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1.0 Abstract

The technical progress for the sixth quarter of activity (September 30,
1961 through December 31, 1961) on the study of "Voltage Regulation and Power
Stability in Unconventional Electrical Generator Systems"™ for the Bureau of
Naval Weapons is presented in this report. Test results are presented which
illustrate the control of fuel cell output voltage by varying the velocity
of mixtures of inert gas and reactant gas past the appropriate electrode.
Information is included showing typical dynamic characteristics of thermo-
electric and thermionic power sources. Design data giving weight, volume,
and efficiency of series regulating switching circuits and DC-DC and DC-AC
power transistor voltage converter circuits are presented. Weight versus
efficiency characteristics of various combinations of source voltage control
and external voltage converters are included. Weight data on minimum weight
complete systems incorporating voltage regulation and conversion are presented.
A laboratory model system consisting of a fuel cell and a DC-DC voltage con-
verter-regulator is described. Performance test results for this laboratory
model system are presented.



2.0 PURPOSE OF PROJECT

In recent years considerable attention has been given to the
development of unconventional energy conversion techniques. In
general, the effort has been devoted to development and improve-
ment of the energy conversion devices. Little attention has been
given to the system considerations of practical application of
these generating devices. Usually the problem of compatibility
of the dynamic characteristics of the device with the lead with
which it is to be used has been ignored. The possibility of
internal controi of source voltage has not been seriously con-
sidered.

During the same period great strides have been made in solid-state
device technology. Devices such as the silicon controlled rectifier
now make possible the development of static voltage regulation and
conversion circuits with much higher efficiency and reliability than
previously attainable. To date very little effort has been devoted
to the development of such circuits for use with unconventional
electrical power sources. Emphasis has been on applications in
more conventional fields such as aircraft electrical systems.

The purpose of this study is to investigate the system problems
connected with the use of static external voltage converters and
regulator and unconventional power sources; to determine the most
desirable systems to use; and to establish the performance char-
acteristics of these systems. The overall purpose is satisfied
by contributions from three areas of activity.

(a) Methods of internal control of electrical source voltage
are being determined and evaluated. In the process,
static and (ynamic behavior of the sources is being
determined.

(b) Optimum external voltage regulator and converter circuits
for use with unconventional power sources are being de-
termined and evaluated.

(¢) 9ystem performance characteristics are being determined
by a combination of the external voltage regulator and
converter characteristics with the characteristics of the
power sources. The resultant system characteristics will
allow selection of the optimum system for any given appli-
cation.



3.0 PROJECT ORGANIZATION AND PERSONNEL

In order to ensure maximum utilization of the General Electric
Company's technical resources, the work effort has been divided
among several departments. The overall responsibility and
technical coordination of the program rests with the Aircraft
Accessory Turbine Department (AATD) in Lynn, Massachusetts.

In addition AATD is directing the effort in the area of internal
voltage control of power sources. In conducting the effort on
internal source voltage control, AATD is obtaining the services
of sister departments such as the Power Tube Department in
Schenectady, New York, and company laboratories such as the
Research Laboratory and General Engineering Laboratory both

in Schenectady, New York.

The external voltage conversion and regulation portion of the
study is being performed primarily at the General Engineering
Laboratory (GEL) in Schenectady, New York, with the assistance
of the Electronics Laboratory in Syracuse, New York, and the
Specialty Control Department (SCD) in Waynesboro, Virginia.

The systems portion of the study involving the determination
of the system characteristics from the characteristics of the
power sources and external voltage regulators and converters
is being performed at AATD with the assistanse of SCD and the
General Engineering Laboratory.

This project is under the overall direction of Mr. C. C. Christianson
Project Engineer, Aircraft Accessory Turbine Department at the
Lynn River Works.

The principal contributors to the report are as follows:

Aircraft Accessory Turbine Department

C.C. Christianson
J.H. Russell

d.N. Shinn

M.D. Marvin

J.P. Dankese

Ceneral Engines Laborato
R.L. Maul

W.R. Oney
S. Battone

Electronics Laborato.

D.R. Paynter
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Technical Progress - Internal Voltage Control of Power Sources

Resume’

During the past reparting period the effoart in the power source ares
has been devoted to completing various portions of the study. For
example, the investigation of internal methods of fuel cell voltage
control was finished with completion of the investigation of the .
effect of various gas compositions and velocities past either the
hydrogen or oxygen electrode. Also the dynamic analysis of both
thermoelectric and thermionic converters was completed, In additionm,
the remaining performance data of the switching-series regulating
circuit was determined.,

Section lj.2 presents the results of an experimental investigation
concerned with the control of fuel cell ocutput voltage by means of
varying gas camposition (reactant plus inert) and gas velocity past
either the hydrogen or oxygen electrode. The results of the study
indicate that such a means of voltage control is feasible; however,
the reduction in fuel cell efficilency at partial loads as well as
the relatively slow transient response will limit the range of
applicability of this method of voltage control,

The results of a dynamic analysis of a typical thermoelectric
generator are presented in section L.3. The results indicate that
the effective DC internal resistance of a typical generatar is
approximately 1,35 times the ommic resistance. The apparent in-
crease in DC resistance is the result of junction temperature
variation with load. For electrical load disturbances of
frequencies greater than ,01 cps, the output impedance of the
generator becomes equal to the olmic resistance of the generator,

Section L.i presents the results of a dynamic analysis of a typical
vapor thermionic generator. In this case the effective DC internal
resistance is approximately four times that obtained from the
volt-ampere curve assuming constant temperature comditions, 1In
this case also, the apparent increase in DC resistance is due to
the variation in cathode, anode, and cesium reservoir temperature
with load. However, for electrical disturbance frequencies greater
than .01 cps, the output impedamte of the generator approaches that
obtained fram the slope of the volt-ampere curve for a constant
cathode, anode, and cesium reservoir temperature.

Section 4.5 presents additional weight versus efficiency data for
technique of voltage control by changing the number of sources in
series, In addition, information on volume and design limitations
is also presented. As indicated in previous reports, this technique
of source voltage control appears very desirable, since it has low
weight and high efficiency.



4,2 Fuel Cells

The theory of operation and steady state electrical characteristics
of the General Electric ion-exchange membrane fuel cell were presented
in progress reports 1 and 2, Preliminary dynamic electrical
characteristics have been measured and were presented in progress
reports 3 and 4, In addition, progress report 4 presented the
results of an experimental investigation of the feasibility of using
a grid between the electrodes of an ion-exchange membrane fuel cell
for purposes of controlling the output voltage of the cell. The
investigation of control of fuel cell output voltage has continued
and this report presents the results of an experimental study of
control of fuel cell output voltage by varying gas composition and
gas velocity at either the hydrogen or oxygen electrode,

4,2,1 Voltage Control by Changing the Gas Composition and Velocity Past
the Electrodes

4,2,1,1 Introduction

In the hope of obtaining possible advantages in low system weight
and volume, it was decided to evaluate "internal®™ fuel cell output
voltage control schemes. Internal voltage control schemes could
include their main parts in with each cell assembly in a compact
manner so as to affect the voltage output of the cell by modifying
some cell mechanism. The control grid investigation previously
reported is an example of the main control element being in the
membrane itself while the variation of gas velocity and composi-
tion past the electrodes is an example of affecting the mechanism
of the cell directly.

The objective of the experimental work included in this report was to
determine the feasibility of controlling the G.E. ion-sxchange
membrane fuel cell output voltage by varying the reactant velocity
and composition on both the hydrogen and oxygen electrode. The
concept was first presented in progress report no. 1 as indicated

by the following quotation:

"A second possible method of internal voltage control
involves controlling the percent of oxygen in the gas
supplied to the oxygen electrode, As the percent of
oxygen is reduced, the output voltage of the cell
reduces at any given current level. This is the result
of the lower partial pressure of oxygen at the electrode
and is increased if an inert gas blanket is formed in the
vicinity of the electrode. For example, in the case of a
fuel cell using air at the oxygen electrode, it is no
doubt possible to control output voltage by controlling
the air flow rate past the oxygen electrode, The
transient response of such a method would probably be slow
and the range of feasible control is not known, However,
it appears desirable to evaluate the feasibility of this
method of voltage control in much more detail. Such an
evaluation is planned."

-6 -



4,2,1,2

beo2.1.3

These considerations provided the basis for an experimental evaluation
of the inert gas concept.

A summary of the procedures used and the results of this experimeatal
work are presented in this report.

Summary and Conclusions

An experimental investigation designed to determine the feasibility
of controlling the output voltage of a General Electric ion-exchange
membrane fuel cell by varying the velocity and composition of the
gas supplied to both the hydrogen and oxygen electrodes has been
completed. The results of this investigation indicate that the
control of fuel cell output voltage by the variation of gas velocity
and composition past the electrodes is feasible. The range of
voltage control with air at the oxygen electrode or a 20% hydrogen -
80% nitrogen or carbon dioxide mixture at the hydrogen electrode

is from O volt to a voltage which is about 4% below the dead-ended
hydrogen-oxygen voltage level for a given external load. The
transient response rate for the hydrogen electrode is approximately
+28 volts/sec. while that for the oxygen electrode is about four
times this value., With proper design and increased transient
velocity, the response rates may be increased appreciably. Below

a certain velocity, the decrease in voltuge with decrease in
velocity is due to "starving® of the electrode while above it,

the decrease in voltage with decreased gas velocity is due to
decreased rates of diffusion of the reactive gas through a thin
liquid film on the catalyst surface.

There is no significant difference between the performance levels
with various inert gases (nitrogen, carbon dioxide, helium, and
argon),

The control of fuel cell output voltage by partial vacuum operation
of the hydrogen and oxygen sides is also possible, However, it
does not appear desirable due to the tendency for the electrodes

to drown and the slow response time.

Although the results of this investigation show the feasibility of
control of output fuel cell voltage by variation of gas velocity
past either electrode, the approach has some significant dis-
advantages. For example, this method is inherently inefficient
particularly at partial loads since it achieves voltage control by
increasing the cell losses. Thus, if efficiency is important, the
approach would not be satisfactory. An additional disadvantage is
the relatively slow transient response compared to usual electronic
means. These factors will seriously limit the range of applicability
of the gas velocity method of voltage control; however, use of the
technique in special applications is quite possible,

Experimental Procedure

The experimental results were obtained using a cell having a 4" x 4"
membrane of the phenolic type. The test setup was arranged such that
various gas compositions and velocities could be readily passed

-7 -



through the hydrogen and oxygen electrode fuel cell compartments,

A fixed resistance electrical load was maintained on the fuel cell
during the testing. Fuel cell output voltage and current were
measured at each steady-state value of gas composition and gas
velocity. The performance of the fuel cell was stable at all gas
velocity conditions. The test results are presented in the following
paragraphs and curves,

4,2,1.4 Results
Oxygen Electrode

The measured output voltages and currents for various gas compositions
and velocities past the oxygen electrode are shown by Figures 4,2-1
through 4,2-3, Figure 4,2-1 shows the behavior with variable velocity
airj Figure 4,2-2 shows the effect of a 50% oxygen - 50% nitrogen
mixtureg Figure 4,2-3 shows the behavior with 20% oxygen - 804 helium
mixture. In all cases, volt ampere lines for two velocities of 1004
oxygen past the oxygen electrode are included for reference. The 100%
oxygen, .0036 ft/sec. condition is that corresponding to normal
dead-ended operation of a hydrogen-oxygen cell, The higher velocity
(.037 ft/sec.) 100% oxygen condition yielded a higher cell performance
than true with dead-ended operation. The reasons and significance

of this result will be discussed later,

Although measurements were made only at a single resistive load
condition, estimated volt-ampere curves have been indicated on Figures
4,2-1 through 4,2-3. As shown, the output voltage decreases as the
gas velocity past the oxygen electrode decreases, with the output
voltage approaching zero at zero gas velocity.

The cell output voltage for a constant resistance external load is
shown as a function of gas velocity for various gas compositions

in Figures 4.2-4 through 4,2-6, The external load was .0342 ohm-ftz.
thus the corresponding cell current density can be obtained by dividing
the cell voltage by .0342. Figure 4,2-4 shows the cell voltage versus
gas velocity for several different gas compositions; Figure 4,2-5
shows the cell voltage versus gas velocity for several mixtures of
oxygen and nitrogen; and Figure 4,2-6 illustrates the cell voltage
versus gas velocity for several different mixtures of oxygen and
helium,

A quantity "R" has been defined as the ratio of the actual (A) oxygen
supplied to the cell at any given condition to the theoretical (T)

oxygen required by the fuel cell at the control point. The contrgl
point is a fuel cell output of about 0,806 volts and 23.5 amps/ft< and
approximately corresponds to the dead-ended 100% oxygen operation for the



fixed resistance load used. A value of R less than 1.0 indicates
the cell was being starved of oxygen, whereas a value greater than
1,0 indicates excess oxygen was available,

Figure 4,2-7 indicates the ratio "R" corresponding to various gas
velocities and compositions for the test conditions involved.
Figure 4,2-7a shows the gas velocity required to maintain an R of ,
1,0 for various percentages of oxygen in the feed gas for the test
points involved. Figure 4,2-7b shows the average pressure and
percent of oxygen in the oxygen electrode compartment for the test
conditions involved. The average was obtained by averaging

the inlet and outlet gas conditions.

Hydrogen Elegtrode

Tests similar to those conducted on the oxygen side were performed
for the hydrogen side. Mixtures of hydrogen and the inert gases

of nitrogen, helium, carbon dioxide, and argon were studied, The
resultant estimated volt.ampere curves for various gas compositions
and velocities are shown in Figures 4.2-8 and 4.2-11, 1In all cases,
volt.ampere lines for two velocities of 100% hydrogen past the
hydrogen elestrode are included for reference. The 100§ hydrogen,
.00% ft/see. condition is that corresponding to the normal dead-
ended operation of a hydrogen-oxygen fuel cell.

The cell output voltage for a constant resistance external load is

shown as a function of gas velocity for various gas compositions

in Figures 4.,2-12 through 4.2-.15. In this case, the external load

corresponded to ,0428 ohm-ft<, thus the cell current density can be
obtained by dividing the cell voltage by .0428,

As 13 the case of the oxygen electrode, a quantity "R® has been
defined as the ratio of the astual (A) hydrogen supplied to the

cell at any given condition to the theoretical (T) hydrogen required
by the fuel cell at the control point. In this case, the sontrol
point is a fuel cell output of .722 volts and 16.8 amps/ft< and
approximately corresponds to the dead-ended 100§ hydrogen-oxygen
operation for the fixed resistance load used. The tests involving
the hydrogen electrode were run at a slightly different temperature
and external resistance load than were the oxygen electrode tests.

Figure 4.2-16 shows the ratio "R® corresponding to various gas
velocities and compositions for the test points involved, Migure
4,2-16a shows the gas velocity required to maintain an R of 1.0 for
various percentages of oxygen in the feed gas for the test points used.
Figure 4.2-16b shows the average pressure and percent of hydrogen in
the hydrogen electrode compartment for the test conditions involved,.

Transient Response r;.

The fuel cell fixture used in the experiments was not designed
primarily for obtaining fast transient response; however, am indiqation
of the transient response capability eould be obtained, The transient
response time was obtained by reducing the velocity of a partiecular
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feed gas composition so that t%e cell performance decreased to
about 0,40 volt and 18 amps/ft¢ from an initial value of ,728

volt and 16.8 amps/ft< for a constant resistance external load,
The gas velocity was then increased to the original value (.06 ft/
sec.) and voltage rise with time recorded. In the case of the
hydrogen electrode, the resultant rate of change of voltage was
about 0,28 volts/sec. up to a value of 90% of the final voltage.
For the oxygen electrode the rate of change of voltage was
approximately 0.07 volts/sec. Approximately five additional
seconds were required for the voltage to go from 90% to the final
voltage.

Vaguum ration

The possibility of control of the output voltage by operating

the cell hydrogen and oxygen pressures at pac-tial vacuums was

also investigated, Cperation at two different load conditions

was studied, In both cases, a reduction in output voltage of 15 to
20% was accomplished in changing the gas pressures from atmospheric
to vacuum of approximately 5 inches of mercury. The amount of
voltage reduction was a function of time spent at a point as well
as the magnitude of the vacuum. However, a further increase in
vacuum beyond 5 inches of mercury resulted in a severe and rapid
decrease in cell performance to a low level., When the hydrogen

and oxygen pressures ware returned back to zero vacuum, the cell
voltages and currents returned back to those corresponding to the
original dead-ended condition. There was a small overshoot and a
settling time of approximately four minutes,

4.,2,1.5 Discussion of Results

Effect of Gas Velocity Upon Cutput Voltage

The results show the output voltage of the fuel cell can be controlled
bv varylng the gas velocity of a reactant-inert gas mixture past
either electrode. For gas velocities such that the value of "R® is
less than 1,0, the decrease in cell performance was mainly by starving
the electrode of reactant., At gas velocities where the value of "R*
is greater than 1.0, the change in cell performance is due primarily
to the change in rates of diffusion of reactant to the catalyst
surface due to & change in the thickness of the thin liquid film on
the catalyst surface. Calculations indicate that the thin liquid

film on the catalyst surface is the primary reactant diffusion
barrier. Increasing the gas velocity past the electrode surface

tends to decrease the thickness of this liquid film, thus allowing
greater diffusion of reactant to the catalyst which results in

greater cell output. This is also the explanation for improved
performance in those cases where the undiluted reactant is passed by
the electrode at a finite velocity.

The results also show that a performance nearly equal to that of a
dead-ended hydrogen-oxygen cell could be obtained even with mixtures
of reactant and inert gas providing the velocity past the electrode
is sufficiently high,



Effect of Gas Composition upon Output Voltage

At any given gas velocity, decreasing the percentage of reactant
(hydrogen or oxygen) in the gas mixture decreases the output
voltage of the cell. Thus, in order to maintain the same output
performance the gas velocity past the electrodes would have to be
increased., This, of course, is as expected since the total
quantity of reactant per unit time supplied to the electrode is
the important item, and not the total quantity of gas.

Effect of Type of Inert upon Output Voltage

The type of inert in the gas mixture had little effect upon the
output of the cell. This 1s to be expected since the rate of
diffusion of the reactant is primarily dependent upon the partial
pressure of reactant, the catalyst liquid film thickness, and the
diffusion coefficient of the reactant in the liquid film,

Transient Response Time

The response rate of approximately 0,28 volts/sec. for the hydrogen
electrode and .07 volts/sec. for the oxygen electrode is slow, but
would be acceptable in some applications where electrical load
changes are slow and voltage response is not critical, With proper
electrode gas compartment design and greater transient gas velocitles,
a faster voltage response should be possible; however, the ultimate
response capability is not presently known,

Effect of Vacuum Operation Upon Cutput Voltage

As indicated in the results, experimental control of the output
voltage by means of vacuum operation was not very satisfactory.
Response rates were slow and beyond vacuums of approximately 5" Hg
output deteriorated to a low value. A reasonable explanation for the
cell behavior is that the electrodes progressively drowned in the
vacuum range. The action of the vacuum was to draw membrane water
up the capillaries of the catalyst soc that a progressively

thicker layer of water formed on the surface of the catalyst. When
the pressure was returned to atmospheric the water was forced back
into the capillaries and returned the membrane to the original
equilibrium conditions as is indicated by the return to the original
performance levels,
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Thermoelectrics

The thermoelectric generator studies for this program have centered
around the investigation of static and dynamic characteristics and
means of internal voltage regulation. In Progress Report No. 3
themmoelectric theory was briefly summarized and relations were
presented for efficiency, terminal voltage, and junction temperatures
as a function of current density in the thermoelectric arms, The
analysis included the practical effects of heat source-hot junction
and cold junction-heat sink thermal resistances. In Progress Report
No. 5 possible means of internal voltage regulation were discussed
and the steady state characteristics for such regulation were pre-
sented.

During the rresent reporting period the dynamic analysis of a thermo-
electric generator was campleted, The investigation has been carried

out in two steps, First the high frequency (10 to 10,000 CPS) character-
istics of a couple were measured on a test couple. The results rerorted
in Progress Report No, 5 indicate insignificant dynamic effects in this
frequency range. Next the low frequency (up to 10 CPS) characteristics
were determined analytically. The method of analysis and typical
numerical results are presented in this report.

Dynamic Characteristics

The dynamic characteristics of the thermoelectric generator are needed
in voltage regulation studies in order to 1) design a generator-external
regulator with minimum coupling problems, and 2) evaluate internal
voltage regulation means. The characteristic of primary interest is
the dynamic impedance of the generator. In a practical generator,
dynamic effects will occur because the thermal impedance of the couples
varies as the electrical load is varied. With finite source and sink
thermal resistances, the variation in couple thermal impedance will
cause a change in the junction temperatures producing a corresponding
change in the open circuit voltage. Increasing the load current lowers
the couple thermal impedance causing the open circuit voltage to drop.
Hence the generator arrears to have a higher I'C internal resistance
than that of the couples themselves because of the effects of the
source and sink thermal resistances, This effect is shown in Progress
Report No. 3 where the steady state characteristics of a generator

with finite source and sink thermal resistances are shown. When the
electrical load is varied in an oscillatory manner, the junction
temperatures will tend to vary correspondingly. As the frequency

is increased, the amplitude of the Jjunction temperature variations
will diminish because of the thermal inertia of the thermoelectric
elements and the electrical and thermal conductors. At high fre-
nuencies the generator resistance ~#ill approach the DC resistance

of the couples. The expected dynamic impedance of the generator

thus is a3 lag-lead characteristic with time constants of the order

of several seconds caused bv thermal effects,
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Analytical Approach

A lumped parameter, linearized analysis was used in studying the dynamic
characteristics, By careful selection of the analytical model, this
means of analysis can provide results with the desired accuracy and
with relatively simple expressions for ease of later manipulations.

The analytical model used is shown in Figure 4.3-1B and a schematic

of the typical generator which it represents is shown in Figure L.3-1A,
Only a single couple is shown; with similar thermoelectric properties
the n and p elements behave identically except that current flow and
polarities are opposite. For the themmal circuit then the elements

are considered to be in parallel. In the analytical model the thermo-
electric element mass is assumed to be concentrated midway between the
Junctions, and the conductors and additional hardware masses are assumed
to be concentrated at the respective junctions with the thermoelectric
element, Considering the thermoelectric mass is concentrated midway
between the junctions was believed to be the most severe assumption

in this model 8o an analysis was also made using a distributed parameter
model, Figure L.3-1C, of the thermoelectric element to check the
adequacy of the lumped parameter analysis. These results and the
comparison of distributed parameter analysis with the lumped

parameter analysis are also presented hereirn,

In both the distributed and lumped parameter analyses, the analytical
results are presented in a partially reduced block diagram form. The
final reduction is made in numerical form; the method is illustrated
with the numerical example,

Lumped Parameter Analysis

The analysis was made considering the performance of a single couple;
the dynamic characteristics of the penerator would differ fram those
of a couple only because of edge effects,
Nomenclature used in the analysis is as follows:

Ce - specific heat, cold conductars and radiator

specific heat, thermoelectric element

(2]
[ )
[}

Q
=
)

specific heat, hot conductors and container

[
[}

electrical current

thermal conductance, junctions to element centers

&

thermal conductance, cold junction to sink
’

Kg - thermal conductance, hot junction to heat source
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M. - mass, cold conductors and radiator for couple
Me - mass, thermoelectric elements (n & p)
Mp - mass, hot conductors and container for couple
Qc - Peltier heat flow at cold junction
Qn - Peltier heat flow at hot junction
Qj - Joule heat in element
Qo - heat flow, cold junction to sink
Qs - heat flow, source to hot junction
Q -~ heat conducf;ed. into element at hot junction
Q2 ~ heat conducted from element at ccld junction
R « courle electrical resistance
- Seebeck coefficient
s = Laplace operator
Te = cold Junction terperature
Te - element temperatures, lumred mass
Typ = hot junction terrerature
T. - sink *emperature
s ~ source termperature
V = terminal voltage
‘“he properties of all materials are assumed constant and the thermo-
electric properties of the n and p elements are assumed the same
except for the polarity of the Seebeck coefficient,
From consideration of Figure L.3-2 the required relations for the

analysis can be written, These relations and the corresponding
relations in incremental linearized form are as follows:

-3 -



Basic Bquations Incremental, Iinearized Form

Qs * Kg (Tg - Th) AQy =Ky (ATg = ATy)

Qs = Q) +5TpI + CpMeTy,  AQy = AQ + ST,AI + SIAT, + CyMsATy
Q =K (Th = %) AQ =K, (AT, - AT,)

Q + I2R = Qp + CgMe8Tq  AQy + 2IRAI = AQy *+ Colg8AT,

Q =K, (T - T¢) AQy = K, (ATq - AT¢)

Q2 + STeI = Q, + CM0T, AQp + STeAI + SIAT, = AQy *+ CMBAT,
Q = Ko (T = T,) AQy = Ko (AT, = ATy)

VeS(H-T) -R1I AV =8(AT), = AT,) = RAI

The final relation shows the terminal voltage to be equal to the open
circuit voltage minus the generatar IR drop., These equations when
combined to give the transfer function fram AI to AV yield the

desired result, the dynamic impedance.

The above equations were solved a combination of block diagram and
algebraic mamipulations. Figure L.3-3 shows the initial block diagram
of the equations. After partial reduction the dlock diagram, which will
be useful later in the distributed paramster analysis, appears as shown
in Figure L.3-4 vhere:

1 1

ST o % rv s
[
o, » Ko Cos o = 2 (2 +3)
S K, T+ Te)
. 2 J2IR 1
a3 3 % “ 1y T+ vy
and
t, .o . D
R AN T SR o
and



After considerable manipulation the final form of the block diagram
is outlined as shown in Figure L.3-5 where the following definitions
are used far the parameters:

KgB Kok
Gy = 'i‘ Gi3 =¥
KoG KgG1
612 = !"GL; ST 3o
G164,
2 =AB - '('6;3‘5 GZO = 011013 - Gl?Glh

1 G1GY,
HereA-K3+SI+U§ and B-KO-SI+62¢-G§—

From this point the dynamic impedance is obtained by numerical
solution after the values for the parameters of the generator of
interest are substituted in the block diagram, Figure L.3-5.

Numerical Results for a @cal Generator

The generator used far these numerical results was described in
Progress Report No, 3. Briefly it utilized combustion gases as the
heat source and rejects heat by means of a free convection air
radiator., The thermoelectric elements are placed in a hermetically
sealed module and arranged as shown schematically in Figure L.3-1A.
The mmerical values for the constants needed in this amalysis are
listed below:

CoM. # L.L2 watt-sec/oK R = 0,0276 ohms

CeMe ™ 0362 wattesec/°K S = 0,489 x 10~3 volts/ok
ChMy = 0.622 watt-sec/X Te = LLO°K

I =3, anps T, = 866%K

Ko = 0,021l watts/oK To = 3L6°K

K, = 0.058 watts/°K T, = 2200°K

Kg ™ 0,00L37 watts/°K

The constants are for a single couple. Values for I, Tp, and T, are
the nominal values about which the increments occur; these represent
the design point which is approximeted the maximum efficiency roint
as described in Progress Report No. 3,
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These constants were used to calculate the parameters shown in the
block disgram, Figure L.3-5. Figure .3-6 shows the block diagram
after the numerical substitution, "In this substitution and H
are approximations determined from Bode plots of H, and circults
as shown in Figure L.3-5. The feedback paths Tps and t.s (Figure
4e3=5) virtually eliminste the dynamics of the forward paths and
therefore produce transfer functions with a single lag. An exact
calculation revealed that the approximations were quite good, These
values of and Hy were used in calculating the numerical values
of H3, Hh,“hi and Hg which are shown in Figure L.3-6. In order to
keep the problem from getting unreasonably complex, additional
approximations were made for H3, H), Hg and Hg. In evaluating H3,
Bode plots showed

1 1

-4

u’ 2 0039!)(1 + 198-)F 0.39h
00265 .(1 + 8.98)—2 (1 + 9.]‘3)—2 (1 + 6!18) 3077(1 + 363) - m

H3 -

iy = o.z%g

both to be good approximations. Similar appu'oxi;natiom were made far
Hh and are as follows:

1 1
A = (1 + 6Ls) 0,118(1 + 19s)2 - 0.118
0.867 (1 + B8,98)2 (1 + 9.hs)2 (1 + 368) 1.15(1 + 6is) - (1 + 36s)
and
Hll = 0: 0

Approximations made for H5 and Hg are as follows:

.1- 0,160(1 + 19s) - 0.8L0(1 + 6,58)(1 + 118)(1 + 66s)
Bl oW TES0 s T &) | (L ¢ E.9)(1 * 5.5e)(1 + Bis)

Hg = 0,839
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Ho =1 -7 +38.9

0,649(1 + 198)

‘ (1 + 102s
% =0 gy

The lead and lag time constants in both G

8)(1 + 9.us)(1 + 36s)

o 00360(1 ¢ 8,us)(1 ¢ 108)(1 + 1028

1 +8,98)(1 +9.,4s)(1 + 368

and G (Figure L.3=5) are so

close to each other that they contribute Iittle Synamics and thus were

assumed as simple gain terms.

W th these approximations the block diagram

is easily reduced to the final formm in the following manner:

Al

7545

5433

s

B )

0276
0.295
0.8

Ty »

B Hs 0.489 x 10'11

0.970 0.351(1 + 102s)

4
H), He
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At this point the denaminator of Hy was assumed equal to the denaminator
of H3 and after further combination the block diagram becames:

a1 00276 —o- *o LN
- + - f
0,010(1 + 7hs) | 0.121x 10~3
(1 + Los)(1 + 728) (1 + Li0s)
K |
AT,

0,171 _10~3 (1+102s)
(1 + 725)(1 + LOe) |

:

N

The feed forward term, H7, was then approximated by:

0,010
(1 + LOs)

and the resultant block diagram becames:



AT (amp) L - + . AV (volts)
0.036 ot | * T
0,121
+
AT 0,171(1 + 102s
(ox) + Tes)(1 +
o)
ar, (°x)

In terms of current density, J = I/a, the electrical dynamic impedance

is:

Al

T (anp/cm?) 00688 &_}%.} AV (volts)
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Distributed Parameter Analysis

This analysis considers heat storage and Joule heating to occur
continuously along thermoelectric elements. The conductors are
assumed to be point storage elements, Differential equations are
written for a differential length along the thermoelectric elements
as shown in Figure L.3-7A and the solution of these equations pro-
vidoa distributed parameter analytical expressions for the parameters
3 G), and Gg of Figure L.3-4 and for G3 and G¢ which appears in
Gh and Ges From this point the analysis proceeds just as described
above except that appropriate numerical values are used for the
distributed parameter terms. A comparison of the dynamic impedances
calculated by the two methods was made to determine the adequacy of
the lumped parameter analysis and is presented in the next section.

The thermal circuit for the differential length of the thermoelectric
elements is shown in Figure l.3-7B where dKg = kea/dx, d(CeMy) =
Ceweaesdx, and d(I2R) = I2Vdx/a. In the above expressions k is the
material thermal conduetivity, w the material density, and A the
resistivity, Summation of heat flow at the node "“a"™ provides one
relation:

(1) -%-g-c.n-é-‘r--ﬁe-

ot s

and an expression for temperature change along the element provides
the second relation:

(2) ‘5;";9.'

Next equation (2) was operated on with _ and substituted in equation
(1) to get: ax

2y 9T 12
) A -Fh-ur

Taking 0/9 x of equation (1) and 9/dt of equation (2) and cambining
the resulting equations gives:

(L) dzq cw _d_{

Equations (3) and (L) are linearised to give:

(5) g2ar | 1 -
dx2 & dt kel

ol -



and:

249 1 g4aq
© ST

where:

Since the response for sinusoidal oscillation is desired, the
following definitions are made:

AT = aTed%Y AQ =0 Qed WY, and 4T = aTeIW?E

Substitution into equations (5) and (6) yields:

(1) (D"’-J})Ar--%ﬁlm

CINCES SISELINNERFS

General solutions to equations (7) and (8) are:
- Ax -8x

() BT=Cyef%ec,e 034541

(10) 4Q = ¢, % . o, e=A%

where ﬁ'/:’d—w and 5-35%—

Here Cy, C2, and C3 and C), are integration constants, 7Two of these
can be eliminated gy substituting equations (9) and (10) into one
of the ariginal equations, equation (2) for example, to get:

(11) Cl'-%’- and cz-%;g-pn

C3 and C), are now evaluated by applying boundary conditions in
terms of the independent variables AQ, and ATc (these can be
seen to be input quantities fram Figure L.3<4). Thus:

-2 -



at x =0, AQ = AQ (x = O at hot junctions)
x=L, AT = AT,

Substituting these conditions into equations (9) and (10) gives:

B4 .
03 d AQ].G -O‘ATC ﬁ
(e A‘ + g-ﬂj )

aqe?t +ca1, -
e Y A T

Bquations (9) and (10) with the above definitions for the integration
constants are the general expressions for 4 Q and AT and are now used
to determine the dependent variables AT, and AQp. Applying the con-
ditions that:

AT = AT at x = 0

AQ=A8QQatx = L
the results of the distributed parameter analysis are:
(11) AQ = G14Q + 0,A4T, + G3LI
(12) ATy = LT, + GsAQ * Ggl. I

where:
G, = 1 - 1
1 Foeh AL % * Sen AT
G, = 4 tanh 84 Gg = tanh 3
e & tanh/3< - ’ 1
0 = % = 27\ - sk AT )

-L3 -



These constants are more convenient to use in the numerical reduction
which 18 to follow if the hyperbolic functions are in the following
form of factored infinite series:

- = 1
01 Gh (1+t3)(1+£’_’_)<1+§g£).-(1+ tn’)oo

| 8 CoMe r
vhere: L=37 % Tn" (e

n=0,1, 2, 3 ¢+ ¢ 00

C.H.'(l"%gxl 0&2). o o o (1 + t-.)
02-(1,,(3)(1 +§§8-)(1 +tz!). e o (1 + Tps)

tn " Tom)?

nel, 2,3 ¢ ¢ 00

am(1+52) 1+ 2). o v L)
03-(1¢tc)(1¢_t.9,£)(1 *%’-) ce (14 Tpe)

-2 (B g - vt
KRR DR

o (1o hE) R ot

%" (1+ ta)(l *%!)(1 *%!)' + (1 + Tpe)
- T
%o (kn)?2

n-l,z’jooo“



In arriving at this reduction it must be recognized that:
R = -Lf_ and ke * 2 ‘.‘Z‘.

Also the Laplace operator, s, has been substituted far jw.

Further evaluation of constants yields:

Qn‘&nl

K0
012'5251;‘

| I3
G13"1'5"'

Ks Gy
Gy, = BT

Gy Oy
where D =J§ -'('6'5)—2
and é"K,+SI¢é5-

G
8-x°-sx+02+°%§£

It was found convendent to analytically evalmte the parameters
below befare numerical substitution is made.

G20 Ko Xo
81 " "k, -SI + ¢ cotniL
620 K' K

8
8 "% "G ST+ Footh Al

- 4S -



Bz O
"

At this point the analytical analysis was ended and the final reduction
was done in numerical form.
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Mumerical Results for Distributed Parameter Analysis

The first step in obtaining a numerical value far the dynamic impedance
from the distributed parameter analysis is to evaluate the transfer
functions On, Gg, H3, Hy, Hg and Hg (Pigure L.3-6). In order to
evaluate Hy and H)’, H] and Hp respectively must be evaluated first

(see Figure L.3-5).

— | G20 620, Ks
By ® - 3 B3 X # ST +cothal
th'

The block diagram is rearranged to:

+ x'

- Ks "sr v

(Ths + f; coth £4

As wvas shown in the previous section, the hyperbolic temm is character-
ised by an infinite mmber of factors or time constants. Both terms
in the feedback block are shown in a Bode plot, Figure L4.3-8, which
was used to arrive at a simplifying approximation for the feedback
block. A criterion was used that is cammon in control wark; i.e.,
when the spread between two terms om a Bode plot is greater than

20 db (10 to 1), the smaller term can be neglected. From Figure
L.3-8 it can be seen that when this criterion is used only two lead
and two lag factors of the hyperbolic term nsed be considered. With
this assumption the combined Peedback terms, H, appear as shown
below:

B = O— 0.724

H

2,5(1 + 698)(1 + 3.28)(1 + .858)
(1 + 3.6s)(1 + .91s)

- L7 -



The general solutieon for this diagram is:

g
I+m

where O is the feed-forward term and H is the feedback term. The above
20 db eriterion again was applied to this reduction. This can be
accomplished by camparing the magnitude of GH with unity on a Bede plot.
Pigure 4,3<9 is a sketch of the plot which shows that only the first
lead term in the feedback block is of sigmificance. H3 at this paint
then appears as:

- J2

| 2.45(1 + 69s)

vhich is readily reduced to:

As was described above, a Bode plot of CH was made to determine the
significant time comstants. Although the plot (Pigure L.3-10) showed
two lags to approximately at the 20 db down point, they were retained.
After this approximation the block diagram for H3 in numerical form
appears as:

+

0.265
* T+ 57

O,
11+

- L8 -



which is readily reduced tos

Ho = 0.25‘1*66.;
3 + 0(s + 308

The transfer function H was evaluated in a very similar manner and

became:
0.97(1
, = T e

The tramsfer functions H; and were evaluated using the 20 db spresd
criterion. Although they have feed-foarward paths, the technique far
evaluating them is very similar to that above.

c

i - G
-

D

‘_’%%2_

Figure L.3-11 is a Bode plot of the feed-foarward paths C and D fram
which it can be seen that anly a single lag term is of significance.
The block diagram form of Hg 1s then:

L

0.161

which reduces to:
0.,839(1 + 7
o = ’(a‘&'fml +
Similarly 56 was found to be:
0,351(1 + 126s
Rg = 1 + USs

The same technique was used to evaluate Gy.

o - R - gy = 710 - g

L9 -



and thus:

(1 + h.&;
Gy =755 1+ 3.6s

The lead and lag time constants here are sufficiently close that a
good appraximation is:

Gp = 75.5

In evaluating G, at least S lead and lag terms would have to be retained
from the infinile series representation if the 20 db spread criterion
were used. Since these dynamics reduce the value of G, by only 30% at
higher frequencies and since the farward-feed path which contains G¢ is
only 10% of the parallel path (containing Gp; see block diagram below),
neglecting these dynamics causes little error, With this approximation:

Gc ® - 5030

The block diagram in numerical form for the distributed parameter analysis
now appears as:

R
= | 0.0276 ! . ’ﬁ‘“
| | " ' .
Gh 63 Gj
- | e )
| ¢2 1 + 668 .8 1 + -
7505 ‘-’T_' LG L1 39(* 79s h
ar ' " s
8 . em—————. @
ohe9 X
-7 | 10-3 T'J
Oe G), Gg D
———1-5.30 Lﬁ»—t%;% .351(1 + ?8’2"
ar,

- 50 =



which becomes:

- + + Av
al - 0276 o

¢ ——— st e o=

)

]
+
]
Ve
-

«010(1 + 83s)
+87s 1+

0121(1 + 79s;‘|
+87s +3ts
a
Ts i i
«171(1 + 128s
8 +3Cs

AT,
and by simplifying the dynamic feed-forward path to:
«010
T + 38s)

the electrical dynamic impedance is:

A1 (amp) L0376 & : 28:; AV (volts)

or in terms of current density, J,

AJ _(a.mg[cmzt ‘ 00688 (1 : ?Psi AV (volts)
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Lhe3sle2 Results and Conclusions

Block diagrams showing transfer function characteristics of a typical
thermoelectric couple are shown in Figure L.3-12 based on both a lumped
parameter and a distributed parameter analysis, From these it can be
seen that the lumped parameter results differ very little from the
distributed parameter results. Hence, the lumped parameter analysis
can be used with good results for detemining the dynamic impedance

of generators which have the general characteristics of the example
generator.

The general block diagram for a thermoelectric couple is given in
Pigure L.3-5. Final solution for a particular problem is obtained

by numerical reduction of this diagram. Definitions of the parameters
are listed in the "Lumped Parameter Analysis" section.

It is often convenient to represent the electrical dynamic impedance
by means of an equivalent electrical circuit., Figure 4.3-13 shows

an equivalent electrical circuit based on the lumped parameter results
of Figure L.3-12, This circuit represents the characteristics of a
single couple. Thermoelectric generators characteristically have all
the couples thermally in parallel, The dynamic characteristics of a
generator would then differ fram those of a single couple only by the
DC gain of the transfer function; the gain bscames a multiple (the
number of couples) of the gain for a single couple, The thermal time
constants are not altered by the number of couples considered,

The results show a lead lag characteristic with a DC resistance equal
to that shown in Progress Report No. 3 when the effects of source and
sink thermal resistances are included., At high frequencies the im-
pedance approaches the DC resistance of the couple itself. The lag
and lead time constants are so large (LO sec. and 30 sec. respectively)
that they are expected to contribute negligible interaction problems
with an external voltage regulator or inverter. The time constants
also indicate the crder of magnitude of response that can be expected
if voltage regulation is accamplished by cantrol of junction tempera-
tures,
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Al

Block Diagram in Final Form

-7 -

3 w,'_av
- + +
b Gh . 3 Hl ] -
01201),F7 _] Gy),Ho
4% | (620)2 20
1
By | Gy
|_(G0)2 | S0
—--—1 ’ * -
_l 6 E :
ATO thl
Hl a2 - —— %"o
4+ 620
Hy ® -:ﬁ‘*——* o
|
L——-‘, tca
Figure L.3-5
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2 .
. 6 -
A% (amp/cn®) 0,00688 (1 + 29s ) *o AV (volts)

(1 +40s) [ ¥

A = Area of Thermoglectric 0,121 0,171(1 + 1028)
Element in Cﬂs {1 + L0s) 1 + 728)(1440s
ATy (°K) ATy °x)

a. Lumped Parameter

, |
I _(amp/cm” '
Qs cB___ 10.00688 (1 + 28 3 ‘I

@V volts)

]

o,lgl §1+128!}
14878)(1+38s

1l + 38s
0,121 (1+79s
1+87s)(1+38s
A = Area of Thermoglectric
Element in CH! AT, (°x)

b, Distributed Parameter

Fig. 4.3-12, Block Diagram Results for A Typic
-6l -

AT, (9K)

81 Thermoelectric Couple



- o —

22,1 x 10°A
0,00505 \
A
AN\ 1 (Amps)
. _
A = Area of mer::sloetric
Element in
0,00}8}
A

Fig. 4.3-13 Equivalent Circuit for Electrical Dynamic Impedance of
a Thermoelectric Couple
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Thermionics

During the present reporting period an analysis was performed to
determine the dynamic characteristics of the thermionic converter.

In the analysis a vapor type converter was considered in a typical
space application where heat is supplied by means of a solar collector
and is rejected by radiation to space. The analytical results are
summarized below and a numerical example of a typical converter is
presented. Although the analysis considers a space system the re-
sults can be applied to other systems with little modification.

4.4.1 Dynamic Characteristics

The dynamic characteristics of an electrical power source are of
interest to both the power source designer and the electrical system
designer. The AC output impedance of the power source, in this case
the thermionic converter, is of particular interest since it is often
different from the DC resistance. Dynamic effects could be caused by
a) delay or lag phenomena within the converter and b) source to
cathode and anode and cesium reservoir to sink thermal resistances.
In Progress Report No. 5 the dynamics of the converter itself (with
constant temperatures) were discussed and the conclusion was made that
they are negligible in the frequency spectrum of interest. The prin-
cipal cause of dynamics therefore, is expected to be the effects of
the source and sink thermal resistances. If these are significant
they will allow the cathode, anode and cesium reservoir temperatures
to change as the converter thermal impedance is changed by varying
the load current. These three temperatures affect the output voltage
of the converter and thus variations in them produce dynamic effects.
At low current osci.lation frequencies these temperatures can vary
but at high frequencies the thermal inertia of the cathode, anode,
and cesium reservoir will cause them to remain essentially constant.
Hence the converter will operate on one volt-ampere curve at DC and
low frequencies but will shift to another at high frequencies. The
analysis presented below illustrates how the source and sink thermal
resistances can cause dynamic effects and the numerical example shows
the order of magnitude of *he effects that can he expected for most
systems.



Analysis

1.

A lumped parameter linearized analysis was used to determine the
dynamic characteristics. The nomenclature for the analysis is
listed below:

%

CC

<

Fa

- specific heat of anode material
- specific heat of cathode material

specific heat of cesium reservoir

intercept voltage of linear volt-ampere curve

electrical current

steady state value of current

thermal conductance, anode to heat sink

thermal conductance, cathode to anode

cathode to anode effective thermal conductance due to electron
cooling

thermal conductance, cesium reservolir to heat sink

effective thermal conductance for radiant heat transfer,
cathode to anode

thermal conductance, heat source to cathode

thermal conductance, anode to cesium reservoir

Ma - anode mass

M, - cathode mass

Kv - cesium reservoir mass

P - converter output power

Rg - internal resistance of converter

Rgo - steady state value of internal resistance
5 - laplace operator

Ta - anode temperature



T_ - cathode temperature

e
Tes = cesium reservoir temperature

To - heat sink temperature

'l‘s - fictitious heat source temperature
V - converter terminal voltage

Vo - steady state‘ terminal voltage

Fi (7_'!'30_?!) - defined by Figure 4.4-12 of Progress Report No. 5
ao

1'i ( Tcs’ ‘rc)- defined by Figure 4.4-13 of Progress Report No. §

730T
Fe ( 1-‘) - defined by Figure 4.4-14 of Progress Report No. §
a0 *

Fg (Tcs’ 'l‘c)- defined by Figure 4.4-15 of Progress Report No. §

0’ - proportionality constant for radiant heat transfer

The analytical result desired is an expression for G, the dynamic

impedance of the converter where
G - &1
A linear volt-ampere curve is assumed for the converter and the

electrical schematic becomes

i

q ey §

~ By
from which the following relation can be written

V=E - IRa

b e-
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In this expression KI and R are not constants but are functions of Tos T,

and Tcs so the linearized form of the above expression becomes:
1.)Avs= AEI - I Anz- Ryo AT

The relations showing how T,, T,» and T , affect EI and R . were presented
in Progress Report No. S.

Before these are used a thermal circuit of the converter is reduced
to determine the transfer functions from A4 I, the independent variable and
A T, AT, and AT . These transfer functions combined with the r.lations
describing AEI and A R8 as functions of AT, AT, and AT,, can then
be substituted into Equation 1}) to obtain the desired result, AV as a
function of A I. |

Figure 4.4-1B shows the assumed thermal circuit for the converter
which is shown schematically in Figure 4.4-1A.

The following equations can be written from the thermal schematic:

Basic equations Linearised Form

Q " Ky (Ty -Tg) AQ =K AT, - kAT,

Q = Q + VeI + C.M,sT, AQ =AQ, + 1,4V + V A1 + CH AT,
Q= Q * Q * CeMasT, aQ, = Aq, +4q, + C M AT,

Q! .{(Tlu - To u) AQ‘ . K. (AT. -ATO)

Q = K, (T - Tey) 4Q, = KAT, - KAT,,

3, =q+ CM,ST.q , aqQ, -qu + C M 84T,

= (1" -1, 8q, = K, (AT, -Ar,)



=%+ R+,
where aQ =K, (ATc-ATa)*KRATc*-KdAI
Qc = f(Tc’ Ta)
Q= £(T Ta)
Q = r(Tc. T I)

The last equation for Qo was derived in Progress Report No. 5 where plots
for Q‘, and QR’ and Qc were presented in Figures 4,4~26, 4.4-27, and 4.4-28,
respectively. In linearizing this equation assumptions were made that QR was
independent of Ta and Q‘ was independent of both 'I‘c and Ta'

These linearized equations are shown in block diagram form in Figure
4.4-2. From this point on the sink temperature, 4 T , was not brought along
in the analysis as an independent variable. Changes in 'l‘o will have little
affect on the converter performance since heat rejected varies with the
fourth power of temperature and To is generally considerably smaller than
'I‘a or 'l‘c s’ Reduction of Figure 4.4-2 provides the following expression
for the cathode temperature.
2.) ATc- Gy g A'l‘s - Gy Av - GleI.

where

zr’ri,g T,

(1+c *(l"’TS)

I,
Gy = 'E'GIO
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. v K s K
G, = 0y KE'(K: ' lﬁ)(l T ) x::KR
s
where A = K Q1 fif‘S) + - KT )

and the time constants are

CM CHK CM
T mgt s Taasa 3 Toymvy
l(s K, K

The expression for anode temperature is:
3.) AT, = GpAT, - Gy AV - G,,A1

1
where Gzo = A A

(X Ky)

Q-+ T,s)

e

020

()b 7o) o

and for the cesium reservoir temperature

1AV- G,.AaI

4,) AT =G 32

30‘ Ts - 03

e 33 ( ka P)
L (23 )
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These are the expressions needed for AT,y AT,, and A Tes in terms

of the independent variables AI and AT, and the dependent variable

A V. Next expressions for ARy and AEy in terms of ATy, AT,, and
AT, must be obtained.

Progress Report No. 5 presented the following expressions for EI

nd R 1
e e

E_= 0.55 WX

en®)
N\ T,

X= ’1(Tes' T)

R = 0.0325 Y°Z
C (7301'.
Y=F
¢ Tlo

2=r, (Toq Te)

In linearized form these bacome
5.) AEI = Kl AT‘ + szTcs + ‘3AT°

- aw
K, =0.55 X T,

dX
[2 = 0.55 Ho

5

cs
Tco

O
»

KB = 0055 Wo

QU

-
e
-3

cso



6.) Ang = quT‘ + KSAToa + K6A'rc

dy
K, = 0.0325 2, i,

- Iz
l(5 0.0325 Yo s

TOO

oz

cs0
Here the subscript "o" indicates the nominal or D.C. value for the

linearization. Equations 1.) through 6.) are now combined to give
the transfer functions for AI to AV and for AT’ to AV. This
combination provides the desired analytical expression for the
dynamic impedance and the results are shown in block dlagram form
in Figure 4.4-3. The dlagram easily could be reduced further but
the form shown is more convenient for obtaining numerical results.

In algedbraic form the electrical dynamic impedance is

G (K, - I°K6) + 622 (ll - Io‘b) + 632“2 - Io‘j) +R

70) hv B e 12 3
1+ G (Ky - I K + Gy (K) - I K) + Gy (K, - IKS)
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Numerical Example

The numerical values for the constants for a typical vapor converter

are listed below:

C.M 6.17 u-sec/OC-cm2

aa

CM =1.14 w-sec/OC-cm2
cec

c M, = 0.233 w-sec/oC-cm2

I = 8,47 a.mp/cm2

o
- 2 0a

x‘ = 0,103 w/em-"3

K, = 467 x 1070 w/cm2 -°c

K = 1.75 w,/amp

K. = 1.69 x 10°0 w/em -9

P
Ks = 7,87 x 10’3 w/cmﬂ -°c

K, =0.295x 1672 w/cm® -°C
Ky = -0.66x 10~ volts/%c
K2 = - 5.5x 10-3 volts/OC

Ky = 1.87 x 1073 volts/°c

K, = - 0.0650 x 10720 -en?/%
K. = - 0.292 x 1072 & _cn®/%C

-3, 2,
Kg = 0.0438 x 10 a~on"/ %

R, = 0.0325 n-cn’
V, =0.275
T. = 730°%
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T.. = 1330%

co

Tog0 ™ 300°C
W, =1.0
I, =1.0
Y, =1.0
Z, =1.0

The methods used in evaluating some of these constants deserve
some comment. In evaluating Kq, a first reaction might be that the
source (sun) temperature is so high compared to the cathode temper-
ature that a constant heat flux should be considered. However, the
characteristics of the mirror system for concentrating the solar
energy are such that increasing the cathode temperature reduces the
heat flux into the cathode. This characteristic can be represented
by a fictitious source temperature and a source to cathode thermal

resistance, K A value for K, was obtained in the following manner:

s.
Q = Ky (T, - T,)

and

aQ = - K, ATc for constant T

A A? /QI .
Kg = - if;: = - Ty * Qo

where Q, 1s the steady state value of heat into the cathode.

s
Thus
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From a typical curve® showing Qi/Q’ versus T, (Qs = solar heat flux),

Qio was determined and
8%/4,
7.) Te
was evaluated from the slope of the curve. These provided the
necessary numerical information to evaluate a fictitious Ks des-

cribing the characteristics of the collector system.

The value for Ka was obtained in the following manner:

4 4

a

T &
ltf a0 Ara-:q.o
ao ao

Q= -1 =T

AT
a

8 =g T, JAT =

From this we define:

K o= o

a Ta0
The same approach was used to evaluate Kp.

The constants Kl through K6 were evaluated from Figures 4.4-12 through
-15 in Progress Report No. 5. Slopes of the appropriate curve at the

steady state values orovide the values.

*Figure 7, D.L. Purdy, "Solar Thermionic Power System" - Americal Roocket

Society Paper No. 60 AR5 1311.
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Using these constants the various transfer functions were evaluated

and are as follows:

7". = 60 sec., rcs = 140 sec., Ts = 145 sec.

4 73 + + 0 g2

0,453 (1 + 128s + uu30s?)
D

G =
Gyy = 1080 Gy % /volt
2 3
ay, = 101 (1 + 1ués +‘5$505 - 2970s°) amp/om2-°C
0.177(1 + 20.8s)
Gyo = D .
G,) = 1070 G,, o¢/volt
0, = 4.1 OD * a-p/cnz-oc
where: D =(1+ 663)3

Gun = 0.148
33 % W+ 119s)

These values were used in the transfer function blocks of
Figure 4.4-3 yielding the resulting block diagram shown in Figure
L,4-4, Some assumptions were made to minimize the complexity of
the block diagram of Figure 4,4-4. The numerator of block 051
(Figure 4,4-4) was aoproximated as (1 + 66s)°. From a bode plot
it was found that the following was a reasonable approximation for

the combination of G 52 and G

s1* © 53¢
G -G = 0.626(1 + 25s) |1 +2(.815)(157s) + (1573)2]

U5y = Ggp = B3 (1 + 1193)(1 + 66s)3

= %y
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In block‘Gul the negative time constant was assumed negligible and was
omitted. The combination of Gbl’ Gy, and Gha was found to be very

closely approximated by

0.164(1 + 83s)3
G * G2 * Q3™ T 1155001 + 669)7

From a Bode plot it was determined that this combination was approximately:

A 0016“

Gy *+0yp * G435 * 1T+ 583y

After the reduction of the feed-forward and feed-back loop the block

diagram appears as:

. G20 : G0
AI/A 0.197(1 + 9.6s - o.6leg1 + 6?32 Qv
1+ 58s R + 39s
360
I
AT,

Further reduction yields:
Ql1/A  0,121(1 + 6}3‘(1 + 9.6s)
1+ 53s) (1 +39s

60780
—1
art

Bode plots were used to obtain reasonable approximations for both

blocks and the final result is shown in Figure 4.4-5.
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4,4,2 sults and Conclusions

The analytical results for the dynamic impedance of a
thermionic converter are shown in block diagram form in
Figure 4.4-3 and are expressed by equation 7 which is
listed in 4.4-1 under the "Analysis®™ section. An equiv-
alent electrical circuit is a convenlent means of repre-
senting the dynamic impedance of a power source; an
equivalent circult for the numerical example is shown in
Figure 4.4-6. All these results are for a single thermionic
converter. If several converters were placed electrically
in series to provide a higher generator output voltage, the
dynamic impedance still would be characterized by the time
constant shown in these results since the converters would
be thermally in parallel. The gain of the transfer function
or the DC internal impedance, however, would have a higher
value which would be a multiple of the number of converters
being used.

The results show approximately a 4 to 1 decrease in gain or
internal impedance magnitude for current perturbations from
DC to high frequencies. Although the impedance change is
significant, the associated time constants are sufficiently
large (aoproximately 10 sec. and 40 sec.) that little inter-
action should occur with external regulators which have
characteristic switching frequencies of hundreds to thousands
of cycles per second.

- 76 -



I3739Au0) Jodep J0J FTNOJIY) TewIeyl qr-t°1 san3ypy

P
a St J_Wﬂuo

)
!
|

" St

ITOAIOSOY UWNTSO) I\L

IA=d
epoyjen

I93J3aUu0) Jodep Jo oT3RWRYOg VI-1°f] eam31y

°r

oURISTeeY TwWIY] b4 - oocmw_ww“w
IDAIOSIY WNTS9)

Jo3eTpey
olap,rmwu,ﬂu SRR -
andang |
\W“\\_K

T L

spoy3 ey

ooUe SISOy TVWIey]L y 4
epo3IB)~-00aM0 g

SL

-7 -



J9%I3AU0) OTUOTWISY] B J0J SUOTIENDY PIzZTIeQUT] OTseg Jo weIBelq Xo0Tg

=" eam3yy

L=

+

Siv

-78 -



J97I9AU0) JTUOPMIIYL ® Jo eduspeduy ofueulg Jutjuesexdey uexdeyg ooTg g€=n°n aam3dty

(5x°1-23) T€p . (SP1-23)2€9 j
€39 n-—o “

(-t L+ 4 fo g (°1-Tx)22s

+ L g

2Sp 2y

(O°1-t3) o me P—— -4l

| S | s s e R Jd

TSp My

>Q‘ll

) +IAv.“.|.||LoumT..
+ + -

) R}
(5P1-%3)%0 + (W°1-T0)%p + (9°1-€3)0Tp

IV

- 70 =



(S3104) AV

g(s9y + TI(SSTL + 1)

(sTe + T)esgu o rlJ

€Sp '
1,
£(59 + 1) v
(s12 + 1)6020°0
254
€899 + 1) -

0 9@z + el Bt

S

mhnwo + HVAumﬂH + ﬁv

18%3.184U0) dTUOTWIOY] Jodep ® jo wlog TedTIeumy uy wesdefg JooTq

N emitg

€(999 + T)(STL + T)
(812 + T)(8L8T + T)25600°0

g

o

+PI|¢‘

€(999 + 1) —
(T2 + T)(8L3T + T)E€200°0

(3150 - T)p(m2L + V25T ]

RCIRRS

—— et s e - e e e — e -

e d
Ty

$2€0°0

e — ]

(puo/due) -y

(ZET) + (PR (380 + T|(3% + D0t X 255°0) 00

(%) S1v

-.80-



al. 2 {
(amp/cm?) (1 + 9.68
X ___—-I 0.12 (755

A = Cathode Area in cm?

|

0,324 x 10-3
1 + 39s

a1, (°0)

Figure L.b-5

AV (volts)

Block Diagram of Numerical Results for a Vapor Thermionic Converter
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\

AI (amps)

E?g

A = Area of Cathode in om?

Mgure L.4-6

Bquivalent Circuit of a Vapor Thersi opic Converter
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b5

4.5.1

b,5.2

Voltage Control by Combination Switching and Series Regulating
Circuits

Introduction

During this reporting period, the analysis of a transistorized
switching and series regulation circuit was completed. This included:.

1. The development of typical total weight per unit power
versus circuit efficiency curves for power levels of 1 Kw
and 10 KW (the 25 watt and 250 watts were presented in
Fig. 4.5-9 through 4,5-12 of progress report #5).

2. The development of the relationship between volume and
weight in the form of volume vs efficliency curves.
veight
3. The investigation of the design limitations of the
switching and series regulating circuit at various voltage
and power levels, .

The circuit, assumed transistor characteristics, assumed foram
factor and nomenclature were presented in section 4,.5.1, 4.5.5,
and figures 4,.5-1, 4.5-5 of progress report #5.

Weight per Unit Power Curve

Resulte

In progress report #5, an analytical procedure for determining the
weight per unit output power for a switching and series regulating
circuit was discussed. The results sre presented in the foram of

weight per unit power vs circuit efficiency %) curves for

various values of load voltage (VL) and inherent source regulation (B),
This form is convenient in evaluating regulation systems containing
the switching circuit, either alone or in conjunction with external
converter and inverter circuits. The various operating points
ovaluated are shown in Table 4,.5-1.

Table 4,5-1
v Inherent
%m& y m ol%g %ﬁg m;t&
5 va 6. 12. 2 ']
250 wvatts 6, 12, 40 1004 4oy
1 12, 20, (28), 10, 100 100% 4og
10 oW 20, (28), 10, 100 100% 4og

The 25 and 250 vatt curves were presented in figures 4,5-9 through
4.5-12 of progress report #5. The 1 KW and 10 KW cases were completed
during this reporting period and are shown in figures 4.5-1 through
4,5k of this report. In the 1 KW and 10 KW plots, the 28 volt curves
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were obtained by interpolation from the other voltage points. The
dotted portions of the curves are approximate since a per transistor
saturation resistance less than the assumed value of .0l ohms

is required to achieve the values indicated.

Analysis

The analytical method for generating the weight per unit power vs
circuit efficiency curves for the 1 and 10 KW cases is the same as
presented in section 4,5.2 of progress report #5 with two exceptions:

1. In order to obtain a reasonable fin effectiveness (.3 or greater),
larger fin base plate thicknesses, » Were assumed for the 1 and
10 XW cases. The assumed values wer tg = .05" for 1 KW and t
= ,5" for 10 KW. This change causes equations 4.5-26, =29, -38
of progress report #5 to become respectively:

We = A (oc[t8+tc(1*52f)]"2te fe H

Wror = 2Npwy + Ar (¢ [tB*tc (1*12!)]

345
+ 2ty P, 0+ (20013 H‘; .g?:g) (Preq)

1
‘f(opt.)-Preq 2.4 0013 H - .000 3.45
Pctﬁ* f)ctc (1+R)

2. A sign error was discovered in the derived expression for the
maximum allowable value of saturation resistance (Eqn. 4.5-22 of
progress report #5) which decreases the severity of the restriction.
The correct expression is:

S s s

Pp 2

wheres z-Cﬂ/?+D

c-m_:h__[ﬁ(B-l)-(B+l)] -1

cem

and:

D= z%;[s(n-na»z]-u

In view of this correction, the 2% watt, B = 1004, 6 volt WroT vs

K curve, shown dashed in figure 4.5-11 of progress report #) is
! restricted and should be considered as firm data,
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In all other respects, the generation of the 1 and 10 KW curves is
the same as previously used for 25 and 250 watts,

LheS=3 Volume Characteristics:

Results

The total volume (or volume per unit power) can be obtained from the
total weight (or weight per unit power)by application of a volume to
weight ratio (Vpop/Wror)e Figure L.5-5 shows the (Vpgr/Wpor) ratio as
a function of minimum circuit efficiency for the various powerlsvels
of interest. Note that the volume so obtained applies to a circuit
partially optimized with respect to weight and does not represent any
optimization with respect to volume.

AnnlE:ls

For the assumed package configuration (see figure L.5-5 of progress
repart #5), the volume can be expressed as:

(L.5-1) Veor = Ar (1 + tg + L )

where A¢ is the fin base plate area in in?;
1 inch is the assumed enclosure thickness;
tp 18 the assumed base plate thickness in inches,
and L is the fin length, in inches, obtained fram
the minimum weight fin design computer program
(see para. 4.5.2,6 of progress report #5).

Using equation L.5-29 of progress report #5 the ratio of package volume
to package weight can be expressed as:

(L.5=2) ;Frg' l1+tgel N
Or 2Ny . o2 T.H P s
_A_fl't. ‘P, [tB tc(l n)]+ ?;;fc_d.oon H- .0003)(_;:_‘1

The variation of equation 4.5-2 with voltage level and/or source
regulation is small; thus allowing a single curve for each power
level.

As a result of the partial optimization of total weight (see sect.
LeS.2.7 of progress report #5) an optimum value of Ag is obtained,
Physically, however, Ar must be equal to or greater than ANy, the
total base area of the power transistars: Therefore:

(Le5=3) Ap = Ap(opt) Wwhen Ap(oet) 2  ArNp
Ap = ArNr when Af(opt) < AqlNp

The points when A = Ap(gpt) = ATNp are indicated by vertical
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L.5.h

dashed lines on fig. 4.5-5. To the left of these points, Af
= Af(opt):’ATNT; to the right, Af = ATNT:>Af(opt).

Design Considerations

Generally when designing a power supply the Jload voltage will be
specified. Furthermore, the inherent source regulation will usually
be determined by efficiency or life considerations. Under these
conditions, only certain discrete open circuit voltages are pcssible
for each power source unit., As a result only discrete values of
switching circuit efficiency are achievable in any given application,

The relationship between power source unit copen circuit voltage Eq,
ani efficiency '//M is given by:

1 . 1+ 0V, 2 4 % '
(b 54 Eoz sEE 77———-}1((% *é % (1 +B)+ ( (}c:mlg(ﬁ (Z 2)
(_Eli)__s_l‘j [1 + Veem 1= 0 |
((% * 3’2> -Ei— @5

Fg. 4.5-6 and 4,5-7 show equation 4,5-4 evaluated for various values
of Vi, for B = 100% and B = kof resrectively. Ir these figures a Voop

of .2 and a J of 15 were assumed.

For a series arrangement, the open circuit voltage of a power source
unit is restricted to multiples of the open circuit voltage of a
single cell. The open circuit voltage of a single cell is, in turn,
generally restricted in some manner dependent upon the type of scurce
involved, For the hydrcgen.oxygen and hydrogen-:ir fuel cells, the
equivalent open circuit (intercept) voltage is .95V and .S volts
respectively. These values are determined by the chemical processes
involved. For a single thermionic converter, the open circuit
voltage is a function of cathode temperature but the cathode
temperature is largely dictated by efficlency considerations and
heat source capabilities, The open circuit voltage of a single
therzoelectric couple is similarly deternined by the temperature
difference between the hot and cold junction and, in practice,

this would be largely determined by source, sink, and material
considerations,

By way of illustration, the single cell oper circuit voltage of a
hydrogen-air fuel cell is shown on figs. 4.5-6 and 4.5-7., For a

6 volt source consisting these cells, the max. switching circuit of
efficiency is approximately 89.2% for a source regulation of 100%

and 85.8% for a source regulation of 40%, The typical open

circuit voltage of a lead telluride thermocouple with a temperature
differential of 800°F is .2 volts, giving higher max. switching circuit
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efficiencies, particularly at low output voltages. The intercept
voltage of a vapor thermionic converter at a cathode temperature
of 1330°F and optimum anode and cesium reservoir temperatures is
+ 55V, midway between the Hz-air fuel cell and the Pb'r thermoelectric

couple,

The internal.resistance of each power source unit is related to the
open circuit voltage E,, the output voltage Vi, andthe power output

Po’ and the defined source regulation B,

("’-5‘5) OEL
R = [1 - m)m]

Figures 4,56 and l&.5-7 and equation 4,5-5 can be used in conjunction
with the weight per unit power vs efficiency curves for either
estimating the efficiency and weight of a switching circuit for use
with a specific power supply or, conversely, estimating the
generator requirements in order for the circuit to exhibit a
particular efficiency and/or power per unit weight,

8 Let it be assumed that a regulated hydrogen-air fuel
cell power supply is required which has a rated output of 1 KW
at 28 VDC. Because of fuel cell life and efficiency considerations,
it is desiradble to ate the cell stack at an inherent regulation
of approximately 40 Then from the 28 volt line of fig. 4.5-7,
the switching circuit efficiency for source units consisting of
1, 2, or 3 cells can be determined.

Open Circuits
No, of Cells per Unit Voltage, 5 Switching Circuit Efficiency
1l 09 volts 960
2 1.8 " 9“0
3 2.7 " 9.9

Using the efficiency in fig. 4.5-2, the weight per unit power (and
weight) of the switching circuit can be determined.

Open Circuit Voltage, E, !g;ght[?ougr Weight
9 volts 2.5 1bs/KW 2.5 1bs
1.8 " 2.8 1bs/KW 2,8 "
2,7 " 3.5 1bs/KW 3.5 "
Using the E, andy), values, the R‘ can be determined from equation 4,5-5.
S e
«9 volts +0066 ohms
1.8 " 0122 *
2.7 " ~ «0168 *

The designer could then use the switching circuit efficiency and weight
data in conjunction with fuel cell weight curves to determine the best
combination for this particular application. 1In this particular
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example, the lowest circuit weight occurs at the highest
efficiency. Thus, the minimum weight power supply would be
achieved by using one cell (E, = .9 volts) per power source
unit,
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51 Resume'’

Durirg the past reperting period, effort has been applied to four
major areas of investigation. A summary of the progress is
included in this status report. This portion of the report is
divided into four major areas of investigation as follows:

1, Study of the "Flyback" circuit using power transistors,

2+ Summary of SCR Voltage conversion circuits,

3. Quantitative evaluation of DC-AC power transistor conversion
circuits, '

4, Evaluation of low input voltage conversion circuits.

Item 1 includes a presentation of weight vs efficiency for the
"Flyback® step up circuit (DC-DC) using power transistors as the
switching element. Curves are presented for the following

Design Points:
Power Output - Pc 25 W 250 W 1 Xw
Input Voltage Regulation -R] 0 40 100 0 40 100 0 40 100

e . .. (Per cent) _ ____
6 6 6
ESFL - Full Load 12 12 1212 12 12| 12 12 12
Input Voltage
0 20 20|20 20 20 20 20 20
e e e e mtee cme e e L L

Table "A"

Item 2 includes a general summary discussion of SCR voltage converter
circuits, Item 3 ineludes a presentation of circuits selected and
evaluated for DC-AC inverters utiliszing power transistors, Curves
of veight vs efficiensy have been plotted from the following

Design Points:

o e e o ro—

Power Output - P° 25 W 250 w 1l KW

Input Voltage Regulation -RJO 40 100/ 0 40 100 0 40 2100
f—__(Per cent) —

12 12 12

y = Pl Lodd 20 20/20 20 20 |
Input Voltage ;
4o W 40 4o

W mn cmm—— e o L.. Cemm——— m - . ——————— e

Table *B*



Item 4 is a presentation of circuits selected and evaluated for
low input voltages. Curves of weight vs. efficiency for both
DC-DC, and DC-AC transistor circuits have been plotted for the
following Design Points:

e ——— e e
| Power Output - P, 25 W 250 W
BSOS S U A
Input Voltage Regulation -R, |0 40 100 0 4 100
— (Per cent) :
= M1l Load l 1l 1 1 1 1l
t Vol
Voltags 6 6 6 6 6 6
Table *C*"

In all cases the weight information presented in section 5,0 of
these reports includes the major electrical component weight only,
In order to obtain the packaged weight, the weight of structural
and mounting hardware must be added. In this case a curve giving
the ratio of packaged weight to major electricsl ocomponent weight
has been established based on previous hardware experience, This
curve is shown in figure 5.1-1, Thus, in order to obtain package
weight in any case, it is only necessary to multiply the major
component weight by the appropriate factor as obtained from

figure S.l1-1.

Another item of interest is the volume of the overall electrical

circuit package. Figure 5,5-2 shows a curve giving a packaged
volume factor which can be used to calculate volume from the

major component weight data,
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502 DC-DC Flyback Step-Up Circuit Investigation

5.2.1 Introduction

The results of the study of the flyback circuit (figure 5.2-1)

using silicon controlled rectifiers was presented in progress

report no, 5 for the 20 volt input 10 KW condition. This circuit
was considerably lighter and more efficient than the other DC-DC
circuits considered for this operating condition. Consequently,

it was decided to explore the use of a flytack circuit employing
pover transistors at lower loads and other voltages. The particular
conditions considered are indicated in Table "A" of section 5.1.

56242 Results

The results of the power transistor flyback circuit investigation
are shown in figures 5,2-7 through 5.2-<9. In each case the weight
per unit power is shown for various source voltages and source
voltage regulations.

50243 Discussion of Results
Effect of Source Voltage and Source Regulation

The unique characteristics of the flyback c¢ircuit may best be
determined by examination of figure 5.2-8, First, the zero percent
source regulation curve is not always the lightest for a given
source voltage condition, For example, at a source voltage of

20 volts, the 40%€ input regulation circuit is lighter than the

Zero per cent case., Also, it should be noted that at a source
voltage of 12 volts, the condition of 40% source regulation
results in a heavier circuit than do either the zero or 100%
regulation condition. These results are best understood in the
light of the following considerations,

Une criterion for optimum employment of this circuit is that the
difference between the source voltage and load voltage under no
load conditions should be as small as possible. This helps
minimige inductor size, This is the reason for the low weight
conditions at 40% regulation for 20 volts and 100% regulation at
12 volts,

A second characteristic of the circuit is that the inductance of
the reactor is proportional to the square of the no load source
voltage, Thus, at each source voltage the inductance would be
smallest for zero per cent regulation. This characteristic tends
to favor minimum weight at zero per cent regulation,

4 third criterion for optimum employment cf this circuit generally
is that ths full load current should be smsll to result in a

minimum 3I°L. As the voltage is reduced from 20 to 12 to 6 volts

the full load current increases. Hence, the weight tends to be greatest
for the higher current and lower voltage conditions,

- 100 -



The 6 volt family of curves shows the 100% regulation curve to be
heavier than the 40% regulation curve, which is the opposite of

what occurs with the 12 wolt source, The reason for this is that the
difference between no-load source voltage and load voltage is not as
severely affected by source regulation at 6 volts as it is at 12 volts,

The best performance is obtained with sources having no-load voltages
of about 28 volts. For example, a 20 volt source should have about
404 regulation for best performance while a 14 volt source should
have about 1004 regulation for best performance.

Effect of Power

The inherent nature of conventional electrical apparatus such as
transformers and reactors is that the per unit weight decreases
and the efficiency increases for increasing power levels. The
results presented in figures 5.2-7, 5.2-8, and 5,29 substantiate
this fact. For example, the reactor power handling capability is
related to the product of total flux and window current. The
iron cross-section as well as the core wvindov area varies as the
square of a linear dimension. Therefore, the product of flux
and window current varies as the 4th power of a linear dimension,
However, weight and losses go up as the 3Ird power of a linear
dimension,

Klisiency

The slope of the curves in figures 5.,2-7 through 5.,2-9 is relatively
shallow., This indicates the maximum efficiency limit has not been
reacshed, A large portion of the total losses oceur in the reactor.
Hence, a further trade-off of reactor weight for capacitor weight
appears to be possible from the standpoint of reducing total losses.
Also, the use of more iron and copper in the reactor could improve
efficiency at a still profitable rate.
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5¢3
5¢361

5¢3.2

Silicon Controlled Rectifier Conversion Circuits

Summary of the DC-DC Voltage Converter Circuit Study

The Bed“ord Step-up Circuit shown in figure 5.2-1 was studied for

10 KW rating, and the results were reported in figure 8 of

Progress Report No. 5. These results are not in line with the

1000, 250, and 25 watt results in figures 5.2-7 through 5,2-9 of

this report. The 10 KW circuit employed SCR switching elements while
the 1000, 250 and 25 watt circuits used power transistors., More
povwer is lost in the forward drop of the SCR's which in turn
necessitates heavier heat sinks, Also, alumalytic capacitors were
assumed for the SCR circuit while light weight tantalytic capacitors
were considered with the power transistor circuits,

The center tap transformer converter circuit of figure 5.2-3 was
previously studied and the results reported in figure 5.9 of
Progress Report Mo, 5. This circuit handles commutating energy in
an efficient operation, and it appears to be best employed tc step
down power with SCR's. Although the Morgan Step-Down circuit

of figure 5.2-2 does not lend itself to efficient SCR switching,

it is possible that a power transistor switching element might make
this circuit lighter and more efficient than the center tap
transformer circuit for the case of voltage step down applications.
Unfortunately, the allowable effort did not permit evaluation of
the transistorized Morgan Step-Down circuit,.

Summary of the DC-AC (3@) Voltage Converter Séu@x

Table 5.3-1 shows typical performance characteristics of the phase-
shift regulated inverter circuit of figure 5.2-4 for a source having
404 regulation. Table 5.3-2 shows similar data for the TRC regulated
inverter circuit of figure 5.2-5., Regulation by phase-shift

(figure 5,2-4) appears best at higher voltages because the current
is least and the forward watts in the SCR's is minimized. The TRC
regulated inverter of figure 5.,2-5 appears best at low voltage
because the high source current passes through only one SCR which
results in a minimum of forward watts loss., The single transformer
used in the circult of figure 5.2-5 is lighter and more efficient
than the two 3-phase transformers of figure 5.2-4 despite the fact
both primary end secondary windings are one way. Normally, a

square wvave transformer is heavier than a sine wave transformer.
However, this effect is more than offset by splitting power six ways
in the two 3.phase transformers, Essentially, one circuit requires
six transformers and the cther only one,

Figure 5.2-6 is a new circuit not yet evaluated quantitatively. (n
the basis of our previous work, it appears to hold great promise for
medium and high voltage sources. It incorpcrates the Bedford Step-Up
circuit in the regulating stage, and it has no need for a heavy
transformer,

The circuits in figures 5.2-5 and 5.2-6 have a neutral which is
created by virtue of the wye point of the ocutput filter capacitors,
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Figure 5.2-4 displays a conventional neutral from the output
transformer. The circuits of figures 5.2-3 through 5.2-5 provide
electrical isolation between load and source while those of
figures 5.2-1, 5.2-2, and 5.2-6 do not,

Table 5,3~3 summarizes the SCR circuits which our calculations have
shown generally to yleld least weight and highest efficiency.

The circuit shown in Figure 5.2.6 is included on the basis of a
qualitative evaluation only.
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10 kw " 50 77 30 85.4 25 92,2
1 kw - - 4s 82.5 Lo 89.5
250 wvatts - - 55 79 - -

- B H mmr_mmxmmm

"III'L
SOURCE VOLTAGE =  __20 V o V- 100 ¥
losd e Loffe  floy Seffe | flw $effs
10 kv 0 8 2 B854 25 %0
1 kw - - us e W 86,3
250 watts - - 55 78.7 - -

TABLE S.3=3 SCR CIRCUITS YIELDING LEAST WEIGHT AND

e HIGHEST BFFICIRNCY
RS to 28 Volte IC Girguit
Step-Up Figure 5.2-1
Step-Down Figure 5.2.3
I to 2 2)5 Volte &
20 V Source Figure 5.2-5
40 V Source Pigure 5.2-4#, 5.2-5, 5.2-6
100 V Source Figure 5.2-4, 5.2-6
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Power Transistor DC-AC Inverter Circuits
Introduction

A selection and evaluation of DC-DC transistor circuits was
presented in Progress Report No. 5. The results of a continuation
of that effort as applied to DC-AC transistor circuits is presented
herein., The requirements for the AC power system have been
specified in Progress Report No. 4, June 30, 1961, Section 5.1,

The basic output power requirements are listed below:

Frequency = 400 cps + 1% steady state

Output Voltage - 115 volts, 1§ for power outputs ¥ 1 kW

Voltage tolerance - + 1% of steady state value

Power factor - +5 P.F,

Harmonic Content - Total harmonic content:
Not greater than 5% of the fundamental
(rms) with no individual harmonie
exceeding 44 of the fundamentsl over
rated load with .5 p.f. (Lagging)

Circuits have been selected for discrete design parameters as listed
in Table B, section 5.1, of this report. The most promising
circuit techniques have been selected and evaluated on the basis

of the following assumptions and limitations:

1. Output power requirements will at least meet the minimm
requirements as stated above,

2. Inverter will be capable of delivering a 25% overload
ourrent - however, all specifications of frequency
stability, voltage tolerance and harmonic content do not
apply at the overload conditions,

3. All caloulations are based on room temperature (20=25°C)
operation with no forced air, 1liquid or other means of
cooling considered.

h, Standard commercially available componemts have been
assumed throughout,

5. Source inmput woltage refers to input voltage at rated
full load.

6. Transistor and other semiconductor weights include the
weights of appropriate heat sinks.

7. The maximum allowable ripple at the source shall not
sxceed + 5% of average state input voltage.

8, Calculations of efficiency are based on circuit losses at
rated load only.
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DC-AC Transistor Circuits

Figure 5.4-1 represents a well known circuit configuration which
has been used with considerable success, The circuit is sometimes
referred to as a half-wave push-pull converter. For relatively
low power outputs and low input voltages the simplicity of the
circuit warrants its selection as the approach to be used for
DC-AC inversion., At any given instant of time, the only circuit
components in series with the power current is one-half of the
primary of transformer T, and a switching transistor. To minimize
size of the filter required at full load, transistor Ql and Q
conduct for intervals of 120°, At this conduction angle, there

is no third harmonic voltage present in the output of transformer T,.
Voltage regulation is achieved by varying the conduction angle.
Since the harmonic content of the output voltage is a function of
the conduction angle, the output waveshape distortion increases
somevhat at light loads.

The sine wave filtering employed in figure 5.4-1 consists of a
resonant inductance and capacitance funed for the fundamental
frequency of 400 cps. The tuned IC is in turn shunted by capacitor
Co+ This technique of filtering has the advantage of minimizing
current drawn at light loads. Another advantage is the flexibility
available to the circuit designer. The relationship between

Iy Cy» CZ, can be varied over a wide range in order to achieve the
optintm wSight of the overall filter.

For inverters rated at 25 watts at an input voltage of 20 volts, input
voltage regulation of 0%, 40% and 100%, the approach shown in

figure 5.4-1 is justified. The feedback diodes shown will enable the
circuit to operate with inductive loading. The use of multistage
filtering and more rigorous techniques of maintaining voltage control
are not justified at the low power level because the added circuit
complexity will result in increased circuit weight. The circuit was
also evaluated at a 40 volt input, 0% regulation. The definition

of 0% regulation (as stated in P.R.#5, September 1961) does not

imply a zero impedance source, but rather lmplies a source capable
of delivering a constant voltage over its rated load,

Circuit E - Figure S,4-2

A povwer system with a power output rating of 250 watts with a DC
input voltage that varies 2 to 1 is sufficlently complex to justify
utilizing circuit techniques that heretofore would not have decreased
the system weight per unit efficiency. The proposed circuit
configuration utilizes two independent push-pull inverters with the
secondaries of the output transformers connected in series. Voltage
control is achieved by phase shifting section B (figure S.4-2) with
respect to Section A. To minimize or eliminate the third harmonic
present in the out voltage, both unit A and unit B operate with a
conduction angle of 120°. Since the output voltages of T, and T, are
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added simultaneously and the individual voltages do not contain
any third harmonic, the resultant output voltage will alsoc be free
from any third harmonic component. The basic difference between
circuit D and circuit E is in the method of controlling the
output voltage.

One of the factors considered in the selection of circuilt E is

that two transformers are required whereas only one is used in
circuit D. Although the sum of the power ratings for the two
transformers of circuit E is the same as required for the single
transformer of circuit D, the total weight per unit power is greater
and the efficiency less due to the lower performance capabilities

of smaller transformers. In low power ratings, the weight pre-
dominance of the transformer favors circuit D whereas in larger power
ratings, other factors such as component ratings and filter size
become significant and thus tend to favor circuit E..

Circuit G - Figure S.4-i

The task of simultaneously controlling output voltage and maintaining
the harmonic content to less than 5% while the DC input voltage 1is
varying 404 to 100% is somewhat difficult. Cne idea which has been
advanced by the General Engineering Laboratory utilizes a circuit
arrangement. which is similar to the phase controlled configuration
shown in Circuit E. Again, the basic circuit consists of two groups
of a push-pull type configuration with the secondaries of the output
transformers connected in series. The method of voltage control
however, is somewhat different, As shown in figure 5.4-4, complimentary
transistors 1 and 3 and 2 and 4 each have multiple conduction periods
during any one-half cycle of a 400 cps time base., The control circuit
must be so arramged that complimentary pairs of transistors have equal
conduction times during the positive and negative half.cycle time
interval, Voltage control is achieved by varying the length of the
conduction pulses, In order to minimize the harmonic content the
conduction time of the pulses must maintain symmetry about an axis

at 90° and 270° of a 400 cps sine wave.

The primary advantage of this circuit is a reduction of harmonics
over the rated load range of the inverter. The primary disadvantage
is the added complexity of the control circuit. The added control
complexity however, can be justified at higher power levels as well
as with the severe input voltage regulation,

Circuit H - Figure 5,4-5

Circuit H in figure 5.4.5 represents a configuration which was
selected for unconventional sources having a higher output voltage.
The operation of the circuit is identical to circuit G. The only
major difference is the bridge configuration allows the output
transformers to be utilized most effectively from the standpoint of
weight and efficiency.
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5¢4-3

Circuit Evaluation
Results

The results of the DC-AC circuit evaluation are shown in figures 5.4-6
through 5.4-9, It must be emphasized that the weights as shown
represent the major component weight only. Curves have been plotted
and presented elsewhere in the report to determine total packaged
equipment weight,

The curves in general, follow the same patterns that developed
previously in the evaluation of DC-AC circuits using Silicon
Controlled Rectifiers. The change in weight for the same
efficiency is greatest between 0% and 40% regulation. The curves
also show decreased weight as the input voltage increases.

In figure 5.4.7 there is a slight ambiguity in the results for
100% regulation and 40% regulation. The circuit selected for 100%
regulation consists of phase controlled inverter sections to
achieve voltage regulation. The results generally indicate this
circuit is lighter in weight than for the circuit selected for 40%
input regulation. Since circuit E can be used for 40% regulation
als0, it would be the better of the two circuits from a weight

standpoint.
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SINGLE PHASE TRANSISTOR INVERTER DC-AC

CIRCUIT D

Z Load

Pulse Width
+ Modulation
& - ’
m l
Input /[ —K Ql. 2 Q@
O ye :

EVALUATED FOR:

Full Load
Output Power 25 W 250 W

Source Voltage 0% 407 1007 0% 407
Regulation

Full Load 20 20 20 20 20
Input
Voltage 40 40

NOTE: Output Power at .5 P.F. (lag)
400 cps, 115 v
single phase
than 5% total harmonics

FIGURE Soh"l
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SINGLE PHASE TRANSISTOR INVERTER DC-AC

PHASE CONTROLLED

CIRCUIT E

!
| T rous

;J—TJW rTW“ o
ALYy
L

EVALUATED FOR:

Full Load Output Power at .5 P.F. Lag
Output Power 250 W 400 cps, 115 v
Single Phase
than 5% total

Source Voltage harmonics
Regulation 1007,
Full Load
Input Voltage 20 v
FIGURE 5,L-2
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SINGLE PHASE TRANSISTOR INVERTER DC-AC

CIRCUIT F

DC Input

o0

4
Transistors
Per Leg

load

f— < —and

Full Load Output
Source Voltage
Regulation

Full Load Input
Voltage

EVALUATED FOR:

1 KW

07%

12 v, 40 v

FIGURE 5.4-3
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Output Power at .5 P.F. Lag
400 cps, 115 v
single phase
than 5% total
harmonics
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SINGLE PHASE TRANSISTOR INVERTER DC-AC
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EVALUATED FOR: 1
Full Load Output Power: 1 KW
Source Voltage Regulation: 40%, & 100%

Full Load Input Voltage 12 v

FIGURE 5.h-l - 118 -
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SINGLE PHASE TRANSISTOR INVERTER DC-AC

CIRCUIT H
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EVALUATED FOR:
Full Load Output Power: 1 xw

Source Voltage Regulation: 407 & 100%
Full Load Input Voltage: 40 v

FIGURE 5.&-5
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Evaluation of Low Input Voltage Conversion Circuits

This portion of the power transistor circuitry is a continuation
of the investigation concerned with input voltages of 1 and 6 volts
as reported in Progress Report No, 5, The basic circuits and con-
cepts have been discussed in previous reports. The circuit con-
figurations used in evaluating the circuits are presented here
along with the curves of calculated weight and efficiency.

Figures 5.5-1 and 5.5-2 show the DC-DC converter circuits,

Figures 5.,5~3 and 5.,5-4 show the DC-AC converter circuits,

Results

The weight per unit power curves for the DC-DC voltage converters
are shown in Figures 5,5-5 thru 5.5-8 for full load Source voltages
of 1,0 and 6.0 volts and full load powers of 25 and 250 watts. Of
course, as anticipated, these low voltage circuits are heavy and
relatively inefficient., Also, it should be noted that the circuit
is considerably simpler and lighter if it does have to provide a
regulation function.

The weight per unit power curves for the DC-AC inverters are shown
in Figures 5.5-9 thru 5.5-12, In Figure 5.5-9 the characteristics
of both the step-wave inverter and the pulse inverter are shown for
the 25 watt, 6 volt input case. It is evident that the step-wave
inverter is considerably more efficient; thug only its weight
characteristics were calculated at the other load and voltage
conditions,

As in the case of the DC-DC voltage converters, these low input
voltage DC=AC inverters are heavy and relatively inefficient.
Thus, it is evident that these very low input voltages should
e avoided where possible,
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6.0

6.1

Technical Progress - Systems Task

Resume*

During the past report period the planned system effort was
completed. Optimum combinations of source voltage control and ex-
ternal voltage regulation were determined for selected circuits and
state of the art components. Overall system weight characteristics
for systems incorporating voltage conversion and regulation were
also established. In addition a laboratory model system was built
and tested.

Section 6.2 presents the results of the effort in determining
the optimum combinations of source voltage control and external
voltage regulation. It was determined that the optimum combination
involves incorporating all of the voltage regulation either in the
source or else in the external voltage converter. The particular
optimum approach varies with power level and source voltage level,

Section 6.3 shows overall system weight characteristics for
both 28 V. DC and 115 V., 400 cps AC outputs. The results indicate
that for the case of a DC ocutput, the minimum weight system is one
incorporating a switching circuit to control load voltage by varying
the number of power source units in series as load is varied. This,
however, necessitates a minimum source voltage of 28 volts. The next
lowest weight approach is the use of a flyback circuit in which case
the maximum source voltage under any load condition must not exceed
28 volts. Except for these items, the source voltage should be main-
talned as large as possible in order to minimize system weight.

The results of the laboratory model system testing are presented
in Section 6.4. The laboratory system consisted of a fuel cell power
source and DC-DC voltage converter of a 50 watt capacity. The perfor-
mance of the system closely agreed to that predicted for it.
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692

Optimum Source Voltage Control and External Voltage Converter ¢uw..}unations

6.2.1 Introdugtion

Foregoing sections of this and previous reports have presented
the characteristics of both source voltage control methods and external
voltage converter-regulators. Since the optimum system may incorporate
a combination of source voltage control and external voltage regulation,
the individual characteristics must be combined in order to estabiish
the optimum system. In this section, the optimum weight versus effi-
olency characteristics of various combinations are determined. In
addition, the characteristics of these combinations are compared with
those where all voltage regulation is achieved in the external con-
verter circuitry.

In Section 4.0 of this and previous progress reports, various
methods of source voltage control were presented and discussed. Of
all of these methods, the only one which appears to be universally
applicable is that of varying the number of power source units in
series or parallel in order to achieve the desired output voltage as
load is varied. This approach has been presented in detail in Section
4.5 of the various progress reports. In addition it became evident
early in the study that the optimum combination of source voltage
regulation and external voltage regulation would involve providing

.all of the voltage regulation function either at the source or else

in the external voltage converter. This results from the fact that
incorporating any significant amount of the voltage regulation function
in the external voltage converter increases circuit complexity and
weight considerably. However, there is only a small additional weight
and efficiency penalty to the external voltage converter for a 100%
input voltage regulation versus, for example, a 20§ input voltage re-
gulation. This is particularly true in the lower power applications.

The only type of source voltage control considered in this
section is the technique of varying the number of power source units
in series as presented in Section 4.5 of this and previous progress
reports. As described in that section, this switching approach also
incorporates a series regulating feature which allows zero output
voltage regulation at the expense of a small loss in efficiency.
This type of source voltage control was only one considered in this
section since it is the only technique which is universally appli-
cable and has the capability of zero output voltage regulation.
Weight versus efficiency data used for this series switching method
of source voltage control is that presented in Section 4.5 of this
and Progress Report No. 5.
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6.2.2

The technique for combining the source series switching circuit
data with the external voltage converter data was explained in Section
6.2 of Progress Report No. 5. As indicated there, the approach is one
of achieving maximum efficiency and minimum weight by using the optimum
combination of series switching circuit efficiency and external voltage
converter efficiency.

Results

The weight per unit power versus efficiency characteristics for
various combinations of series switching and external voltage converter
circuits is shown by Figures 6.2-1 through 6.2-26. Figures 6.2-1
through 6.2-14 show these data for the cases where a DC output of 28
volts is required. Figures 6.2-15 through 6.2-26 presents the inform-
ation for the cases where a 400 cps AC output is required. Each figure
shows the weight per unit power for a particular output power and full
load source voltage condition. The solid line curves are for the case
of a 1004 inherent source regulation while the dashed line curves are
for 408 inherent source regulation. In those cases where the curves
apply to a combination of a series switching circuit and an external
voltage converter, points of various external voltage converter effi-
ciencies are indicated. Of course, the corresponding series switching
circuit efficlency can be obtalned by dividing the net efficiency by
the external voltage converter efficiency at the particular point of
interest. Knowing the individual efficiencies at any point permits
determination of the individual weight and volume characteristics
from the original data given in Sections 4.5 and 5.0 if this should
be desired. In particular, this is a necessary procedure if total
volume information is needed since system volume data is not presented.

Each curve is labeled as to the circuit of combination used by
means of appropriate abbreviations. The definition of these abbrev-
iations along with figure number of the circuit is given by Table 6.2-1.
The location of primary weight data is also given in Table 6.2-1.

The weight information given by Figures 6.2-1 through 6.2-26 is
in terms of total weight per unit power and thus includes the package
weight factor indicated in Figure 5.1-1 for the external voltage
convertiers.

In the case of each figure, the optimum approach is that which
gives the lowest weight for any given efficiency. In some cases
this optimum approach is a combination of series switching at the
source with an external voltage converter. In other cases the optimum
is the incorporation of all of the voltage regulation in the external
voltage converter.
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The optimum combinations for various load, input voltage, and power
conditions are indicated in Table 6.2-2.

The results of this section are used in the Section 6.3 to

follow. The limitations and significance of these results are also
discussed in detall in that section.
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TABLE 6.2-1, LIST OF CIRCUITS

-

ircuit Diagram In

Weight Vs. Efficiency
Data Given In

Circuit Circuit rogress | Progress
Abbreviation, Description Report Fig. Report Fig.
Lv-1 ‘DC-DC, Low Voltage 6 5.5-1 6 5.5=5
Transistor Circuit, 5¢5-6
o’ R.gt 5’ 5-7
5.5-8
Lv-2 DC-DC, Low Voltage 6 5.5-2 6 5.5=5
Transistor Circuit, 5¢5<6
4og & 100% Reg. 5¢5=7
505-8
BFB(T) DG-DC, Transistorised 6 5.2-1 6 5.2=7
Flyback Cirouit 5.2-8
5¢2-9
BFB(S) DC-DC, SCR Flyback 6 5.2-1 5 5-8
Circuit
CKT A DC-DC, Modified 5 5-18 5 5-21
Push Pull DC 5-22
Transformer Circuit 523
(Transistor) S=24
5-25
5-26
5-27
CKT B DC-DC, Morgan Step-Up| 5. 5-19 5 5-21
Circuit (Transistor) 5-22
52k
5-26
CKT C DC-DC, Modified Morgan 5 5-20 5 5-23
Step-Down Circuit 5-25
(Transistor) 5.27
TRC(DC) DC-DC, Time Ratio 6 5.2-3 5 5-9
Control SCR Circuit 5-10
5-11
PC DC-AC, 3§, Phase Control 5-12
SCR Circuit 6 5.2-5 5 55:}2

W -




TABLE 6.2-1, (Cont'd)

Weight Vs. Efficiency
Circuit I Datg G4 I
Circuit Circuit rogress gress
Abbreviation . Description Report - Pg. Report Fig.
TRC(AC) |DB-AC, 3P, SCR Inverter 6 5.2-l 5 5-15
With TRC Regulator 5-16
5-17
W DC-AC, 1§, Low Voltage é Selt=3 6 5.5-9
Transistor Step Wave 5.5-10
Inverter 5¢05=11
5.5=12
PWI DC-AC, 1§, Low Voltage [3 [Rr=" 6 5.5<9
Transistor Pulse Wave
Inverter
CKT D DC-AC, 1§, Pulse Width 6 S.lel 6 5.4<6
Modulated Transistor 5.4-7
Inverter
CKT E DC-AC, 1@, Phase 6 5.l42 6 5.4-7
Controlled Transistor
Inverter
CKT F DC-AC, 1§, Transistorimq 6 Sels=3 6 5.4-8
Inverter for S5e4=9
Regulation
CKT G DC-AC, 1§, Two Section 6 S lels | 6 S.4-8
Pulse Width Modulated .
Transistor Inverter
CKT H DC-AC, 1§, Transistor 6 5.4-5 6 5.4=9
Bridge Type Inverter
sc Series Switching Circuit| § 4.5-1 58 thre
(Transistor) for Source *
[Voltage Control 6 ke5-1 thru
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TABLE 6.2-2
OPTIMUM SOURCE VOLTAGE CONTROL AND

EXTERNAL VOLTAGE CONVERTER COMBINATIONS

Rated Inherent
Load Full Load Source
Output (Watts) Source Voltage | Regulation Minimum Weight System
28 V. DC 25 6 40,100 SC+Lvl
" 25 12 4o SC + CKTA, (W” < 82%)
" 25 12 4o BFB(T), > 82%)
" 25 12 100 SC + CKT A, (1, < 74%)
" 25 12 100 BFB(T), (M, > 748)
" 25 20 40,100 SC + BFB(
" 25 40 40,100 SC + CKTA < 793)
" 25 40 40,100 CKT C, ( 7i,, 79%)
" 250 6 40,100 SC + BFB(T)
" 250 12 40,100 BFB(T)
" 250 40 40 . CKT B
" 250 40 100 CKT C
" 1000 12 40,100 BFB(T)
" 1000 20 40 BFB(T)
" 1000 20 100 SC + BFB(T)
" 1000 40 40,100 SC + CKTA
" 1C00 100 40,100 3¢ + TRC(DC)
~ 10,000 20 40 BFB(S)
" 10,000 20 100 TRC(DC)
" 10,000 40 40, 00 TRC(DC)
L 10,000 100 40,100 TRC(DC)
AC, 19 25 6 40,100 SwWI
" 25 20 40,100 CKT D
" 25 40 40,100 CKT D
" 250 6 40,100 SWI
" 250 20 40 SC + CXTD, ()R, <82%)
" 250 20 4o CKT E, (% > 82%)
" 250 20 100 SC + CKXT D, ( < 85%)
" 250 20 100 CKT D, (W, > %
" 250 40 40,100 SC + CKT D
" 1000 12 40,100 SC + CKT F
" 1000 40 40,100 CKT H
Ac, (3¢) 1000 100 40,100 PC
" 10,000 20 40,100 TRC(AC)
" 10,000 40 40,100 PC (e < 86%)
" 10,000 40 40,100 TRC (39), ()7, > 86%)
" 10,000 100 40,100 PC
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6-3
603.1

6.3.2

Optimum Overall Systems
Introduction

In Section 6.2 the optimum combinations of source voltage
control and external voltage regulation were determined for
selected power, source voltage and source voltage regulation condi-
tions. Curves giving total weight per unit power versus overall
efficiency for each of the combinations were also presented. In
this section these characteristics are combined with power source
characteristics in order to determine the weight per unit power
characteristics of overall systems (fuel, power source, voltage
converter and regulator) which utilize the optimum voltage regu-
lation combinations arrived at in Section 6.2. In this case the
criteria for optimization was that of achieving the minimum over-
all system weight consistent with other performance requirements
such as output voltage regulation, load range, ripple content,
etc. Although minimum weight is not always an important criteria,
it is the more usual requirement in military applications, thus
it was selected. Of course, minimum weight will also tend to
yield minimum volume.

The following analysis shows how the minimum weight system
vas obtained. The results are presented in such a manner as to
show the welght penalty to the power source of incorporating
voltage regulation and conversion in the systes. ln addition,
the effects of source voltage level, output power level, and
inherent souice voltage regulation are demonstrated. The results
given apply to all types of power sources. It is anly necessary
to know the weight per unit of output power of the source and fuel
supply. This value, of course, is dependent upon the type of
source and amount of fuel required for the particular mission.
For long missions fuel weight is predominant; whereas, for short
missions, the energy converter and voltage converter weight are
significant.

Analysis

This analysis will derive the equations for total system
weight and the criteria for minimum weight. The total systea
welght is:

(6.3-1) Wy = w. + wc
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Total system weight

W, = Source weight including accessories and fuel
required for a given mission.

oF
]

Weight of the voltage regulation and conversion
function.

By means of some manipulation equation 6.3-1 can be written as:

(6.3-2)

where:?

v
"

Rated output power

o J
[ ]
H

Power out of the source to the voltage converter
and regulator at rated output conditions.

% = Net efficiency of the voltage converter-
regulation function in percent.

Thus, equation 6.3-2 can be written in terms of weight per
unit power and efficiency as follows:

PQ PS Pc

W
i-r%)

as given by the figures of Section 6.2. Choosing a high
value of net voltage converter efficiency (’7. ) will
result in large voltage converter weight per unit power
(Wg/Py) and also produce a large total system weight per
unit power (\i.l./l’c . Low values of net voltage converter
efficiency also result in a large total system weight per
unit of output power since the power source must bé large
to supply the large power loss of the voltage converter-
regulator.

(6.3-4)
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Thus, it is evident that there must be some optimum value of
converter efficiency )Zn which produces minimum total system
weight. This value can be found by letting:

.

Differentiating equation 6.3-3 in this manner yields:

é_(__:{-)_- 100,
Joh TR

m
W
(6.3-5) 27&2 a " W,
100 ;ﬁ»‘ .
;

Equation 6.3-5 gives the condition which must be satisfied if
minimum total system weight is to be achieved. In performing
the differentiation indicated previously, it was assumed that
the source weight per unit power is not a function of the volt-
age converter efficiency

-

Equation 6.3-3 may also be written as follows:

(6.3-6) .
(7). (%)
T )

In this case the quantity on the left side of the equation is the
ratio of total system weight per unit of output power to source
weight per unit power. For an ideal voltage converter and regu-
lator which had 100% efficiency and zero weight, this ratio would
be one. Thus, this ratio will always be greater than one and
indicates the penalty in system welght produced by the addition
of a voltage conversion and regulation function.

w'ldd
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6.3.3

It is this ratio that is calculated and shown in the result curves.

In order to make the resultant overall system data generally
useful, several values of source weight per unit power (w,/P,)
between the values of 50 and 1,000 pounds per kilowatt were selected
and the corresponding values of total system weight determined.

The voltage converter and regulator data was obtained from the
curves given in Section 6.2. In the case of each point only the
minimum weight voltage conversion and regulation system was chosen.
The minimum system weight was established by applying the criteria
of Equation 6.3-5. Thus, for example, for a source weight per unit
power (Wg/Pg) of 100, the voltage converter and regulator effici-
ency was chosen such that

100 CRZLL

The corresponding efficiency (7. ), voltage regulator and converter
weight per unit power (Wo/P;), and source weight per unit power
(w,7P,) were then used in Equation 6.3-6 to obtain the system
characteristics.

e

Results

The ratio of total system weight per unit of outout power to
the source weight per unit of power ¥[/_:; is shown in Figures
c Ts

6.3-1 through 6.3-20 as function of full load source voltage (Egpr),
full load power (P,), inherent source voltage regulation (B) an
source weight per unit power, (Wg/Pg). Figures 6.3-1 through
6.3-10 display the information for the 28 volt DC output; whereas,
Figures 6.3-11 through 6.3-20 present it for the 400 cps AC output.

In most applications the inherent source voltage regulation
(B) and the source weight per unit of source power ws/P,) are
determined by application considerations. Once these character-
istics are determined, the additional system weight penalty
produced by the voltage conversion and regulation function can
be readily determined from one of Figures 6.3-1 through 6.3-20.
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Example

The possible use of the data presented in this section is best illustrated
by a simple example. Let it be assumed that following are the requirements
of a given apolication.

Output Power (P,) = 250 watts

Output Voltage = 28 VDC
Additional requirements in terms of mission length, duty cycle, etc. would
be specified. The power source including fuel supply could be initially

sized and optimized to yield minimum weight. Let it be assumed that this
optimization led to the following values.

Inherent Source Regulation (B) = 40%
Source Weight Per Unit of Source Power (Wy/Pg) = 250 lbs/KW
Selected full load source voltage (Egpr) = 12 volts

Then from Figure 6.3-5, the ratio of total system weight per unit of
output power to the Source weight per unit of output power iss

Wr/P,

ws; PS
thus
Wr/P, = 1.33 x 250 = 332 lbs/KW

Figure 6.3-5 indicates that the optimum system is one which uses the flyback
circuit. The welght per unit power versus efficiency for a flyback circuit
with this power and voltage level is given by Figure 6.2-6. Also, substi-
tuting the previously obtained numbers into Equation 6.3-6 gives the addie
tional relationship between efficiency and weight per unit power for the
flyback circuit as:

W P
(6.3-7) 1.33 =;1[°% + -§€o—°

The only combination of efficiency and H’c/Pc which satisfies both Bquation
6+3-7 and Figure 6.2-6 is:

7“ = 91~5$
Wo/P. = 60, 1bs/KW

A L



These numbers define the operating point of flyback circuit for
minimum overall system weight. In addition, of course, the actual
output power of the power source is:

100P,
P = A
s My

= 220,
915

Ps = 273. watts

Thus, the power source and fuel supply would have to be sized to
deliver 273 watts.

If the actual value of output power significantly changed the
optimum source design point from a value of B = 40% and Ws/P = 250
1bs/KW, initially determined, it would be necessary to repeaf the
above steps using the newly determined values. However, it is
unlikely that such a recalculation would normally be required.

It will be noted that the effect of adding a voltage converter

and regulator is one of increasing the total system weight 33$ over
the system weight which would be required if the voltage converter
were not needed. This increase in system weight is the result of
two factors. First, the voltage converter weight increases the
system weight. Secondly, a larger source and more fuel is required
to supply the power lost in the voltage converter due to the fact
that it is not 100% efficient.

6.3.4 Discugsion of Results and Conclusions

DC Output

Examination of the system curves for a 28 volt D-C output (Figures
6.3-1 through 6.3-10) leads to some significant conclusions. First,
it should be noted that if possible the full load source voltage
(ESFL) should be selected at 28 volts. This permits output voltage
control by use of the switching circuit alone and results in an
overall system which is considerably lighter than any other choice.
The second best choice of full load source voltage is 20 volts for
an inherent source voltage regulation of 40% and 14 volts for an
inherent voltage regulation of 100%. These conditions permit use
of a minimum weight flyback circuit. In either case the source
voltage indicated is the upper limit which can be used with the
straight flyback circuit. This is due to the fact that the flyback
circuit can only step up voltage, thus the open circuit voltage of
source must never exceed 28 volts at any load condition when using
the flyback circuit.
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Except for the above mentioned items, the weight penalty tends
to decrease rapidly as the source voltage increases. This, of course,
demonstrates quantitatively the advantdge of keeping the source volt-
age as high as practical. In particular, every attempt should be
made to stay above a full load source voltage of 10 volts.

It will also be noted that the curves for a particular power
level extend over only a finite source voltage range. Thus, in the
case of 25 watts the voltage range is 1 to 40 volts while for 10 KW
the range is 20 to 100 volts. As discussed in previous progress
reports these voltage ranges were selected as being reasonable for
fuel cell, thermoelectric, and thermionic power sources for the
particular power conditions.

With the exception of the 10 KW case, the curves indicate that
the weight penalty of the voltage conversion and regulation function
decreases as the power output increases. Except for the switching
circuit point at 28 volts, the 10 KW curve is based on voltage con-
verter circuits employing silicon controlled rectifiers (SCR) while
all other power conditions employ circuits containing power ttansistors.
If power transistor circuits had been employed for the 10 KW condition
it is highly probable that the 10 KW curve would be below 1.0 KW curve.
Preliminary judgement indicated that SCR circuits might be optimum for
power levels above 1.0 KW, thus power transistor circuits were not
evaluated at the 10 KW level., The results of t'is study, however,
indicate that power transistor circuits may still be the better
choice at the 10 KW level. This fact is illustrated by the curves
of figures 6.3-21 and 6.3-22. These curves compare the efficiency
and weight characteristics of similar type SCR and power transistor
circuits. The efficiency and weight points plotted on these curves
are those which yleld a minimum weight system when the source weight
per unit of source power is 1000 lbs/KW. Figure 6.3-22 shows the
efficiency and weight as function of output power level for a full
load source voltage of 40 volts. Figure 6.3-21 shows efficiency and
weight as a function of full load source voltage for an output power
level of 1.0 KW. It will be noted that in both cases the transistor
circuits are approximately 10% more efficient and considerably lighter
than the SCR circuits. This then leads to the conclusion that tran-
sistor circuits are the better ones for the load range of 10 watts
to 10 KW and the source voltage range of 1.0 to 100 volts being con-
sidered by this study. Unfortunately, the practical consideration
of voltage rating may limit the use of transistors to a maximum
reasonable voltage of 50 to 80 volts whereas the voltage capability
of SCR's is now several hundred volts. In addition, the maximum
current capability of present transistors is considerably less than
that of SCR's. This fact tends to favor SCR's for use in large power
applications.
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Nevertheless, it still can be concluded that power transistor circuits
are the best approach for the general load and voltage range of this

study. Thus, it is evident that the SCR data presented in the system
curves of 6.3-1 through 6.3-20 do not yield the minimum weight system.

It is believed that the transistor circuitry data does rcpresent
the best available within the state of the art and the performance
requirements specified. More efficient, lighter weight systems are
possible providing the performance requirements are relaxed. In
particular, for example, limiting the load variation to something
considerably less than full load to no load could result in a con-
siderable system weight reduction.

AC Output

The AC output systems do not exhibit any particular preferred
source voltages as did the DC systems. This is due to the fact that
an inversion function is always required to obtain a AC output whereas
in the case of DC output only a voltage regulation is required under
certain conditions. In all other aspects, however, the comments
pertaining to the DC outout systems also apply to the AC output systems.

It will be noted that in the case of the 25 watt power level, the
system weight is higher at a source voltage of 20 volts than at a
voltage of & volts. This is the result of a choice of two different
types of circuits in evaluating these conditions. The six volt condi-
tion assumes a stepped wave inverter; whereas, a square wave type of
inverter was considered at the 20 volt point. It is highly probable
that if a stepped wave inverter had been considered at the 20 volt
point, the resultant system would have been lighter than that shown
and would have fallen on a continuation of the curve through the 6
volt point.
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6.4 Laboratory System
6.4.1 Introduction

During the past report period a laboratory model system consisting
of fuel cell power source and a DC-DC voltage converter was completed
and tested. The purpose of this laboratory model system was to demon-
strate the optimum principles of voltage conversion and regulation as
arrived at in this study.

The laboratory model system is described in detail in the following
paragraphs and its performance characteristics as determined by test are
presented.

6.4.2 System Description

A photograph of the laboratory model system is shown in Figure
6.4=-1. The power source is a 16 cell hydrogen-air ion exchange membrane
fuel cell. It has a rated output power of 60 watts at an output voltage
of 12 volts. Its no load voltage is approximately 16 volts giving it
an inherent voltage regulation of about 33%.

The DC-DC voltage converter and regulator uses a modified Morgan
circuit. The complete circuit diagram is shown in Figure 6.4~2. In
this case the power portion of the circuit is shown by the heavy lines.
The voltage converter has a rated output of 50 watts at 28 volts DC
and is designed to operate with an input voltage of 10 to 20 volts.

The circuit operates at a fixed frequency of 800 cps and achieves
output voltage control by varying the "on® time during any given cycle.

The results of the study as indicated in previous sections
indicate that the modified Morgan circuit is not the optimum circuit,
but rather the flyback circuit is lighter and more efficient. Unfor-
tunately, selection of the laboratory model circuit had to be made
before the study was complete. At the time of the selection, the
modified Morgan circult appeared to be the best. It was not until
later in the study that the flyback circuit was uncovered. However,
aven though the modified Morgan circuit is not optimum, it still
demonstrates the capability of achieving the performance results
predicted during the analytical study. Thus, it helps to establish
the validity of the assumptions made during the study.
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System Performance Results

Power Source Characteristics

The fuel cell characteristics are shown in Figure 6.L4-3. Both
the volt-ampere and source output power curves are presented.

Voltage Regulation Characteristics

Figure 6.L-li shows the fuel cell output voltage and the voltage
converter output voltage as a function of system output power., It
will be noted that the voltage converter output voltage is well wi thin
the voltage limits of 28 + 1 volts for an output power range of 2 watts
to 56 watts, In the same range the fuel cell output voltage varied
between 15,5 and 11.0 volts. These curves demonstrate the very
adequate job of voltage regulation and conversion achieved by the
laboratory model system.

!ffic:loncz

Figure 6.4-5 shows the voltage converter efficiency as a function
of output power. The efficiency hits a peak of approximately 82.5% at
35 watts and has an efficiency above 80f for the output power range of
17 to 52 watts. The efficiency achieved is close .o the predicted value
of 83% for this circuit. These results help substantiate the validity
of design assumptions used throughout the study.

Figure 6,4~6 shows the overall thermal efficieicy of the fuel
cell plus voltage converter as a function of the cuupi® power of the
system. This shows that the overall thermal uffic. <oy is well above
L4O% throughout most of the power range.

Transient Response

Pigure 6,4-7 and 6.,4-8 show the transient response characteristics
of a fuel cell voltage and current, and converter output voltage for a
step application and removal of load between 5 watts and 50 watts, It
will be noted that the voltage converter output voltage remains essen-
tially constant on the basis of the time scale of these traces,
However, the transient response of the fuel cell voltage and current
is slow taking approximately SO seconds to settle out at a new condition.

Figure 6.L4~9 shows the actual output voltage transient response
on expanded time scale for step load application and removal., It will
b006noted that the output voltage transient settles out in aprroximately
+06 seconds,
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Voltage Ripple

Figure 6.4-10 shows the converter output voltage ripple for a
50 watt output load. The magnitude of this ripple is approximately
0.2 volt. It is nearly sinusoidal with a fundamental frequency of
approximately 800 cps.

Figure 6.4-11 shows the voltage and current ripple at the fuel
cell output for a 50 watt output system load. This ripple is a dis-
torted square wave with a voltage ripple being of a magnitude of
approximately 0.12 volt and the current ripple being of a magnitude
of approximately 0.8 amps. Agaln, the frequency is approximately
800 cps. The ratio of the voltage ripple magnitude to the current
ripple magnitude is an indication of the A-C output impedance of
the fuel cell at 800 cps. This checks closely to what is predicted
for the AC impedance of this fuel cell stack based on the fuel cell
dynamic impedance information presented in Progress Report No. 4
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Figure 6.L=9
Voltage Converter Output Voltage Transient

Response for Step Application and
Removal of Load between 6,0 and 50 Watts

(a) Load Arplication

r 60
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by t —»
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.01 seconds
(b) Load Removal
60
¢
n
P
'
B>
0

i t —»

.01 seconds

212



Figure 6,4=10

Voltage Converter Cutput Voltage
Riprle at a 50 Watt Output Load

- 28 vDC
0.l volt I 2

-y
«2 millisecond

Figure 6,L=11

Voltage Converter Input Voltage
and Input Current at a 50 Watt Output lLoad

a3 Voltage Ripple
(o2l volts/division)

o3 —— Current Ripple
(1.2 amps/division)

fometl
.2 millisecond
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