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W. T. Harrigill and 1. T. Myers

National Aeronautics and Space Administration
Lewis Research Center
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ABSTRACT

Voltage multiplier techniques were extended
at medium power levels to larger multiplication
ratios. A series of DC-DC converters were built,
with from 20 to 45 stages and with power levels up
to 100 watts. Maximum output voltages were about
10,000 volts.

INTRODUCTUION

Previous work (1-5) has proven that capacitor
diode voltage multiplier (CDVM) DC-DC conversion
with efficiencies up to 96 percent and at power
levels up to | kW is possible. The multiplication
factor, or ratio of DC output to DC input voltage
in this previous work was about 8 or 10. This
paper discusses the extension of this multiplica-
tion ratio for medium power multipliers, and ex-
plares large multiplication ratios in terms of
efficiency, weight, and operating characteristics.
Multipliers with twenty to forty-five stages were
examined both analytically and experimentally.
Emphasis was placed on high efficiency and light
weight. Some large multiplication ratio work has
already been reported in the literature (6-11).
However, the converters were of low power and effi-
clency was not of primary concern.

EQUATIONS FOR LOAD VOLTAGE DROOP,
OUTPUT RIPPLE, AND LOSSES

The voltage multiplier used was of the type
shown in figure 1. The multiplication ratio, at
low power, is approximately equal to the number of
stages. Each stage includes 2 capacitors and 2
diodes. Descriptions of the cransistor drive and
control circuits have previously been reported
(1-4) and will not be repeated here.

The output voltage was determined using tech-
niques previously described by Harrigill and Myers
(1=4), Brugler (12), and Borneman (13). The aver-
age value of the load voltage, Vi, is:

h(l)(l + 1)(28/3 + 1/12)
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STAR Category 20
P ST T I iR R e AR HA,q»_t = -

where

n number of multiplier stages
tL load current

f chopping frequency

Cc individual capacitor values

!Il imput voltage

For large values of s, the average output voltage,
within a few percent, can be written as:
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The first term, sV, is the no load volitage and may
be considered analogous to the internal voltage of
a generator. The second term, 21Ln-‘13fc, is the
load voltage droop due to capacitor charging losses
in the voltage multiplier

This seiries voltage drop in the voltage
multiplier gives rise to a power loss of 2s if/3fC.
In addition to the DC output voltage Vi, a ripple
voltage V, with a frequency of f is super-
imposed on the output. This ripple voltage has a
peak to peak value of

ll (s)(s + 1)

Vo " 770 3

For large multiplication ratios, the droop voltage,
which is a function of &7, is much larger than
the ripple voltage, which is a function of 8.

In addition to the capacitor charging loss,
there are other losses. See reference (2) and
tables I and II. Note that one loss is proportion-
al to if, several are proportional to i;, and
some are independent of iy This lu;ecaks that a
maximum efficlency exists at some load current.

In order to determine this point of maximum effi-
ciency, an expression for efficiency in terms of
iy, was formulated and its derviative with respect
to load current set equal to zero. The efficiency
1 is equal to
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For o well desfpned voltage mutliplier, the loput
cutrent is very nearly equal to the number of
gtages s  tinmcs the load current.

Thus
2
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where kl' k2 and k., ore constants defined by:
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where the symbels have been previously defined.

The iosdes given by s¥k, are independent of
lood curent, the losses glven by the Y%, term
{sVkplp) are proportienal to load current, and the
ky term louses (2&31E/3EG) are proportional to the
square of the load current. 'The efficleney n can
then be written in terms of Iy, kg, ky and 4y as

k)
el - - k2 kﬂiL (10}
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Soetting dn/di; = 0 glves
k1
i, (wox efffciency) =}/ == (11}
L k3
and
nmax =1+~ 2 klkS - k2 (12)

The trend Iin the efficiency versus load current
curve, and the variation in efficiency with the
wuimber of stages s, 18 shown in the experimental
results section.

OPTIMIZING THE NUMBER OF STAGES FOR A
GIVEN OUTPUT VOLTAGE

It is desirable to select the minimum size
(and weight) multiplier for a glven opplicstion.
The output voltage for o voltage mutliplier of the
type shown in figure 1 was given In equation (1)
ay

(s + 1}(2efd + l/lZ)ig

VL o gy = e

The value of capacitence C€ requlren For coch
poesitlen in the nultlplier is:

a(s + 1)(3s/3 + 1/12)1L
F{uV =~V

G e (133

L)

Nowmally, iy, and Vy are fixed by the lead, The
frequency E is alse fised or limited by stray
inductances or losses. ‘The number of skages s,
however, may be voried.

The tobal copscitence Gp I8

CT = dal, or {14
26% (s + 1) (20/3 + 1/12)8,
Cp © I (15)

One con now determine the optimum e by differcn-
tiokion of Gy with respect to s, ond sotting the
resultent expression equal to zero. From a Btvdct
mathematlcal stondpoint this is not possible, since
s occurs in discrete, iotegral values, For this
treatment, however, 8 will be considered continu-
ous, and the nearest iantegral value taken,
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If we take the case with large s

v

3
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Substituting into the éxpression for Cp, again
for the case of large &, pilves:

3
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2Ly
and the capacitonce per unlt stage is
2
C. vii
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Since the efficiency of the converter is LVi/L1; .V,
and the input current Ly very closely equal to

slr, for the minimum totsl capacitanee case the
ef%iclency fly 18
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EREERTMENTAL RESULTS

A serlus of Lurge mulkipllcakion rotle voltage
mwlolp ops wire built wsing 10 wlerofarad polyvi-
nylidone Eluoride capacltors ond fast switchilng
digdes, The Input wos 255 ¥ de, Switéhlng was
provided by npn transisters delven by swall pulse
teans formors. ‘The operotlopal porameteérs of the
multiplier are glven in toble 1IL.

Alteriote siveulk approachics could lhiave been
taken. For exomple, o bridge cireuit could hove
been used for the switching tronsistors, providing
double the veltoge oubpuc with the pame pumber of
stoges. However, this would tequlre & tronalators
instend 6f tws. No regulator was used, although
one coild have been incorporated., (See ref. 3},
The purpesc of this work wos to develop the tech-
nology of large multiplifecation vatio voltage multi-
plice power =ynplies for high power rf tubes; vepu-
lation; rlpple;, dynmmicés vesponso and other re-
quirements will depind upon the partlcular appli-
cabion luvelved,

Figure 2 plves the volbage chenge with load
for diffepent multfiplications, (25 stoges means
25 times wultiplication) Canleulated load véltogesn
are given by the solid lipes, Apreement between
caleulated and experimental vesulte are peen to be
reasonably good, Flgure 3 shows the elficlency as
o function of load with the ousber of wuleloller
stoges as a parsweter. As eéxpected, the cfficleney
decreases wlkh fnercasing number of stages, buk
st41l vemalns in the widdie and high 80 percent
rapge Lor reasonable capaeltor sizes. As can bo
seein From figure 3, 100 watts was near the peok in
the cEfieieney curve. For applications where some-
what lower effielenciecs could be tolerated, it
would be possible to operate the multlplier at
higher power with the soise capacltors. TIn gendral,
the ripple was swoll, of the ordew of one pereent,
due to the self Elltering action of the multiplicer
ciapacitors,

CONCLIS TONS

Medium power; high multiplication ratio velt-
age multiplicer DE-DE converiers were Lnvestignted,
The following results and concluslons werc obtained,

1. A series of copacitor diede voltage multli-
pliers with 20 to 45 stoges were bullk and evalu-
oted, A multiplier with 45 stages and 10,000 volts
output demonstrated 83 percent efficiency ac 100
wakts output power,

2. Experimental messurements plus analysis
indicates the efficiency of a gilven conflguvation
of voltage multlplier increases with power output,
goes through a maximum, and decreases at hlgher
power.

3, dhe puwer lavel corveapopding to the point
of maximun affleioney wey be varied by varyluyg tho
ameunt of capoeltance v the malitplie,

4, The afticiency decressen with Lncvedding
wusbor of multipliey stagos,

5, Mo fundomental limbes to higher sultipli-
catlons were found,

6. Large power high sultiplication rotle vele-
age multipliors con bo bullt, within componeint
Himitations,

7. Theerctical predictions of efficlency and
voltage cutput agree roasonsbily well with measurved
valves,
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TABLE I. - DEFINITION OF SYMBOLS

Cn. reverse junction capacitance of diode, F

c“ transistor "off" junction capacitance, F

C unit CDVM capacitance, F

f frequency, Hz

‘nl reverse leakage curren: of diodes, A

I.L load current, A

"'l'.off transistor "off" dc leakage current, A

[ number of stages

V“ diode conduction drop, V

Vd transistor drive voltage, V

‘V1 input voltage, V

v." transistor average forward conduction
drop, V

[ chopper transistor current gain

» diode switching time, sec

‘ID period of diode current, sec

1“ period of transistor input current, sec

t,r transistor turn on time, sec

B S e A . 3, R A o i i e B R -

TABLE I1. - LOSSES IN VOLTAGE MULTIPLIER
Loss type Formula for loss
Capacitor charging loss uf_.’fm:

Diode reverse junction

chargang loss Z-CD.\'EI
Transistor reverse junction 2

charging loss zc“v‘r
Diode forward conduction

losses I.VD’tL
Transistor forward conduc=

tion losses 4\!"le
Diode reverse blas dc

leakage losses W‘lml
Transistor "off" dc¢ lewk:

age losses IV‘IT.""
Transistor base drive loss nl..vd"“

2 -
Transistor switching losses (27 vl.ll.'”""rhl‘t)

2
2 =
Diode switching losses Cr V‘ll‘l”)(~n’ .m)

TABLE I1I. - EXPERIMENTAL PARAMETERS
Input voltage 255 v de
Output voltages 5000-11,000 Vv dec
Output power 30-120 W

Switching frequency 50 kHz




Figure 1. - Capacitor diode voltage multiplier.
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Figure 2. - Open loop voltage requlation of high multiplica-
tion woltage multipliers.
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Figure 3, - Efficiency of high multiplication woltage multi-

pliers.
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