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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.

5



Fig 1.1:
Fig 1.2:
Fig 1.3:

Fig 1.4:

Fig 1.5:

Fig 1.6:

Fig 1.7;

Fig 1.8:
Fig 2.1

Fig 2.2
Fig 2.3:
Fig 2.4

Fig 2.5:

Fig 2.6:

Fig 2.7

Fig 2.8:

List of Figures

Schematic circuit for an electrolytic capacitor

V oltage balance between the series capacitors

Typical and maximum leakage currents of a

10000pF LL-grade electrolytic capacitor

Typical time behavior of the leakage current of an aluminium
electrolytic capacitor after switching on

Leakage current properties of electrolytic capacitors

during a 2000 hours life test Figure

Typical multiplier of the leakage current as a function of the

voltage applied
Typical multiplier of the leakage current as a functionof the capacitor
temperature
Passive Voltage Balancing network
The simulation setup for the analysis of the impacts of
leakage current dispersion
I mpacts of various leakage current dispersions
() Showsthe simulation setup, (b) applied equal leakage current
(a) Shows the simulation setup with leakage current applied
only in Cy, (b) Voltages imbalance
(a) Shows the simulation setup with leakage current applied
only in C,, (b) Voltages imbalance
(a) Shows the simulation setup with varied leakage current applied
in four capacitors, (b) Voltages imbalance after applying leakage
current dispersioni.e. I3 =10mA and I 2 =1 3=l 4 = 5mMA
Voltages imbalance after applying leakage current dispersion
e lo=10mA and I 1=l 3=14=5mA
Voltages imbalance after applying leakage current dispersion
e lig=15mA and I ;=1 2=14=5mA

10

11

11

14
23

27

29

30

31

33

34

35



Fig 2.9:

Fig 2.10:

Fig 2.11:

Fig 2.12:

Fig 3.1:

Fig 3.2:

Fig 3.3:

Fig 3.4:

Fig 3.5:

Fig 3.6:

Voltage imbalance after applying leakage current dispersion 36
e llg=20mA and I ;=1 2=13=5mA

(a) Shows the simulation setup with varied leakage current applied 37

in four capacitors, (b) Voltages imbalance after applying leakage

current dispersioni.e. I.;=3mA, I 2= 0mA, I .3=6mA and I 4 = 10mA

(@) The simulation setup with varied loads (i.e. R1, Ry, Rz and Ry), 39

(b) Asymmetric voltage level across capacitors due to Ri1>Rs>R3>R,

(a) The simulation setup with varied loads (i.e. Ri>Rs>R3>Ry) 41

and different leakage currents (i.e. 1.1, I12, 1.3 and | 4) applied

in four capacitors. (b) Asymmetric voltage level across capacitors

such as higher voltage for higher load and voltage imbalance while

applying leakage current dispersion

The proposed circuit to compensate the voltage imbalance 42
due to leakage current dispersion for afour electrolytic capacitors

in series connection

The simulation setup for the circuit to compensate the voltage 45

imbalance due to leakage current dispersion

I mprovements after applying the control technique, in 47

() to (d) Voltages are maintained at 9 volts across four capacitors
despite leakage current; also, in (a) Zoomed view of the smulation result

(@) Shows the simulation setup with leakage current applied 49

only in Cy (I.1); (b) Voltages are maintained at V1 = V¢ = 300 volts
across two capacitors (upper), despite leakage current dispersion (lower)
a 1.1 = 25mA and no leakage current for C,

() Shows the simulation setup with leakage current applied 50
only in C;(I.2); (b) Voltages are maintained at V1 = V2 = 400 volts
across two capacitors (upper), despite leakage current dispersion (lower)

a 1.2 = 15mAand no leakage current for C;

(@) Showsthe simulation setup for the improvement varied leakage 52

current applied in four capacitors; (b) Voltages are maintained at

V1 =Vez =Ves= Ves =100 volts across four capacitors (lower),

despite leakage current dispersion (upper) i.e. 1.1 = 10mA and
K



Fig 3.7

Fig 3.8:

Fig 3.9:

Fig 3.10:

Fig 3.11:

Fig 3.12:

L2 =13=14=5mMA
The simulation setup for the improvement of the impact of varied
leakage current applied in four capacitorsas shown in
Fig 3.5 (). Voltagesare maintained at Ve = Ve =Ves=Ves
=100 volts (lower), despite leakage current dispersion (upper)
e l2=10mA and I ; =l 3 =14 =5mA.
The simulation setup for the improvement of varied leakage current
applied in four capacitors) as shown in Fig 3.5 (a).
Voltages are maintained a V1 = V2 = Vez = Vs = 100 volts
(lower), despite leakage current dispersion (upper)
e liz=10mAand I =1 2=14=5mA
The simulation setup for the improvement of varied leakage current
applied in four capacitorsas shown in Fig 3.5 (). Voltages are
maintained a Vc1 = Vez = Ves= Ve = 100 volts (lower), despite
leakage current dispersion (upper) i.e. 1.4 = 10mA and
lL1=l2=13=5mA
The simulation setup for the improvement of varied leakage current
applied in four capacitorsas shown in Fig 3.5 (a).
Here Voltages are maintained at Vc1 = Ve = Vez= Ve = 100 volts
(lower), despite leakage current dispersion (upper) i.e. I 1= 3mA,
lL2,=0mA, I.3=6mA and I 4 = 10mA
(@) The simulation setup for the improvement of varied loads
applied across four capacitors. (b) Voltages are maintained
a Vci =Ve2 =Ves=Ves= 100 volts (lower), despite varied
loads R;>R1>R>>Rgsi.e. varied load current |rs>lr2>1r1>1ra (UPpPEY)
(@) The simulation setup for the improvement of varied loads
and different leakage currents applied across four capacitors. (b) Here,
voltages are maintained at V1 =V = Ves = Vea = 100 volts (lower),
despite varied load currents (middle) i.e. rs>lr2>Ir1>Ir4 and leakage
current dispersion (upper) i.e. [ 1=3mA, I.2=0mA, I 3= 6mA
and I 4 = 10mA

53

54

55

56

60



Table2.1

List of Tables

Applied Leakage Currents

22



C hapter3
htroduction

11 htroductbn

P rentl, gopicatias of wkage converters uahg ebcloltc Gepaditas ae canmon N
ebcionc equpnetts sd as process contiol, mawecurng, Bctoly aton eton,
tekconmuncatias| PS ,drivesand nerpow ersippiesT o m antain TIlIDC buswolkage of
these converters, the elbctro/tic cepaaitars areay pped w th an arrangem ent oftw 0 orm ore
=rescomected ebctioltic spadioisieted et by ervollage. But, an elbctiol/tc cepadior s
not an ded pacitor ard hasnifitant Bskage aunent. T he Bakage aunent of epadias
typally difer iom one to another, whoh mean that the sippl/ volkage B Nnot divided
proportbnatel) agoss the cgpadiors 1o aom pensete the lage digperson of the Bekage
anent and ensire desxed $aing of the total dc buswolkage an ong the =rescomected
Gpadias apasie balacing caal it Boften usd, n w hich balacing resoisae usaly
connected N paddkelvw ih the cgpaaitasBut,the cunent fbw ing through the restoisism uch
hipher than the kskage ainent of the cepadiors and aue hph diesgpatie bss Thes
balacing bssres Esnto aonsierebk addibnalenergy cost. § o ,ordinay balancing caal s
hae detvantages sch as bge wenht, e and bss Another drav badk of tre odinaty
passie balacing caalk B the gandby pow er consim ptbn. For exan pk, a400V 10K

converterequ ipped w ith the ordinaxy balancing ceau ik consim esm ore than 200K h standby
energy over one year-. T he sandby conssm ptibn now adeysbecan esm ore and more n the
foausDevebpm ent engineersae pem anently boking Hrsomenew andm oreeffcentcaa i



12 Ebctrol/tcC gpaator

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 aways 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 s ellsire and very by cost perunit cepadience e bctrohtc cepadiors erealter
&lked ebctioltcs) are the only costefective dhoibe Pr hiph~alie gopicatias ke pov er
sppl filkering N mog consim er devibes How ever, ekbctioltcshae huge kadage and
dekctic sbibton. | #h requerus, ebctioltcs &l w th age by diying out or keking
elbctiol/te Dby g Nntemalconoson.

T here axe tw o typesofikskape; physzal and ebctiriral.§ ince the elbctiol/te isaliu O orpede,
w hen an ekbctol/tc catestrophially Ells it usialll oozesom e conosie goop cElied physal
kdae.| nkke an ped paditar,ebctiol/ticsgihtl conductw hen there Svolkage aaossthe
pEesaElkd ebciria Bakage. | ther then being adevietbn fion  dedl behavior, the s &l
kskage N new ekbctiol/tc causesno m gpr probken s asthe ebctiloltc eges the Bekage
ncreaeed1].
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1.3 Series Connected Capacitors and L eakage 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.



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 C; and C, have some leakage resistance R, ; and
Ri2. 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.

FOSITIVE

Fia = % Er

Fiz —~ Caz % FEz

MEGATIVE

Fig 1.2: Voltage balance between the series capacitors.

Balance resistors Rg; and Rg, 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 pA ranges from 1/5* |/ (CV) to 1/2* |/ (CV) according to Nichicon, with
Cin pF, V involts and current in pA. Leakage specifications can aso be available from
capacitor's data sheet. One common rule-of-thumb for the balancing current is 10x the
leakage current, thus for two 100uF/350V capacitors connected in series to form a 50uF
capacitor, maximum leakage of 1/2* /(100*350) = 94pA, times 10 is about 1 mA. If the
applied voltage is considered to be 650V, then Rg; and Rgy = 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.



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 Cninto Crax have a maximum divided voltage (at the junction of the two capacitors)
Vv = (Vapplied * Cmax) / (Cax + (N - 1) * Cin). In this example, with a + 20% capacitance
tolerance, Crmax = 1.2¥100 and Cyin = 0.8*100, with Vg, = (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, Vit = (Vmax - Vmin) be the difference
in operating voltage resulting from leakage imbalance for the two electrolytics in series
and lgitt = (Imax - Imin) IS the maximum difference in leakage current between the two
capacitors, then Rg; = R = Vs / lgirr. Using the current range given above, 14 = 0.3*

J(CV)*TF, where T is a temperature coefficient and F is a fudge factor. Electrolytics
conduct more as the temperature increases, with T, at 20°C of 1, increasing to 2 at about
60°C and 5 at about 85°C. 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 60°C, 14 0.3*/(100* 400)* 2 1.4 = 168pA. Nichicon picks an arbitrary Vg 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/100uF 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 —



250) = 150V, and balancing resistance = Vgisi/lgitr = 20V/168UA = 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 (10pA) with an increase
in voltage imbalance tolerance by 100V. Then, balancing resistance = Vii/lgitr =
120V/178pA = 675K? or balancing current = 320/675K = 480pA at 0.16W. It may also
be worthwhile to match devices to minimize capacitive imbalance, athough 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 Vo = 1.2¥900/ (1.2 + 0.8 + 0.8) = 346V. Here Vg =
2*(450-346) and g is still 178pA, thus, balancing resistance = Vsl lgisr = 1.2M? or
balancing current = 300/1.2M = 250uA.

For multiple identical series-connected electrolytic capacitors:
? Thesm ofthe volkage ratingssiou Hbe 30-40% higherthen the gpplied vollape.

? A wollage-balancing resHor netw ork isrequ ked , and the balanoe cunrent need be no
more than eébout1l mA.

T he 10 tim esof Eskape v B m akesno assim ptbnsaoout the volklagesofthe cepaatosnus,
providing amn=snatine reg) #em ent, akthough not conslering the vollage i ballance due to
Gpaditence and kakape ainent tokrences A more thorough analyssw llguaantee that the
wolkage retihgsof the riesonnected cepadinis ae sl wiithnwort ae Imikss The
m anufactu rer'srecom m endatbnspont out the fectois thet afiect the cgpaaior balance eg.
tem peraure, range of kakane ainent, gpadiie krance , volage range and thee Botois
<hou H be constered n st bctibn and inst=liEton [1].



Finell/ , as an efiect of the “elbctro-ehem Al orgn'” of ekbctiol/tc Gepadiois, the Bekage
anent shkgel) dependent on operating tem peratu re and aging conditbnsofthe can ponent.
k shou H be noted thet ifthe epadior vollage B haeasd to valiesbeing hipher then the
seciied siige wlkage, the "Bekage’” aunent ncreagesiiepll due o the regating ofthe
reform ing process(@row ing ofthe oxide lBrew hchw lltske pleee [2]. Furthemm ore ,at nom al
operatbn conditbns(olageshebry the silge bBveb the ekage ainent m gy be much hipher
than the speciified valie Drrthe fatm utessierthe vollage Baopled (Mushanent’).This
BegecHEl/ true alfter a bnger period of vollage-firee storage of the cam ponent (Oxide Ber
deterpratbn). But & the nom al operatbn Eskage aunent goproxm ately doubksis\alie
Preat 20T tem perature noreeee. 1 he typal operating kakage aunent ofpow erelbctrol/tic
Gpaaiasan be ala Hed uang the oim u lbbasbebw [2]
Cc Vg

I =0.000514 - ——-
l.op L HF v

+1pAa

<D

¢; Bthe rated vokae) el Br bng-BE (L) typesat 20C . The maximum kskage ainent
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0.7

C / '
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............ a2
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h the ded = the kdkage anent | ofan elctroltc Gspacitor dgpadson the gpaaence
\alle ofthe capedior, the gpplied vollage , acongant adder ard, partiu iy m portantly ,on
the measimg tme. | omally the kekage ainent of an ebctol/tc cpaaitr Is taefae
seecified v ith abim u kthat containsthe gpaditence C; and the rated volkage V; and w hich
definesthe Im kvalie ofthe bdkage ainent alfteracertain m easiring tine hthiseaR 2 and 5
m nutes),Brexan pk uang the by Ing omu kee:

2 1@miN)< QOL*V, *C;)+3pA
2 1 GmMi)< ©002*V, *C;)+3pA ryv; =100V
? 16Gmn)< ©O1*V, *C;)+3pA HrV; >100V
? or,nhaoordancew khB 130300

1 Gm i< O3*V; *C;)07)+4pA

How ever,every m anutedu rerueshison n ala 1bn 1oim u ke ,m ot ofw hich g difer from
=rest sres T he badage ainent valie calu Hed w ith the rebvant ©im u bdefinesthe
maimum velie afterthe el ofthe m easi ring tin e afterthe rated vollage hasbeen gpplied.
I om &l the valie ofthe ekage ainentw llbe m uch s alier{3].

120

Leakage current of the electrolytic capacitor
P\ 1000uF-35WV-12,5x20mm

100 series 148 RUS,

2222 148 30102
B Specified leakage current:
80 “\ after 2 min < 350 pA
1

after 5 min < 70 pA
Measured leakage current:
after 5 min < 10 pA

&0

Leakage current /yA

40_\
20 [

8] 5 10 15 20 25 30
Time /min

i T
——

Fip14:Typaltim e behavbrofthe kBskage anent ofan alim num elbctrol/tc cspaaitorafer
s ichingon.

Asshovn ntheaine NnFgl 4 sow sthe kdkape anent alter5 m nutessiEr bw erthan the
5 m nute aoceptance Im kvalie of 70 pA . And n thisexan pk the m easired bakage anent
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\alle epproadhesaconsant ,s allvalle ofaround 510 10 pA on an agym ptotcbess T hisfind
\alle Bknow n asthe operating kdkape ainent and hesu s all edebiged ke ifafferaiound
one hour. A flerthistim e allthe w esknesesn the diebectirc of the electiroltic Gspaaior ofthe
m odem professbnal elbctrol/tc cgpaaitar sipplied todey have been healed and the bekage
alnent hasdeclined to apem anent by \alle.T he kdkage ainentvalie after2 or5m utes,
the ©-alled aaeptance valie , BreEivel hiph com paed to theaine siovn nFg 1 3.

| =rsexpectand generdll b receive rieEael) 4ebk ebctiol/tc Gspacitors toky interm sof
ther bekage anent propertes ‘f eEtiel)” becau the bdkape awnment valies of filn

Gpadirsor cran © cpacttars can doviall not be adhieved by ebctiol/itc spaatas T he
kakage aunent ofan ekctrotc spacitor is gaerallyasicaad bleatam uch hoher el
ThisBdue 1o the £t thet the 5m ute valie Drine Bdae ainent specified N detashectss
gererdll =verd Briorishipher than the adtual operating ekage aunent. And the operating
kdare ainent w ll not be readhed , of cuise, untill the cgpeditor hasbeen operating Bra
certan bngth oftin e ,untid n £t the w edknesesin the dielectiic have been heaked properdy .
The bnger the vollape Baoplied to the gpadior, the bw er the bakage aunent w llbe as
sovn NnFgl15.Hov rem axkebly by the ekane ainentm &y be on good qu ity professonad
goodsthese daysishion nckearly by asm pk test. Fast ofall,an e kctiol/tc spaaitor schaged
1o EsEted wkage and then & BdEomected flom the pow ersourae. T hen the rem aning
wvoliage on the ekbctiol/tc cspaatar Bm easired et hourly mtenals S nce the bakage ainent
ensi resthet the capaaior s flerscongant ke disshage , sieracertan tim e the m easired
wvoliage $hou H have Hilen to zero.

g = I _ua e .
2a .;; %
10 ~*1 .;—

10 = ; |

Ok 10000 2000k



Fig 1 5: | eskage ainent propertiesofebchol/tc paciitrsduring a2000 hoursBE test The
bngerthe volkage i5appEd to the cepaditar, the bw erthe Bskage anentbecom es

1 5Vo kage and tem peratu re dependence ofthe operating bakage alnent

A sthe exan pE dessribed ebove show s the operating bekage ainent Bsverd ctois by er
than the ageptance valie fecified n the rebvant datasheets Generd fecificaticsbr the
operating Edkage ainent in the Him ofom u ke in the leratu e cotan m assle fliduatbns
But this Bhadl) siprang when we congder thet the quaity of professbnal ekctol/tc
Gpaarshesm proved m assael ntem sofkeskage anentoverthe 20 yeas

A kdkae anentvalie ofaround 10 pA ral000 pF ebctiol/tc cspaatrat35V @show n n
Fp 1.3) stherebre by no meansunconmon. How ever, thisalle B&® not <=bEk. The
operating bekage ainent ofan alm num elbctroltc cgpaatr w th non-<sid ekctiolte B
extrem el dependent on the tem perature and vollage. T hee propertes ae underdiandeb e
and &an be explned eaally uahg the m odelofthe adtivationeeryy. T he bvelofthe operating
kakage aunent under operating conditbnsaan be el Eed N goproxim ate tem suang the
s, /1 $ovn nFplb6andFgl.7bebw [3].

lop /I vs. VIVg

~eeel
5 I ___“..rﬂ""

0.0 ‘ T_
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ViVe

Fio16:Typaimu kpkerofthe Bskage ainent asafinction ofthe volkage epplied
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o/ I vs. Temperature
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Fig1.7:Typaim u kpkerofthe Bakage aiment asafinctibn ofthe Gspadiortem perature
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1 6T hreem an causessthat dan age the elbectrol/tccspaator

1. 0 verolage: Ifthe specified vollage iBexceeded ,aunentw il Bk through the BBELDN,
not n asbw w gy thet m pht regenerate w ek areas, but vbently ,aesting hotpots
w here add kbnalbresk-elow n oaau IsT he dangerofexpbs=on BINm nent.

2. R eversed polaiy: Asdesrbed, the nvers of regeneratbn e iFdesrucon w il

ooaur: Ifthe goplied volkage Bnear the nom Al (riohit polarity) w orking vollage , breek
dow n Bou tkand vbnt.T he eflectofaby nverse vollage m phitbe reversbe.

3. Temperaure: T em peraiu re sortensthe e ofan elbctrol/tic spaaitar A good 1w ke of
thum b isthetevery 10°C over85C w llait the BE expectancy in halff4].

17 hflienceoft eskage alnent on elkectrol/tccspaator

I aoy m anfedurersal® Bsied nsructibnsand even Bim u ke thet desribe the nflience of
the bwelofthe gpplied voliage on the expected ussfi 1l BE.S ncew e nov know thet the bvelof
the goplied vollage codetem nessthe bvelofthe bBakage ainent, kcan certanly be assim ed
that vollage nfliencesu s 1 BE_A fteréll the bekage aunent isak® am easire ofthe OIM INg
work thet tekesplboe over the entee BE time of the gpaatar. § nce thisom ng w ork
u lm ately w thdrav soxygen fiom the elbectlol/te and ues it 1 repaa-dan aged orw eskened
oxde Beis, the ebctiol/te Btherebre consim ed. And the bssofekbctiol/te detem nesthe
us=hi 1 BE of the elctiol/tc Ggpaaior on the baasof the coventbnal model | N apurely
theoretical bags, thereDie,, Fthe i Brated volkage Bapplied 1o the ebctioltic cpaditr, the
can ponent shiou H oferasorteru st 1 BE than ifabwy envollage w asto be gpplied.How ever,
ifit Boonslered the physial aussofthe elbctioltc epaaitor bdkage ainent, i skel) thet
only pat ofthe Eskage awnentw llbe und inthe orm ofoim ingw ork T he rem ainderofthe
ebctronsy ltunnel through the dielbctric usihg tunne ling efiectsorw M by N the Bim of
aossal nent through electiol/te filn saound the rubber=eal, n otherw ordsthey w llhae no
nflience w hatmever on the possbk bssofekbctiolte. Ifthe bwelofthe Bskage ainent B
t=ken nto aooount i can be conclided thet the nfllence of kskage ainentonush 1 BE BN
et rather by .7 hiscertainly goplesto elbctroltc cspaaiarsin the volkage range up to around
100 V (bv wvolkage) and Prekbctiol/tc eepaditasy th s kent,non agqueocusekbctiol/tes For
thee cepaaitasthe s dl m echanial \aEtbns n the ealing gpaaly of the gaskets and
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thereDre the derbutibn ofthe expected ebctiol/te bssover the usti | BB Bsdefnikiel more
snificant than the bvelofthe gpplied volkage and the Bakage ainent reeted to i

Connecting ebctoltc epaditars n s resres ks n the wollage being it betw een the
canporentsand N tum this B Nflienced by the kakae ainent diference betw een the
ndvoud paatas n a<eres It B therebre very mportatt thet the kakage ainent
diferences ae balanced n the caal ik desgn ance even ety s all diferencesean cause
probEm sThes diferencesnom ally beocom e gpparent w hen the caal ksae adctavaled Intre
om ofovernolkape on the com ponent w kh the by est bskage aunent. § noe conserebke
fLcduatbnsen be found betw een Ndivibud paatasfon the san e productibn batch n
tem softher bdkage ainents &t B5a® possbE thet age volklage diferencesm ey oaaur. k B
ob=ened thet vollange naeasgesanosstihe cepaaiarw th bw er bskage ainent. ifthisres ksn
exceeding the rated vollage of a Ggpaatr, under certan cram fancesthsean resk n
prem aurealre [3].

18T dibndl ethod
1817 esie Vo kape B alancing

Forpaesie cepaciior\voltage balacig te tv o resdois ; oim avolkage dividerand aperfect
voliage dHributbn Ve, =V, wou H be given in caee of zero outputaunent? 1=0 Gg18).The
output aunent ,how ever, iBdefined by the bdkage anent diference ? 1= kg, — &, ofthe DC
Ik cepaagias This kadsto the consequence thet Hr practial gpplicatiast 3 hasto be
<kcted sidh thet the eqoected kekage awnent diference B all N con pasn o the
qu esentanent | ofthe vollage divilerto achieve agood vollage detrbutibn Ve, “Ve, “Vp /2,
ie. awollage devEtbn ?V ? 0. Here, the m o shnificant drav badk of the pasdie volage
balancing becom esobvibus T he qu essent arnentw hich detem nesthe diesspetie bseshes
1o be amu kpk ofthe w ot = Bskape diference of the spaaas, adalso ifteaaud
\alle of? IBnuchs alieroreven? 1?7 0 Bvald ,conerebE bsesiem an pem anently.
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ri ]
RB I.C1 .
— l Vor=¥w Vpt+ 41

Al

= lvm=ﬁvn-dv

Fip1.8:P e Volkape B alncing netw ork

| ang the output restance R / 2 of the wolkage divider, the cepaaiiar \oliege ceviatin 1s
alkBEedto?V =7 1R 3/ 2; nom aizetibn by the nom nalvolkage Vy, / 2 ofthe copaataskals
o

Al

I

AV _AI-iRs

AV = =
1v, Io-Rs

13 =

. @3)

Conssquently , Iithe capacator\voltageshiallbe balanced to ?v= +10% ,then aqu et ainent
ofl =5 ? Ihae to be cho®n. | ang BEquatbn ( 1), the total bsesof the tw o balancing
reseors( balancing bsess) sim upto

Ps =2R3-1§+R—:-;~.I: = Po[1+Av?]
. % 9
Pq e @A)

Forrekbvait valies?v< 0 1 the balancing bsesae dom neted by the qu esent awnent bses
Pg™ Py -

182 Desn Exan pk
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T o gve an exan pk Drthe din ensbning ofapassie balancing netw ork, k $ou H be assim ed
thet the 500V DC voliage Ik of al0KVA AC drive system equiipped w ith t o 10000pF/350V
Gpaaas(eg-,B C0 S type B 43 564).T he kekape ainent of thiscom ponent aooording to
equatbns(l 1,1 2) forthe relevant cepaartaroperating vokage (Fp13,V; ~ 250V ) sBnthe
range betw een kg~ 1 3mA (ypraand by o~ 9 mA .Due to the fct thet the cutputaunent ?
lofthe balancing netw ork 5O ed by the skage ainent diflierence ofthe tw 0 Gpaaois, but
on the otherhand the valiesgiven beore axe valid r20C only,am ximum \alle of? 1= 5to
10 mA shellbe assimed.Chooang | = 10 05 - ? 1 Eadsto aqu esert aunent of | = 50 mA
whih I ksughg equatbn @ 3) the center point volksge devietbn o ?v= Sh_l onv the
resetance valie ofthe balancing resetoisean sin ply be ala Hed tof 5 =V /1 =250V /50mA =
5K . The aluEHed dimensbning cornces vary cb=l/ w th a quideline given by the
m anuBcturers h the dala sheetsor gppication recon m endatbns((2] or [5]) & sfequently
specified thet the balancing restoisshallbe Gl Heduahg the reEtbnf ; -C ™~ 50 sec=T; . For
the cae at hand thisagan badstof; = 5K .The reEtbn usd bePre m plesdas thet the
balancing process?V ? 0 ofthe (fest order) ygem hasatin e condant of T 5 . Ifthe gpadiois
ae chaged up to ?v= +20% &t the pow erdp ofthe coverter @9.,cau<ed by +20% diferent
Gpadtence vaelies, tw ll teke gpproximately 3 mnutesuntd?V ? 0 B\Ed. A queset
anentofl = 50mA &Vp ™ 500 V res ks balancing bsesof? ; = 2511 . the converters
pem anertl povered by the mans thee bsesw ll Sm up to a ongersbE energy
consim ptbn of gpproxim ately 220Kk h per year. Congdlering the product e o/ck of the
converter, the balancing energy costs ae m ay tin eshipher than the cots br the passie
balancing netw ork i IET hissiggeststhe develbpm ent ofan advanced balancing m ethod.

1 .83 Actie Vo kape B alancing - B aacC onogpt

T he baexr eaofthe proposed active balancing concept Bio paate the dm ensbning ofthe
wvollage divder'sou esent aunent fiom the ekage ainentsofthe ekbctiol/tc cspaatas h an
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optim al == the volkage divider only w ou H define the potentiE of the centerpont 'C™ to Ve
=V / 2 acting asthe input rieerence bvelofan dedlived volklege Dby ersage. | ththisg s ?

8,1 ? 0 wouH be possbE and the balacing bss @peaing n the autput s=ge of the
an plfer) ae nov detem ined only by the adud kdkage ainent diference and not by w oist
&= conditbnsssthisstue Drthe passie balancing netw ork[6].-

A lhough the deda | ? 0 now Bot vald any m ore , the bssesean be consderaebly reduced
becaue am uch bw erqu Eent ai nrent asoom pared 1o the passie caee i5possb E conslering
theainentgan oftre tans/tors? 1?7 ? IR . eglecting the bssesofithe vollsge divider ke IF
@e,l ? 0,3? 8)the bsesnfthe adie balacing aecah Hed to

Pe=h Vp?Lhowonn .A5)
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19| keratu el eview

T o overom e thisaitxal m pactof leslkage anent , diferent tednioueshave been ntroduced
tine to tine. 7o avod the m alinctibning and enssire expected hang ofthe buswolage ,a
passie resgie balncihg aaal ik susd n traditibna m ethods[2] , [5] —[7]- T he balancing
caa & Bprincpall aresd=ive diviberw hos m dpont iscoected to the cepacioism dponnt.
T ocaom pensste them aximum  eakage ainent deperson ,the divider =dened  thet the bes
anent sthe mu kpk ofthrem aximum  kaage anent. S uch alage biesaunent m u kipled by
the dc huswolage aussasniitant pov er bss T hen, asan afemetive, the adine \oltege
balancing tednpuesw kh reduced pow er bssor seresecomected hphpow er ebctiol/tc
Gpaatashae been ntoduced [6H8]- The bses n thee methodsae by & bver n
can paesn to the paesie balancing m ethod.

Furthem ore, the adtie cral it & gilesadiiier balancing cdaactersc (Ve = Ve, =Vp/2 Dr
the Dedlwed &=} ? 8). Forreaizatbn ofthe em er-DIby erbpolartranseoiswy hich iow

amaimum ocolecioren iter \olage of et kaet Vp/2 ae required. Conslering DC Nk over
wvollages, no balanced operating conditbns and ssety m aignsto guaantee a obus and
relEbE operatbn ofthe adtive balancing , & ast 400V 1 500V =em bonductordevibessem 1o
be necessaxy i practioe HraDC Inkw ith 500V nom nalvollage. How ever,hiph~vollage bipoler
rans=toiIsae chaacterzed by acom pactivel) by 8 due o therw De eflectie bege regbn.
GeneralpuIpose 400V I P Il /P ) P trensHorpaiseg. ) PSA44/ PSA94 are chaadterized by a
anentgan oftypiall onl/ 3 ™ 40 and ,therere , ae not s ked w ellbrrealizing the propossed
conoept.

A Ehough "high-gain’* hioh volkage bpolartransHorpaasae aaikbE n the 400V regbn (€.9-,
ZETEX Z1X 458/ X 558,38~ 200 [9]), k hesto be conslered that the trans=ortypesm entibned
bebre axre 'bw pov er' devies e, i ied o typAly? =11 . htheaz of? 1> 4mA thes
ekbm entsw ou H be them &l overbaded. (| n the other hand , real hiph~volkage bipolarpow er
tran==tois ae hadly aaikbE asoon pkn entary paasand/or ov very by ainent gan.
Consquently ,an m pkem entatibn usang com plem entaxy pow erll 0 § FE transstorsiv ou B be of
avaitage. But & here the aaikbbility ofhiph~voliage p-ehanneldevibes svery I ied (e0.
500V trans=tor !l TP 2P 50E by 0 | § em iponductor); furthem ore,, these <em Donduclor devibes
ae retherexpengse.
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The balancing caal ik BEbased on abpolr pnctbn transstor @J ) hiph~volkage pus-pull
an plfery ho= output iBooNnected to the m dpoint ofthe de busepadas, w hike the nput B
connected the m Ddipoint of aresHtie volkage divider. § ince the an pllier nput In pedance B
qu e high ,the volk=ge divider biesainent and the reeted bssescoubH be quiie by (A an iler
caa i besed on ahph~whkage || ( SFE pus-pu Bl an plifer sproposed N [8]. A v adinve
diegpatse and non-diegpative volkiage balancing tednnuesthat are used N siper Gpadior
modu ks ae deused n [9] and [11]. Adive non-diegpative balacing caal s br sres-
comected Ehium -bn and kad-aad batteres ae andlized n [12]-[16]. A B thee balancing
m ethodsw ith som e m norm odifications, cou H be goplied 1o the serieseonnected hiph-pow er
ekbctoltcepaatos

Congtlering the cot eflectiveness, ain picity and range of\vollage gpp Iicatian,op an pscan be
em pbyed asvoliage con paretor to desin the proposed regu Etingm ethod [17] ,[18].

T herePre, the kakage ainent diferencesae balanced w #h i portance n the caau it deson
becau=x even very s al diference can caue probken s h thisthess, anovel gpproadh
m prove the m padsof kskage ainent dgpersonsOr both tw o and our sresconnected
elbctiol/tc cepaaitarshae been analized.
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1100 bpctaeandll ethodobgy
11010 bpctie

To m prove the shortoon ingsofatadiibnal restive balancing m ethod , the obpctive ofthis
thess B10 piopoe anew requ Hing gratey which w ll keep the wollage aa0ss ®res
conected ebctio it spaatasat deszed beln e ohauskakage alnentsdgperson.
T he objpctivesand outoam e can be ssmm axived asbebw :

? Andlze the m pactof leskage al nent digperson Proth tw 0 and ou r<eriesconnected

Gpadas
?  Degpn atednipue thet replboestrad kbnalbalancing resdances

? ReguEe the mpadt of leskae anent depersbn and m antan vollage balancing
an ong resSeEpadtasat pecified beeldepie bakage ainent depersn.

? Faaltatem u lpE outputsand venly the regu EEting caau i by goplying vared bads
11021 ethodobgy

T he objective w llbe gpoproadhed through tw o and 1ou relbctrol/tic cepacitars of eqpalvollage
comected N resanossDC bus Key dalienge of thisthesisw ll be to desn a proper
regu Eting tedninue to alilevete volkisge m balance betw een eresebctioltccgpacitasdie to
kdare ainent digpersbn. (| p an psw llbe used Hrthe pushpu Bofthe requ ked ainent to
can pensate the wolkage mbakance ccauned due to kskage ainent dispersbn anong
Gpaatas$ u i=bEk op an psy llbe Ectedw ith the consleratibn ofthe vollage com petibility.
§ 0, thisdesn to balance wolklape anosseEpaaiasy il sibsgiute the balancing resstois
T he m Dpoint ofthe capaaiarsy llbe comnected to the ofered adinve bssdegpatie caal ity
P that the m padt of spaaiiar keskage alnent digperson Bcncekd out. T he proposed ceal
will o requEe the mpad of keed variation w hioh carses agmm etric \Wolkages anoss
Gpaaas A sakes i, the capaatorvolisgesy llbe controlled and m antained et the desred
bel

19



1110 mankston oftheT hess
T he thessEoganked asbby s

Chepter 1 nclides ntrodudibn, badgraind, baers of apadias kdkage anent and s
nflences traditibnalm ethod ,ob ective and m ethodobgy ofthe thesis

Chepter?2 nclidesanalyssofthe m padsof kskage alnent digperson riw o and Tourseres
comected cegpaatas$ mu Hibn res ksae & reported N thisdhepter:

Chepter 3 nclidesdespn of the proposed techniue and i provem ents ailer goplying the
regu Eting tednipue.§ mu HbN res ksae & reported N thisdhepter.

Chapter4d nclidesconclisbnsofthe thesay th som e recan m endation Or i rtherressad.
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Chapter 2

Analysisof the Impact of L eakage Current Dispersion

2.1 Theimpact 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 alarge 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 theimpact 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 C;, C,, Czand C, respectively
given in Table 2.1 and corresponding graphs are shown in Fig 2.2 (a), (b), (c) and (d). In Fig 2.2
() 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 (a3, (b9, (¢? 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 (I 1 = I.,) is applied and load resistances
were also kept equal R.; = Ry 2. Asaresult 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
givenin Fig 2.4 (a) and Fig 2.5 (@) respectively with leakage current applied in C; (i.e. I.1) and in
Ca(i.e. I 2) 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. I 1, I, Iz and I 4) 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. R;, Ry, R3 and Ry) 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).
Table2.1
Applied Leakage Currents

Time IL1(Cy) lL2 (C2) I3 (Ca) ILa (Ca)
2ms 10mA 5mA 6mMA 2mA
4ms 3mA 10mA 5mA 2mA
sms 3mA 5mA 10mA 2mA
8ms 3mA OmA 6mMA 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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Fig 2.2: Impacts of various leakage current dispersions for the Fig 2.1, (a) 11> {12, IL3, 1L}, (&)

Voltage decreases for C; and relatively higher for others, (b) 1.2 > {I.1, I3, L4}, (b7 Voltage

decreases for C, and relatively higher for others, (c) I 3> {l.1, lL2, L4}, (C? Voltage decreases

for Cz and relatively higher for others, (d) 1.4 > {I.1, L2, I3}, (d9 Voltage decreases for C,4 and

relatively higher for others.
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2.2.2 Applying Equal Leakage current (i.e. no dispersion)
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Fig 2.3: (a) Shows the simulation setup, (b) applied equal leakage current of 25mA (i.e. I.1 =1L2)
in both capacitors (upper) i.e. no dispersion, so there is no voltage imbalance observed (lower)
i.e Vc1=Ve=300V.
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2.2.3 Realizing the impact for two capacitorsin series

2.2.3.1 Leakage Current in C;
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Fig 2.4: (a) Shows the simulation setup with leakage current applied only in C; (i.e. I.1); (b)
Voltages became imbalanced e.g. Vi decreased and V. increased (upper) after applying
leakage current dispersion (lower) i.e. 1.1 = 25mA and no leakage current for C,.
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2.2.3.2 Leakage Current in C,
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Fig 2.5: (a) Shows the simulation setup with leakage current applied only in C; (i.e. 1.2); (b)
Voltages became imbalanced e.g. V. decreased and V¢; increased (upper) after applying
leakage current dispersion (below) i.e. I 2 = 15mA and no leakage current for C;.
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2.2.4 Leakage Current dispersion for four capacitorsin series
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Fig 2.6: (@) Shows the simulation setup with varied leakage current applied in four capacitors
(i.e. I, I, Iz @nd IL4), (b) Here, voltages became imbalanced e.g. V¢ decreased and Ve, Vs,
Vs increased (lower) after applying leakage current dispersion (upper) i.e. I 1 = 10mA and I, =
l[L3= 14 =5mMA.
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Fig 2.7 The smulation setup with varied leakage current applied in four capacitors(i.e. I 1, I 2,
I3 and I 4) as shown in Fig 2.5 (). Here, voltages became imbalanced e.g. V. decreased and
Vi, Ves, Ve increased (lower) after applying leakage current dispersion (upper) i.e. I 2 = 10mA
andl ;=1 3=14=5mA.
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Fig 2.8: The simulation setup with varied leakage current applied in four capacitors(i.e. I 1, |2,
I3 and I 4) as shown in Fig 2.5 (a). Here, voltages became imbalanced e.g. V3 decreased and
Vi, Ve, Ve increased (lower) after applying leakage current dispersion (upper) i.e. I 3 = 15mA
and I ;=1 2=14=5mA.
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Fig 2.9: The simulation setup with varied leakage current applied in four capacitors(i.e. I 1, I 2,
I3 and I 4) as shown in Fig 2.5 (). Here, voltages became imbalanced e.g. V¢4 decreased and
Vi, Ve, Ves increased (lower) after applying leakage current dispersion (upper) i.e. L4 = 20mA
andl 1 =12=13=5mA.
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Fig 2.10: The simulation setup with varied leakage current applied in four capacitors(i.e. 1.1, I 2,

l.s and I 4) as shown in Fig 2.5 (a). Here, voltages became imbalanced e.g. Vcz and Vey

decreased and Vc1, V2 increased (lower) after applying leakage current dispersion (upper) i.e.
1= 3mA, lo= OmA, llz= 6mA and lLa= 10maA.
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2.2.5Impact of Load Vary
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Fig 2.11: (a) The simulation setup with varied loads (i.e. Ri1, Ry, Rz and Ry). (b) Here, voltages
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2.2.6 Impact of Loadsvary and also L eakage current dispersion
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Fig 2.12: (a) The simulation setup with varied loads (i.e. R;>R;>R3>R;) and different leakage
currents (i.e. la, 2, Iz and 1 4) 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, V3 and V¢4 showing decreasing trend and Ve,
V2 showing increasing trend (lower) when applying leakage current dispersion (upper) i.e. and
[L1=3mA, I.,=0mA, I 3=6mA and I 4 = 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.

z R J I
U1A® T CB1
3 h o
b
~ g R3
LF412
IL2
T CB2
. u2a®
Vin = N PN
2%
LF412 § R5
IL3
T CB3
usa®
3 'NF
2 C
LF412 |L4
R2 R4 R6 <
o

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 V4 (Vin) is divided into four equal 9 volts. The leakage currents are
denoted as I3, I12, I3 and I 4 and voltage as Vg1, Va2, Vers and Vegs across capacitors Cgy,
Cg2, Cgs and Cgq 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 pF (micro farad). These capacitors are also available for various voltage
ratings e.g. few volts to thousands of voltages [20].

3.1.2 Making theregulating circuit usng 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.
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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 Cgy (i.e. IL1) and in Cga (i.e. 112) 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. I 1, I 2, 113 and I.4) 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. Ri, Ry, Rs and R,) 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 3.3: Improvements after applying the control technique, here in (a) to (d) shows that
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leakage current dispersion (shown in Fig 2 (a), (b), (c) and (d)) impacts with a negligible
deviation in voltage levels; also, in () Zoomed view of the simulation result shows an oscillation
for abrupt appearing of leakage currents.
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3.3 Improving the impact for two capacitorsin series
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Fig 3.4: (&) Shows the simulation setup with leakage current applied only in Cgi (IL1); (b)
Voltages are maintained at Vg1 = Ves2 = 300 volts across two capacitors with a negligible

deviation in voltage levels (upper), despite leakage current dispersion (lower) at 1., = 25mA and
no leakage current for C.
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Fig 3.5: (&) Shows the simulation setup with leakage current applied only in Cg, (I12); (b)
Voltages are maintained at Vg1 = Vese = 400 volts across two capacitors with a negligible
deviation in voltage levels (upper), despite leakage current dispersion (lower) at 1., = 15mA and
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3.4 Improving the Impact for four capacitorsin series
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Fig 3.6: (@) Shows the simulation setup for the improvement for the impact of varied leakage
current applied in four capacitors(i.e. 1.1, IL2, 113 and I, 4); (b) Voltages are maintained at Vg1 =
Vee2 = Vess= Vegs = 100 volts across four capacitors with a negligible deviation (lower), despite

leakage current dispersion (upper) i.e. 1.2 =10mA and I 2 =1 3 =14 =5mA.
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3.5 Improving theimpact of load vary
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3.6 Improving despite Load Vary and leakage current dispersion
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Fig 3.12: (a) The simulation setup for the improvement for the impact of varied loads (i.e.
Rs>R;>R>>R3) and different leakage currents (i.e. I 1, I 2, I3 and 1.4) applied across four
capacitors. (b) Here, voltages are maintained at Vg1 = Vg2 = Vees = Vesa = 100 volts across
four capacitors with a negligible deviation (lower), despite varied load currents (middle) i.e.
|rs>Ir2>1R1>IR4 @Nd leakage current dispersion (upper) i.e. I 1= 3mA, I .= 0mA, I 3 = 6mA and
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Chapter 4

Conclusion and Suggestion for futurework

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. Thisis an approach with less design complexity.

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

?

4.2

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.

Suggestion for Future Work

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

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.

61



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, JW. 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,” |EEE Trans on Power
Electronics, vol. 24, no.1, pp. 221-231, January 20009.

[8] L. Jurgen, “Low-loss voltage divider, especialy for intermediate circuits,”
International Patent W02006/015713 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,” |EEE 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,” 1EEE Trans.Magn., vol. 43, no. 1, pp. 254—
258, Jan. 2007.

62



[12] Y.-S. Lee and G.-T. Cheng, “ Quas-resonant zero-current-switching bidirectional
converter for battery equalization applications,” |EEE 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,” |EEE Trans. Aerosp. Electron.
Syst., vol. 34, no. 1, pp. 235-245, Jan. 1998.

[15] Y. C. Hseh, 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, 6" Edition, Prentice Hall Electronics.

[18] Botkar, K.R., Integrated Circuit, 10" 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/CapHV Electro.shtml.

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

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




