). 
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The impact of leakage current dispersion for two capacitors in series, where simulation setup as 

given in Fig 2.4 (a) and Fig 2.5 (a) respectively with leakage current applied in C1 (i.e. IL1) and in 

C2 (i.e. IL2) and corresponding voltage imbalance across capacitors are shown in Fig 2.4 (b) and 

Fig 2.5 (b) respectively. Then, Leakage Current dispersion for four capacitors in series, where 

simulation setup with varied leakage current applied in four capacitors (i.e. IL1, IL2, IL3 and IL4) is 

given in Fig 2.6 (a) and as the effect of different dispersion among applied leakage currents 

voltages became imbalanced which are shown in Fig 2.6 (b), Fig 2.7, Fig 2.8, Fig 2.9 and Fig 

2.10. 

Then, applying simulation setup with varied loads (i.e. R1, R2, R3 and R4) as shown in Fig 2.11 (a) 

and as a result voltage level became asymmetric across capacitors such as higher voltage for 

higher load Fig 2.11 (b). Also, applying both varied loads and leakage current dispersion as 

given in Fig 2.12 (a) and resulted asymmetric voltages and imbalance in voltages are shown in 

Fig 2.12 (b). 

Table 2.1 

Applied Leakage Currents  

Time IL1 (C1) IL2 (C2) IL3 (C3) IL4 (C4) 

2ms 10mA 5mA 6mA 2mA 

4ms 3mA 10mA 5mA 2mA 

5ms 3mA 5mA 10mA 2mA 

8ms 3mA 0mA 6mA 10mA 
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Fig 2.1: The simulation setup for the analysis of the impacts of leakage current dispersion.   
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(a) 

 
(a?) 
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(b) 

 

(b?) 
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(c) 

 
(c?) 
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(d) 

 
(d?) 

Fig 2.2: Impacts of various leakage current dispersions for the Fig 2.1, (a) IL1 > {IL2, IL3, IL4},  (a?) 

Voltage decreases for C1 and relatively higher for others, (b) IL2 > {IL1, IL3, IL4}, (b?) Voltage 

decreases for C2 and relatively higher for others, (c) IL3 > {IL1, IL2, IL4}, (c?) Voltage decreases 

for C3 and relatively higher for others, (d) IL4 > {IL1, IL2, IL3}, (d?) Voltage decreases for C4 and 

relatively higher for others. 
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2.2.2 Applying Equal Leakage current (i.e. no dispersion) 

 

(a) 
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(b) 

Fig 2.3: (a) Shows the simulation setup, (b) applied equal leakage current of 25mA (i.e. IL1 = IL2) 

in both capacitors (upper) i.e. no dispersion, so there is no voltage imbalance observed (lower) 

i.e. VC1 = VC2 = 300 V.  

           Time

0s 0.1Ks 0.2Ks 0.3Ks 0.4Ks 0.5Ks 0.6Ks 0.7Ks 0.8Ks 0.9Ks 1.0Ks
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2.2.3 Realizing the impact for two capacitors in series 

2.2.3.1 Leakage Current in C1 

 

(a) 

 

(b) 

Fig 2.4: (a) Shows the simulation setup with leakage current applied only in C1 (i.e. IL1); (b) 

Voltages became imbalanced e.g. VC1 decreased and VC2 increased (upper) after applying 

leakage current dispersion (lower) i.e. IL1 = 25mA and no leakage current for C2.  

           Time

0s 0.1Ks 0.2Ks 0.3Ks 0.4Ks 0.5Ks 0.6Ks 0.7Ks 0.8Ks 0.9Ks 1.0Ks
I(IL1)
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2.2.3.2 Leakage Current in C2 

 

(a) 

 

(b) 

Fig 2.5: (a) Shows the simulation setup with leakage current applied only in C2 (i.e. IL2); (b) 

Voltages became imbalanced e.g. VC2 decreased and VC1 increased (upper) after applying 

leakage current dispersion (below) i.e. IL2 = 15mA and no leakage current for C1.  
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2.2.4 Leakage Current dispersion for four capacitors in series 

 

(a) 
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(b) 

Fig 2.6: (a) Shows the simulation setup with varied leakage current applied in four capacitors 

(i.e. IL1, IL2, IL3 and IL4), (b) Here, voltages became imbalanced e.g. VC1 decreased and VC2, VC3, 

VC4  increased (lower) after applying leakage current dispersion (upper) i.e. IL1 = 10mA and IL2 = 

IL3 = IL4 = 5mA.  
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Fig 2.7: The simulation setup with varied leakage current applied in four capacitors (i.e. IL1, IL2, 

IL3 and IL4) as shown in Fig 2.5 (a). Here, voltages became imbalanced e.g. VC2 decreased and 

VC1, VC3, VC4 increased (lower) after applying leakage current dispersion (upper) i.e. IL2 = 10mA 

and IL1 = IL3 = IL4 = 5mA.  
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Fig 2.8: The simulation setup with varied leakage current applied in four capacitors (i.e. IL1, IL2, 

IL3 and IL4) as shown in Fig 2.5 (a). Here, voltages became imbalanced e.g. VC3 decreased and 

VC1, VC2, VC4 increased (lower) after applying leakage current dispersion (upper) i.e. IL3 = 15mA 

and IL1= IL2 = IL4 = 5mA.  
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Fig 2.9: The simulation setup with varied leakage current applied in four capacitors (i.e. IL1, IL2, 

IL3 and IL4) as shown in Fig 2.5 (a). Here, voltages became imbalanced e.g. VC4 decreased and 

VC1, VC2, VC3 increased (lower) after applying leakage current dispersion (upper) i.e. IL4 = 20mA 

and IL1 = IL2 = IL3 = 5mA.  
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Fig 2.10: The simulation setup with varied leakage current applied in four capacitors (i.e. IL1, IL2, 

IL3 and IL4) as shown in Fig 2.5 (a). Here, voltages became imbalanced e.g. VC3 and VC4 

decreased and VC1, VC2 increased (lower) after applying leakage current dispersion (upper) i.e. 

IL1 = 3mA, IL2 = 0mA, IL3 = 6mA and IL4 = 10mA.  
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2.2.5 Impact of Load Vary 
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(b) 

Fig 2.11:  (a) The simulation setup with varied loads (i.e. R1, R2, R3 and R4). (b) Here, voltages 

became imbalanced i.e. voltage level became asymmetric across capacitors such as higher 

voltage for higher load (lower). So, for R1>R4>R3>R2 corresponding voltage is 

VC1>VC4>VC3>VC2. 

 

           Time

0s 2ms 4ms 6ms 8ms 10ms 12ms
V(C1:+,C1:-) V(C2:+,C2:-) V(C3:+,C3:-) V(C4:+,C4:-)

50V

100V
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2.2.6 Impact of Loads vary and also Leakage current dispersion 

 

(a) 
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(b) 

Fig 2.12:  (a) The simulation setup with varied loads (i.e. R1>R4>R3>R2) and different leakage 

currents (i.e. IL1, IL2, IL3 and IL4) applied in four capacitors. (b) Here, voltages became 

imbalanced i.e. voltage level became asymmetric across capacitors such as higher voltage for 

higher load (lower) when load varies; besides, VC3 and VC4 showing decreasing trend and VC1, 

VC2 showing increasing trend (lower) when applying leakage current dispersion (upper) i.e. and 

IL1 = 3mA, IL2 = 0mA, IL3 = 6mA and IL4 = 10mA. 
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Chapter 3 

Design of Regulating Circuit and Improvement Analysis 

 

3.1 Design of the Regulating Circuit 

The designed control circuit is shown in Fig. 3.1. The control method is established based on the 

use of op amps. 

 

Fig 3.2: The proposed circuit to compensate the voltage imbalance due to leakage current 

dispersion for a four electrolytic capacitors in series connection. 
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Op amps are used for the push-pull of the required current to compensate the voltage imbalance 

occurred due to leakage current dispersion among capacitors. Suitable op amp LF412 is selected 

for the voltage compatibility [19]. Both bias current and offset voltage are assumed to be 

negligible. The reference voltage is set to 9 volts for each of the op amps at (+) inputs and 

voltage feedback is taken from corresponding capacitors at (-) inputs. In this design, the required 

number of op amps is equal to the number of junction points between two capacitors. The output 

pin of op amps are connected with each junction points between two capacitors. 

To facilitate the dividing of bus voltage, four electrolytic capacitors are connected in series. For 

the simplicity of analysis, 36 Vdc (Vin) is divided into four equal 9 volts. The leakage currents are 

denoted as IL1, IL2, IL3 and IL4 and voltage as VCB1, VCB2, VCB3 and VCB4 across capacitors CB1, 

CB2, CB3 and CB4 respectively. (Note: here B is used as subscript for the circuit with balanced 

condition).  

3.1.1 Various Electrolytic Capacitors 

There are wide verities of electrolytic capacitors of different values ranging from few pF (pico 

farad) to thousands of µF (micro farad). These capacitors are also available for various voltage 

ratings e.g. few volts to thousands of voltages [20]. 

3.1.2 Making the regulating circuit using op amps 

In this thesis, the op amps will be used to mitigate the voltage imbalances caused by the leakage 

current dispersion as well as load variation. Op amps are biased from the dc bus as designed as 

shown in Fig 3.1. It is apparent that for the voltage compatibility for the proposed circuit it may 

become a challenge to find the appropriate op amps. But there are several ways to build a 

circuitry based on basic components for the op amp functionality. In chapter 1, different ways 

have been mentioned for the design consideration for the op amp functionality. Also, data sheet 

for high voltage op amps are also available to consult for necessary information, for example in 

[21].      

Moreover, to minimize the quiescent losses the resistance value of the voltage divider should be 

chosen as high as possible.  



44 
 

3.2 Improvements after applying the control technique 

To overcome the voltage imbalance occurred due to leakage current dispersion among capacitors 

the designed method is applied (Fig 3.2) and the improvements are shown in Fig 3.3. The results 

are found satisfactory for all sorts of leakage current dispersion as considered in Table 2.1 and 

for corresponding graphs as shown in Fig 2.2 (a), (b), (c) and (d). 

With the application of control technique, the voltages across four capacitors are maintained at 9 

volts as desired, despite impacts of leakage current dispersions, shown in Fig 3.2 (a) to (d). A 

negligible variation in voltages levels is observed. In Fig 3.3 (a) an oscillation is found for abrupt 

appearance of leakage currents as given in Fig 2.2 (a). 

Improving the impact of leakage current dispersion for two capacitors in series, where 

simulation setup as given in Fig 3.4 (a) and Fig 3.5 (a) respectively with leakage current applied 

in CB1 (i.e. IL1) and in CB2 (i.e. IL2) and corresponding voltage maintaining at desired level across 

capacitors are shown in Fig 3.4 (b) and Fig 3.5 (b) respectively. Then, to improve the impact of 

leakage current dispersion for four capacitors in series, where simulation setup with varied 

leakage current applied in four capacitors (i.e. IL1, IL2, IL3 and IL4) and the regulating circuit is 

given in Fig 3.5 (a) and as the effect of deploying the regulating circuit voltages remained 

balanced despite different dispersion among applied leakage currents which are shown in Fig 3.6 

(b), Fig 3.7, Fig 3.8, Fig 3.9 and Fig 3.10. 

Now, applying simulation setup with designed circuit to maintain the voltage symmetry for 

varied loads (i.e. R1, R2, R3 and R4) as given in Fig 3.11 (a) and as a result voltage level 

remained symmetric across capacitors as shown in Fig 3.11 (b). Also, applying the regulating 

technique for both varied loads and leakage current dispersion as given in Fig 3.12 (a) and 

therefore keeping the symmetry of voltages and maintaining the balance in voltages are shown in 

Fig 3.12 (b). 
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Fig 3.2: The simulation setup for the circuit to compensate the voltage imbalance due to leakage 

current dispersion for four electrolytic capacitors in series connection. 
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(a) 

 
(b) 

           Time
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           Time
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9.000V
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(c) 

 
(d) 

Fig 3.3:  Improvements after applying the control technique, here in (a) to (d) shows that 

voltages are maintained at VCB1 = VCB2 = VCB3 = VCB4 = 9 volts across four capacitors despite 

leakage current dispersion (shown in Fig 2 (a), (b), (c) and (d)) impacts with a negligible 

deviation in voltage levels; also, in (a) Zoomed view of the simulation result shows an oscillation 

for abrupt appearing of leakage currents. 

           Time

0s 2ms 4ms 6ms 8ms 10ms 12ms
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9.000V

9.002V

           Time

0s 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms
V(CB1:+,CB1:-) V(CB2:+,CB2:-) V(CB3:+,CB3:-) V(CB4:+,CB4:-)
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3.3 Improving the impact for two capacitors in series 
 

 
(a) 
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(b) 

Fig 3.4: (a) Shows the simulation setup with leakage current applied only in CB1 (IL1); (b) 

Voltages are maintained at VCB1 = VCB2 = 300 volts across two capacitors with a negligible 

deviation in voltage levels (upper), despite leakage current dispersion (lower) at IL1 = 25mA and 

no leakage current for C2.  
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(a) 

 
(b) 

Fig 3.5: (a) Shows the simulation setup with leakage current applied only in CB2 (IL2); (b) 

Voltages are maintained at VCB1 = VCB2 = 400 volts across two capacitors with a negligible 

deviation in voltage levels (upper), despite leakage current dispersion (lower) at IL2 = 15mA and 

no leakage current for C1.  
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3.4 Improving the Impact for four capacitors in series 

 
(a) 
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(b) 

Fig 3.6: (a) Shows the simulation setup for the improvement for the impact of varied leakage 

current applied in four capacitors (i.e. IL1, IL2, IL3 and IL4); (b) Voltages are maintained at VCB1 = 

VCB2 = VCB3 = VCB4 = 100 volts across four capacitors with a negligible deviation (lower), despite 

leakage current dispersion (upper) i.e. IL1 = 10mA and IL2 = IL3 = IL4 = 5mA. 
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Fig 3.7: The simulation setup for the improvement for the impact of varied leakage current 

applied in four capacitors (i.e. IL1, IL2, IL3 and IL4) as shown in Fig 3.5 (a). Here, voltages are 

maintained at VCB1 = VCB2 = VCB3 = VCB4 = 100 volts across four capacitors with a negligible 

deviation (lower), despite leakage current dispersion (upper) i.e. IL2 = 10mA and IL1 = IL3 = IL4 = 

5mA. 
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Fig 3.8: The simulation setup for the improvement for the impact of varied leakage current 

applied in four capacitors (i.e. IL1, IL2, IL3 and IL4) as shown in Fig 3.5 (a). Here Voltages are 

maintained at VCB1 = VCB2 = VCB3 = VCB4 = 100 volts across four capacitors with a negligible 

deviation (lower), despite leakage current dispersion (upper) i.e. IL3 = 10mA and IL1 = IL2 = IL4 = 

5mA.  
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Fig 3.9: The simulation setup for the improvement for the impact of varied leakage current 

applied in four capacitors (i.e. IL1, IL2, IL3 and IL4) as shown in Fig 3.5 (a). Here Voltages are 

maintained at VCB1 = VCB2 = VCB3 = VCB4 = 100 volts across four capacitors with a negligible 

deviation (lower), despite leakage current dispersion (upper) i.e. IL4 = 10mA and IL1 = IL2 = IL3 = 

5mA.  
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Fig 3.10: The simulation setup for the improvement for the impact of varied leakage current 

applied in four capacitors (i.e. IL1, IL2, IL3 and IL4) as shown in Fig 3.5 (a). Here Voltages are 

maintained at VCB1 = VCB2 = VCB3 = VCB4 = 100 volts across four capacitors with a negligible 

deviation (lower), despite leakage current dispersion (upper) i.e. IL1 = 3mA, IL2 = 0mA, IL3 = 

6mA and IL4 = 10mA. 
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3.5 Improving the impact of load vary 
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(b) 

Fig 3.11:  (a) The simulation setup for the improvement for the impact of varied loads (i.e. R1, 

R2, R3 and R4) applied across four capacitors. (b) Here, voltages are maintained at VCB1 = VCB2 = 

VCB3 = VCB4 = 100 volts across four capacitors with a negligible deviation (lower), despite varied 

loads as R4>R1>R2>R3 i.e. varied load current IR3>IR2>IR1>IR4 (upper).  

           Time

0s 2ms 4ms 6ms 8ms 10ms 12ms 14ms 16ms
V(CB1:+,CB1:-) V(CB2:+,CB2:-) V(CB3:+,CB3:-) V(CB4:+,CB4:-)

99.98V

100.00V

100.02V
-I(R1) -I(R2) -I(R3) -I(R4)

0A

10mA

20mA

SEL>>



59 
 

3.6 Improving despite Load Vary and leakage current dispersion 

 
(a) 
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(b) 

Fig 3.12:  (a) The simulation setup for the improvement for the impact of varied loads (i.e. 

R4>R1>R2>R3) and different leakage currents (i.e. IL1, IL2, IL3 and IL4) applied across four 

capacitors. (b) Here, voltages are maintained at VCB1 = VCB2 = VCB3 = VCB4 = 100 volts across 

four capacitors with a negligible deviation (lower), despite varied load currents (middle) i.e. 

IR3>IR2>IR1>IR4 and leakage current dispersion (upper) i.e. IL1 = 3mA, IL2 = 0mA, IL3 = 6mA and 

IL4 = 10mA. 
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Chapter 4 

Conclusion and Suggestion for future work 

4.1 Conclusions 

A control technique is designed and applied to overcome the voltage instability due to 

leakage currents dispersion for series connected capacitors. The analysis is done using 

both two and four electrolytic capacitors in series to divide the bus voltage. The proposed 

design is successful for various leakage current dispersions as well as for varied load. The 

results are with negligible deviation. This is an approach with less design complexity.  

From this thesis using the designed technique can be concluded as follows: 

?  All previous works were for two series capacitors only. In this thesis, four series 

connected capacitors are included. 

?  Replaces balancing resistances and thus reduces the resistive loss. 

?  Regulate the impact of leakage current dispersion and maintain voltage balancing 

among series connected capacitors. 

?  Saves the capacitors from unwanted over voltages and as a result extends the 

lifetime. 

?  Facilitate multiple outputs with the regulation for the impact of load variation.  

4.2 Suggestion for Future Work 

After reviewing the work of this thesis, it can be concluded that there are several 

opportunities for future work to improve the control method as well as to meet other 

goals. 

?  In this thesis, analysis was done for available component in simulation software. 

So, practical implementation with high voltage components can be verified. 

?  Regulations of equal voltages across two and four capacitors for various leakage 

currents were verified. Analysis can be done to regulate the predefined unequal 

voltages across capacitors. 



62 
 

References 

[1]  http://www.nmr.mgh.harvard.edu/~reese/electrolytics/ 

[2] EPCOS Corp., "Electrolytic Capacitors – General Technical Information", 10/2002, 

available via www.epcos.com, included also in Aluminum Electrolytic Capacitors 

Data Book, latest Ed. 11/2002. 

[3] B. Jens “Leakage current properties of modern electrolytic capacitors” Original 

article published in German, BC Components, 31.08.2001. www.tadiranbatteries.de. 

[4]  http://www.hans-egebo.dk/Tutorial/electrolytic_capacitors.htm 

[5] EVOX-RIFA Corp., "Electrolytic Capacitors Application Guide", available via 

www.evoxrifa.com. 

[6] H. Ertl, T.Wiesinger, J.W. Kolar, and F. C. Zach, “A simple active method to avoid     

the balancing losses of DC link capacitors,” in Proc. PCIM 2003, Nuremberg, 

Germany, May 20–22, pp. 459–464. 

[7] G. J. Petar, “Loss-Free Balancing Circuit for Series Connection of Electrolytic 

Capacitors Using an Auxiliary Switch-Mode Power Supply,” IEEE Trans on Power 

Electronics, vol. 24, no.1, pp. 221–231, January 2009. 

[8] L. Jurgen, “Low-loss voltage divider, especially for intermediate circuits,” 

International Patent WO2006/015713 A1, 2006. 

[9]  D. Linzen, S. Buller, E. Karden, and R. W. De Doncker, “Analysis and evaluation of 

charge-balancing circuits on performance, reliability, and lifetime of supercapacitor 

systems,” IEEE Trans. Ind. Electron., vol. 41, no. 5, pp. 1135–1141, Sep./Oct. 2005. 

[10]  ZETEX Corp., "Semiconductor Data Book – Book 1: Through Hole Components",    

2nd Issue, Nov. 1995. 

[11] R. Lu, C. Zhu, L. Tian, and Q. Wang, “Super-capacitor stacks management system 

with dynamic equalization techniques,” IEEE Trans.Magn., vol. 43, no. 1, pp. 254–

258, Jan. 2007. 



63 
 

[12] Y.-S. Lee and G.-T. Cheng, “Quasi-resonant zero-current-switching bidirectional 

converter for battery equalization applications,” IEEE Trans. Power Electron., vol. 

21, no. 5, pp. 1213–1224, Sep. 2006. 

[13] Y.-S. Lee and M.-W. Cheng, “Intelligent control battery equalization forseries 

connected lithium-ion battery strings,” IEEE Trans. Ind. Electron., vol. 52, no. 5, pp. 

1297–1307, Oct. 2005. 

[14] N. H. Kutkut, H. L. N. Wiegman, D. M. Divan, and D. W. Novotny, “Charge 

equalization for an electric vehicle battery system,” IEEE Trans. Aerosp. Electron. 

Syst., vol. 34, no. 1, pp. 235–245, Jan. 1998. 

[15] Y. C. Hsieh, S. P. Chou, and C. S. Moo, “Balance discharging for seriesconnected 

batteries,” in Proc. 35th Ann. IEEE Power Electron. Spec. Conf. (PESC 2004), 

Aachen, Germany, vol. 4, pp. 2697–2701. 

[16] A. C. Baughman andM. Ferdowsi, “Double-tiered switched-capacitor battery charge 

equalization technique,” IEEE Trans. Ind. Electron., vol. 55, no. 6, pp. 2277–2285, 

Jun. 2008. 

[17] Coughlin, Robert F., Driscoll, Fredrick F., Operational Amplifiers and Linear 

Integrated Circuits, 6th Edition, Prentice Hall Electronics. 

[18] Botkar, K.R., Integrated Circuit, 10th Edition, Khanna Publishers.   

[19] National semiconductor Corporation, LF412 Low Offset, Low Drift Dual JFET      

Input Operational Amplifier, www.national.com. 

[20]  http://www.futurlec.com/CapHVElectro.shtml. 

[21] Burr-Brown Corporation, High Voltage, High Speed Operational Amplifier,                                                           

http://www.burr-brown.com/. 

 

 
 
 

 


