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DFFICIENGY AND WELGHT UF VOLTACE MULTIPLIER TYPE ULTRA LICGHTHEIGHT D.C.-D.C, CONVERTERS

W, T, Harrigill, Je,, and L. T, Hydérs

National Acropautics and Space Administration
Lewls Research Centoer
Claveiond, Ohio 44135

SUMMARY

This paper presonts an analytical and expepi-
wental study of a capocitor-dicde voltage multi~
plier without a tronsforper which offers the pos-
sibilicy of high efficiency with light welght.
D.e.~d,c, converslon efficiencies of about 94 per-
cent were gehiuved ot output powers of 130 watcs
at 1000 yolts using Bx multiplication. A detuiled
identificatlon of losacs was made, Including for=
ward drop lesses ln component, switching losscs,
reversc junctlion capacitance charging losses, und
clurging losses in the main laddor capacitors.

INTRODUCTION

Power processing equipment used in mpace
flight applications shuuld be lightweight, and
Bave the ability to deliver a wide range of output
power while mointalning a bhigh cffieciency. Pres-
ently available equipment, which typically is a
d.c,~d.c. converter including a transistor chopper
with & cransformer for veltage transformation,
does not completely mect these requirements. Sys-
tems with high efficiency (20 to 95 percent) can

be desipned and bullt, but the total system welpht

iz substantially higher than desived. The volte,.
multiplicr concept, which uses cupacitors and
diodes for voltape transformation, appears at-
tractive ug an alternative.

This paper extends the concept of the tran-—
sistor chopper driven capuscitor diede voltage mul-
tiplier (COVM) d.c.-d.c. converter (Refs, 1 to 4)
to o wide range of welghts , efficiencies, and out-
put power by exploring the tradeoffs between the
CDVM converter design parameters, 'This investiga-
tion indicates that it is possible to desipgn
either a very lightwelght converter with somewhat
reduced effietency, a very hipgh efficiency con-
verter with 8 somewhat increased weight, or an in-
between converter where the efficiency and welght
can be tailered to g piven application.

A 100-watt, 1000-volt experimental model with
a chopping Erequency of 70 kHz was used for all
testing, Efficlencles as high as 945 percent were

attained at 100 watts output with & component
weight of about 2 kg/kW and a 92%-percent effi-
clency at a component weight of 1 kg/kW, Thus

the COVM d,¢.=d.z, converter offirs a4 better coms
binatiun of efficiency oand welght, compared to
conventional power processing, ond alse bhas the
capability of o wide rvange of weight and effi-
ciepey to fit a glven application,

EXPERIMENTAL MODEL

Figure 1 shows o eirveuic diagran of the ex~
perimentnl CDOVM converter used to obtoin the data
in thie report, The converter consisty of a
transiscor chopper {driven at 70 klz) connected
dirvectly into a voltage multiplier with N = B,

Mo trungformer ix regquired, which is a major ad-
vantage from & weight, cost, and efficlency stand-
point, Two d,c. power supplies were used in the
experimental setup for versatilaty and conveni-
ence, OUne supply could be used {with a voltage of
2 Vi) without affecting the converter performunce,
The nondnal output veltage of the experimental
rodel was 1000 volts with the input power supplics
at 4130 voles and =130 volts,

LOSSES AND EFFICIENCY

The teadeoff between effielency, welght, and
output power in the CDVM converter can be deter-
mined from a study of the losses invelved in the
gystem, Thesc lossces along with approximate ex-
preseions for their wvalue, are listed in ten cate-
gorles. They are:

(1} Cupapeitance charging losses (Ref. 5 in
the voltage multiplicr capaeltors while the diodes
are conducting, This ineludes series resistance
losses in the leads, and in the equivelent serdes
resistance of the capacitors. It ig treated in
dotail In Ref. 5 and will not be dérived herve.
Both losges in charging a caopacitor from another
capacitor, and Iin charging a capaclitor from a
power gource are included os appropriste, Struy
yoerics induetapnee is ignored in this treatment.
The expression for this loss (P1) for a voltage
muletiplicr with M diodes and N capacltors, a

load current 1p, and unlt capacitors €, oper-
ated ot a frequency £ is
1 + 3
o T VI L

(2) Charging losses of the reverse blased



Junction capaeltonce of the CPVM diodes durdng the
time when the dledes ape not conducting, This
logs (Pp) ia plven by

P .
By e &NCDRViE {2)

viere Cpp 1o the Junckion capacitonee of euch
diede 1in the voltage multiplier, A8 the diode
junction beglps to block where the Input voltage
swings from +Vy to =¥y or vice versa, the
divde voltoge changes from about a velt in the
forward direction to 2Vy in the reverse. The
charge tsken from the capacitors Cy oand the
voltage sources te charge Cpg to 2Vy is then
2CppY4. Since tho boattery and/or capacltors sup=
ply the charge at o veltage 2V4, the smount of
energy used in this junction capoeitunce charging
14 4cnﬂvi per diode, ‘Ihe topal energy loss for
the N diodes is then ACDHNV¥ for each charging
eyele, which occurs f  times per second., The
power Joss due to this cause is therefore
QCDRNV%!: .

(3) Charging losses of the chopping trane
slotor junction capueitance (output capacitance)
during the transistor "off" period, 7This loss
(#3) Ls glvea by

Py = B VOE (3)

3 TR'L
It is simdlor to Fo, The {unction capaclitance
Cpp of the indlvidusl transistor 48 charged to
2Vy each cycle, with o congequent encrgy loss of
4CTRVi. Since there are two translstors operating
at a frequency [, the total pover logs 1 as
given in Eq. (1),

(4) Forward conduction losses of the COVM
dlodes. This loss is due to the foruvard voltage
drop across the diodes durdng their “ou" cime.
This power loss (P4) is therefors

B, om NVl (4)

since the average dlode current must be equal {ig-
noring leakages) to the lead current. Vpyr, the
forward drop of the conducting diode varies some=-
what with load current, but wadg taken as a con-
stant for this treatment, The factor N enters
because there are N diodes, each of which must
carry the load current 1y as an average current,

(5) Tranusistor forward conduction losses in
the transistor chopper. As iIn the cade of the
diede, this is due te thuo saturatien voltage
across the transistord during the conduction
cyele, This power loss (P5) is plven by

be = 2VTFN1L (5)

where Vqp 18 the forward conduction drop of the
trangistor, The number of dindes cnter because
the transistor current is  Nip, neglecting second
order effects, ond the foctor of 2 iy needed be-
cause two transistors are used.
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(6) Kevorse biay d.¢, leskage loosas iu the
VM diodes caused Ly reversed current flaw vwhile
the dicdos are off, This power lose (Ig) iz given
by

g o 2V 18 ()

and Is due te the use of N diodes, chavged to a
voltage V¥, with o leokage current Ipp,  For
pood diedes, the leakage current is in tﬁe micro=-
amperc range, oo that Py is wsually nepligible
compared to other losecs.

{7} b.c. leukage losses of the translouprs
in the Yeff" state, This loss 18 comparable to
Pg for the diedes, ‘The expreasion fvr it is

P7 - zviiT,OFF (N

vhere dp gpp 18 the residual curreat flowlng
threugh the transister when it is off, Thid cur-
rent fs of the order of williamperes so that Py
cannct be ignored as Ty was, Apein, the factor
of 2 i8 necessary becsuge the chopper haz two
tratnsistory.

(8) Transistor base drive losdes, This is
aboup 1 watt af 100 waccs output, An approximace
expresslon for this loss is
iLNy

vy = ®

vhere Vg is in the transiscor drive voltage,
The average transistor collector current 1s Nip,
so that the average base current im appreximately
1 N/8 and the base dedve power 1s as given in
Eq, (BY. Agoin, second order effects were ig-
nored, It is believed that this loss can be de-
creased o8 the output power is reduced.

(9) Swicehing losses in the chopper tronsis-
tore, Tliis power loss Py is for curn on only,
glnee the current goes to #ero as capacitor charg-
ing 18 completed, and thly ocecurs before the
gquare wave voltage output from the chopper
chanpges sign. The current deawn through the tran-
sistor i ppproximately a half sine wave (positive
for ane transistor, negative for the other) with a
half period {in cach case of obout 3.5 mlcroseconds
(tpp = 7 see), The switehing loss was calculated
by susumlng & linear switehing deerease in voltoge
across the tranzistor from V4 teo zero in the
turn on time of the transistor 3¢, Integrating
these two together over ‘the transistor switching
time tr, and multiplying by the chopping Ere«
quency £ gives the power loss Py,

ﬁ2V i¥ /. :
gy w it ._L) ®
3 T

This switehing loss lg wnusual In that it does not
depend on the chopping frequency £, The reason
for this 18 that peak velue of the transistor cur-
rent wave shape with perded tpp 48 inversely
proportionszl te £ so that the factor deops out



in the final resule,

{10y swikching lowses in the CHVM diedes,
The diode swicching loss Py 1o neplipible,
pinee the switehing tise for turn on i substans
tially lese [or pood diodes than for crapslotors.
he vquation glven for Pry  io Table 1 Jw an
upper limit for the case of vere vise time on tho
dlode volts,

Table I llsts thede losues, the cquation
widch eharacterizes each losp, ond o ¢aleulated
value for each losg (Ffor an ocutput power of 100 W)
08 a percentage of the output power., Transistor
lossed made up about 60 percent of the total.
Second order effeets have not been included, since
the individual ‘ogpes are spall, The definltion
of symbols uses in the equations are ghewn In
Fable 1L, The values of the parapeters nceded for
the ealeulacions were either determined from o di-
recat laboratory measurement ot eolitained from the
manufactuver 's speeification, The values used are
piven in Table I1I, ‘Mhe values shown ove for com-
mereinlly available components, Further selection
or specinl davelopment of componentsd could bring
further reduction of losses or welght, This is
eapecially true of the copacitors, which mke wp
the bulk of the welght of the convercer,

With the above logsoes it is possible to write
an ovverall effleiency equotion as followst

PL

Pyov o e plﬂ

L]

- BT+

1f the experimental test model values are
used Lo the above equation, a value of Y94 pereent
is obtoined for the overall efficiency at an out-
put of 100 wates, The measured éfficiency of the
experimontol model checks closely with this figure,

EXFERIMENTAL RESULTS

Beepuse of the lower frequencies normally
uged in eonventional d.e.-d,e, converteérs, the re-
verse junction capacitance charging losses (Fa, By
Table 1) have little cffect on conversfon effi-
eciency, and arc not normally treated, Because the
CDWM converter operates at a higher frequency
(70 kHz) these losses do contribute to the total
loss of the system, Thercfore they wore experi-
aeontally verified by adding extra capacitance
deross the diodes andfor transistors to simulate
larger junction capacitance. ‘the results of thewse
measurements (Fig, 2) show that elficiency {8 re-
duced linearly with an inercase in capdeliteace,
wiileh demonstrates the importance of Jfosfghlng
with low junetion capacitance transizuets it
diodes,

The effeet of these losses Is Fuvther illus-
trated in Fig., 3 vhere eiftelency of the experi=
mental model I8 shown as a function of cutput
power for variouw cowbinatiens of junetion capocil-
tance and unlt capneitance (Cy) values, "The low-
est efficiencies vecur for high values of junction
capacitance and low values of Gy, The maximum
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value of efffcloncy was sbtained (about 95} Pore
cent) with o €y valuo of 4uF, Cy values vare
fcd dgrdng the tests from ILuyF to 4yF  with
welphto and efficiencles at 100 watts output vare
ving Trom o6 kpfWH at 86 percent to aboub 2 RpFRW
ac 95%-petuuut, redpectively, The transistor
bagse drive clycult loss (Py Toble 1) i not ine
cluded in thin flgsre, but on estimate indicatew
that *his less will lower the efficiencios by
about 1 pereent, The experimentsl data alvo in-
dicates thut the overall efficlensy remiine relae
cively constent ever o wide range of output power,
since thoe wfficlency varies only 2 percent botween
25 and 150 watts (cy = 4uF; top curve Fig, 3).
Beeause the woipht of the CIVM I strongly de-
pendent on the value of Cy, ond sinee the effi-
gleney increases with larcger values of Cy, 1t ie
possible to use these tradesffs to optimiee o
pystem for o particoelar application.

For o volue of €, of 2 microfarads the
capueitors €] to (y wmake up about two thirds
of the totol wolght, with the rest bednp due to
teanslistors, Jdiodes, and other componente. For
the case when €y 18 equal to 4 micesfarads, the
cuipacitor welght ls (ive sixths of the total,
Reducing the capocitance value €y reduces the
weight, but inercases the losses due to eapacitor
charging, Clearly, what 18 needed here 48 a
hipher energy density (lighter weight} capucitor,
#0 that it would be possible to keep the elffi-
ciency high with large values of €, without
paving a corresponding welght penalty,

SUMMARY OF HESULTS
An analycieal and experimental investigation
of a d,e,-d.c, converter using a capacitor-diode
voltage multipiier was made with the following
results,

L. Ten meprrace logses were fdentiffcd in
the COVM converter,

2, lLosses are o function of:
(1) Chopping frequency
(b} Copueitonce size (cu)
(=) Transistor junetion capacitance
{d} Diode junetion capocitance
(¢} Transistor forward voltage drop
(f) liode Forward voltage drop
(g} Transistor switching speed
{h) Mode switehing speed
{1} The numbexr of stages in the COHVM
() Output voltige and output current

(k) Chopper transistor base drive losses
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3, #t (60 percont) of the Lodses were in
the transistors,

4, The Junction capncitance chargiug from
varied linearly with the junction capaeitance.

5. It s possible te use the tradeofts to
obtuin an optimum aystew design for a given con-
verger applieation.

G. A better cumbinatien of weight and effi-
elency are available with veltage multiplier
dici~dies converters than wich prenently ovailable
converters.

7. Efficienecy im relotively insensicive to
output power, '

8, Most of the welght of the converter g in
the wultiplier capacitors,

Difficult design problems are not antieipated
when tha CDVM converter is extended to a power
processing eystems The input fileer desipn should
be straightforward and have a low component welght
due to the higher chopping frequency, and the out-
pit filtering should be minimal due to the filter~
ing action of the CDVM,
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TABLE 1, = LUSE BUURCES

Logs type

CUVH eapacicor charglng
loay

Divde ceverpe junciion
chavping loss

Transiscor revarse june~
tien charging loss

Divde Ferward conduetion
lopses

Transister forward con-
duction losses

Dlode reverse biaas d.e.
leakage losses

Transistor "of ™ d.c.
leakage losses

Tronsistor base drive
losy

Transistor switching
loases

blode switching losses

Total losses

Elficiency

18
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Formula for luss

2ufge + 1
ﬂ"__i.s)

ll
1 1210

2
Py AHCyVE

2
5 © BCpp¥yil

Py = Wppdy

95 = 2VTFN£L

Pg = 2VjL N

By = 2Vl oy

£, WV
Py LH d
Z 2
) q ViiL T
By = = Nig™=
1T

Pergent lods
W 10 Y

1,5

o

o

1.3

6.3%
94,32
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TABLE L, = DEFINITION OF SYMBOLS

reveree junctlon capscitance of
dlode, Assumed to be the same fer
ull dicdes, ¥

trondidter "off" junctlon capuci-
tance, Averuge value for the two
teansistors, ¥

unlt COVH capacliance (value for
eath coapaciter for case where
Gy »Cp =y o Cply ¥

COVM capaciters, ¥

frequeney, He

peverse leskage cuvrent of diodea ot
voltage 2V;

load eurrent, A

transistor "off" d.e. leakuge cur-
rewt, A

number of diodes {aloo veltage mul-
tiplication factor)

power loso due to COVM copneitor
charging losa

power loss due to reversg junctipn
capacitance charging of diodes

power loss due te transistor “off"
Junction eapacitanece charging

power lous due to forward diode cone
duction drops

¥y
g
Fy
PB
Fy

1o

Vor

power loos due to forward transipter cote
dugtion dyeps

power lops due to peverue biss loakage of
diodes

power luse due to transister “olf" d.¢,
leakage

teansiotor base drive power loss
rrangjotor swltehing lomo

diode pwitching losc

dlode conduction drop, V
transintor drive veltope, V
input voltage

traneistor avernge forwvard conduction drop,
v

chopper transistor current galn

diode switching time, wec

perled of diode current, see

pqriuu of tromeistor input curtent, dee

;funslﬁtuc turti on time, sec



TABLE 111, = PAKAMETER VALULG

Pardmeter

Cpgs divde reversp bjas junctiop eapacitonce
G, traneiscor "off" junctien capncitanco
VEF’ diode cunductlon drop

VTP' trapglster forwird conductivn Jrop
iT,ﬁFF’ teansister "off" leakuge current
Vye Etronsistor drive voltoge

4y chopper transistur current paln

tpy Cransistor tum on time

iy dlode guitching time

Ty peried of diode current

Type periad of cransistor fnput cucrent

N, nueber of capaciters pr diodes in CDVH
Vi, input voltoge

{, operating frequency

Yalue

i o¥

&0 p¥
1.0V

0,8 v

1.0 mA
14-15 ¥
i

.25 wsee
<f,1 wsee
2 ygee

7 usee

-]

130 v

70 kitz
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Figure 1. - Transformless capacitor diede voltage multiptier
DC - DC converter. Elther Vy; or Vo can be zero or
chosen arbitrarily within component ratings,
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Flgure 2, - Efficiency versus added capacity.
Output power, 60 watts, Cu-=1pF
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Figure. 3. - Efficlency versus output power, High capac-
ity diodes, 25 PF; low capacity diodes, 7 PF.
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