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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.
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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 load with
which it is to be used has been ignored. The possibility of
internal control 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 kynamic 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.

(c) System 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.
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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 assistanee 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 Acoessory Turbine Department

C.C. Christianson
J.H. Russell
S.N. Shinn
M.D. Marvin
J.P. Dankese

General Engineer&r Laboratory

R.L. Maul
W.R. OAey
S. Battone

Electronics Laboratory

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

4.1 Resume'

During the past reporting period the effort in the power source are&
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 addition,
the remaining performance data of the switching-series regulating
circuit was determined.

Section 4.2 presents the results of an experimental investigation
concerned with the control of fuel cell output voltage by means of
varying gas composition (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 efficiency 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 4.3. The results indicate that
the effective DC internal resistance of a typical generator is
approximately 1.35 times the ohmic 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 cpa, the output impedance of the
generator becomes equal to the ohmic resistance of the generator.

Section 4,4 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 conditions. In
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 impedanee of the generator approaches that
obtained from 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.
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4.2 Ntel 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 Changinz 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 intestigation 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-exchange
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 respose 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."
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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 experimeRtal
work are presented in this report.

4.2.1.2 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 0 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 voltage 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.

4.2.1.3 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
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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

Oxyzen 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
air; Figure 4.2-2 shows the effect of a 50% oxygen - 50% nitrogen
mixture; Figure 4.2-3 shows the behavior with 20% oxygen - 80% helium
mixture. In all cases, volt ampere lines for two velocities of 100%
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-ft 2 ,
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 contrl
point is a fuel cell output of about 0.806 volts and 23.5 ams/ft and
approximately corresponds to the dead-ended 100% oxygen operation for the
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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.

Hydrofen 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-amper, curves for various gas compositions
and velocities are shown in Figures 4.2-8 and 4.2-11. In all cases,
volt-ampere lines for to velocities of 100% hydrogen past the
hydrogen electrode are included for reference. The 100% hydrogen,
.0034 ft/se,. 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*-15. In this case, the external load
corresponded to .0428 ohm-ftg, thus the cell current density can be
obtained by dividing the cell voltage ty .0428.

As is the case of the oxygen electrode, a quantity R has been
defined as the ratio of the actual (A) hydroen supplied to the
cell at arW given condition to the theoretical (T) hydrogen required
by the fuel cell at the control point. In this case, the gontrol
point is a fuel cell output of .722 volts and 16.8 aps/ft' and
approximately corresponds to the dead-ended 100% hydrogen-oxygen
operation for the fixed resistne 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 OR* corresponding to various gas
velocities and compositions for the test points involved. Figure
4 .2-16a shows the gas velocity required to maintain an R of 1.0 for
various percentages of oxygen I1 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 teat conditions involved.

fransient Resnonse TUir

The fuel cell fixture used in the experiments was not designed
primarily for obtaining fast transient response; however, ma indiqation
of the transient response capability could be obtained. The transient
response time was obtained by reducing the velocity of a partieular
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feed gas composition so that te cell performance decreased to
about 0.40 volt and 19 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.
Fbr the oxygen electrode the rate of change of voltage was
approximately 0.07 volts/see. Approximately five additional
seconds were required for the voltage to go from 90% to the final
voltage.

Vacuum Operation

The possibility of control of the output voltage by operating
the cell hydrogen and oxygen pressures at pa-tial vacuums was
also investigated. Operation 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 were 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 Output Voltage

The results show the output voltage of the fuel cell can be controlled
b- varying 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 "Ro
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 a 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 veJocity 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.
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Effect of Gas Composition upon Output Voltaxe

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 Voltate

The type of inert in the gas mixture had little effect upon the
output of the cell. This is 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 velocities,
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 approxiAately 50 Rg
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 so 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 indic ted by the return to the original
performance levels.
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4.3 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
thermoelectric 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 present reporting period the dynamic analysis of a thermo-
electric generator was completed. 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 reported
in Progress Report No. 5 indicate insignificant dynamic effects in this
frequency range. Next the low frequency (up to 10 CPS) characteristics
.ere determined analytically. The method of analysis and typical
numerical results are presented in this report.

4.3.l Dynamic Characteristics

The dynamic characteristics of the themoelectric 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
thernal 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 arears to have a higher DC 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. 1*en the
electrical load is varied in an oscillatory manner, the Juncti on
temperatures will tend to vary correspondingly. As the frequency
is increased, the amplitude of the junction temperature variations
will diminish because of the thermal inertia of the thermoelectric
elements and the electrical and thermal conductors. At high fre-
quencies the Renerator resistance dill approach the DC resistance
of the couples. The expected dynamic impedance of the generator
thus is a lag-lead characteristic with time constants of the order
of several seconds caused by thermal effects.
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4.3.1.1 Analsi s

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-lB and a schematic
of the typical generator which it represents is shown in Figure 4.3-lA.
Only % 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 thermal 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 so an analysis was also made using a distributed parameter
model, Figure 4.3-iC, 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 herein.

In both the distriblted 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.

lapped Parameter Analysis

The analysis was made considering the performance of a single couple;
the dynamic characteristics of the venerator would differ from those
of a couple only because of edge effects.

Nomenclature used in the analysis is as follows:

Cc - specific heat, cold conductors and radiator

Ce - specific heat, thermoelectric element

Ch - specific heat, hot conductors and container

I - electrical current

Ke - thermal conductance, junctions to element, centers

1o - thermal conductance, cold junction to sink
P

Ks - thermal conductance, hot junction to heat source
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Mc - mass, cold conductors and radiator fo couple

Me - mass, thermoelectric elements (n & p)

Mh - mass, hot conductors and container for couple

Qc - Peltier heat flow at cold junction

Qh - 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 conducted into element at hot junction

Q2 - heat conducted from element at cold junction

R - courle electrical resis;tance

S - Seebeck coefficient

s - Laplace operator

Tc - cold junction temperature

Te - element temlperatures, lumped mass

Th - hot junction ter-erature

T - sink emperature

- source temperature

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 & Figure 4.3-2 the required relations for the
analysi,-; can be written. These relations and the corresponding
relations in incremental linearized form are as follows:
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Basic Xquations Incremental, Linearized Form

QB -K5 (To - Th) AQG -K (ATg -ATh)

Qa - Q, + SThI + ChMhsTh AQS a AQ* + SThAI + SIATh + ChhsATh

Q - Ks (Th - T) AQ, a (ATh A. TO)

Q1 + 12R - Q2 + CAST. AQ + 2IRAI AQ2 * CAsAT.

Q2 "Ke (To - To) AQ2 a Ke (ATO - AT)

Q2 + STI - Q0 + CcNeiT0  AQ 2 + STeAI + SIAT c - AQo + CcMcosTc

Qo - o (Tc - TO) AQo " Ko (ATC - ATO)

V-S(T-T) -AZ &V-S(ATh - AT) - a

The final relation shows the terminal voltage to be equal to the open
circuit voltage ainus the generator IR drop. These equations when
cabined to give the transfer function from &I to &V yield the
desired result, the dyn-e Impedane.

The above equations were solved by a combination of block diagram and
algebraic manipulations. Ficure h.3-3 shws the initial block diagram
of the equations. After partial reduction the block diapgm, which will
be useful later in the distributed parameter analysis# appears as sham
in Figure 4.3-4v here:

O 1 1 48e

02 a Kre 05 (0 4 .)1+ r -7

2 1 21R 1
G3" e. 0 6 17- • ees

and

h t c"'0
a0

and

Gh-TbS G6 TS+G1_G
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After considerable manipulation the final form of the block diagram
is outlined as shown in Figure 4.3-5 where the following definitions
are used for the parameters:

KgB 0 KoA
11 " T13 = "

G12 4 G asG1

I v AB - G 020 GIGI3 - G12G

Here A - K1 + SI + and B - Ko -SI + G2 +

Fran 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 h.3-5.

Numerical Results for a Typical Generator

The generator used for these numerical results wW described in
Progress Report No. 3. Briefly it utilized combustion gases as the
heat source and rejects heat by mans of a free convection air
radiator. The thermoelectric elements are placed in a hermetically
sealed module and arranged as shown schematically in Figure 4.3-1A.
The nmerical values for the constants needed in this analysis are
listed below:

Cc a 4.42 watt-sec/K R " 0,0276 ohms

CeMe a 0.382 watt-eec/°K S - 0.,489 x 10-3 volts/oK

C0h h a 0.622 watt-sec/°K Tc - 4400K

I 3.4 amps Th - 8660K

Ke - 0.0214 watt/OK To - 3460K

Ko  0.058 watts/01 Ts a 22000 K

Ke - 0.00437 watts/K

The constants are for a single couple. Values for I, Th, and Tc are
the nominal values about which the increments occur; these represent
the design point which is approximated the maximum efficiency point
as described in Progress Report No. 3.
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These constants were used to calculate the parameters shown in the
block diagrams Figure 4.3-5. Figure 4.3-6 shows the block diagram
after the numerical substitution. 'In this substitution H, and H12
are approximations determined from Bode plots of HI and H2 circuits
as shown in Figure 4e3 5 The feedback paths th s and Vcs (Figure
4.3-5) virtually eliminate 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 Rland H2 were used in calculating the numerical values
of H3, Hhs and H6 which are shown in Figure 4.3-6. In order to
keep the pro lem from getting unreasonably complex, additional
approximations were made for H3, H4 , H5 and H6 . In evaluating H3,
Bode plots showed

1 1
H U 36a) 0.394 + 3 + + ' - 0.394

o.265 (1 + 8.9s)2 (1 + 9 4)Z (1 + 64s) 3.77(1 + 36s) - ( + 6

and

both to be good approximations. Similar approximations were made for
H4 and are as follows:

1 1
+(I +4) 0.118(l + 19,)2 o.118

0.867 (1 + 8.98)2 (1 + 9.4s)2 (I + 36s) (.11( 61s) (1 + 36s)

and

H~4  0-7

Approximations made for H5 and H6 are as follows:

0.160(1 + 190) 0.840( + 6.5s)(1 + ls)(1 + 66s)H5 1 -U( + 8.9s)(l + 9.4977l 64s) (I + 0-919)(1 + 9./4e)(1 + 6497-

H5  0.839
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H6 0 1 - o .61s9(l + 19.) -0.360(1 + 8,4es)(1 + i0s)(i + 1026)
(l+8.9s)(I + 9.49s)(l + 36s) (1 + 8.9s)(l + 9.4s)(1 + 36a)

H6 290,51(1 +3102)

The lead and lag time constants in both G andi G (Figure 4.3-6) are so
close to each other that they contribute Mite 8ymamics and thus were
assumed as simple gain terms. IV.th these approximations the block diagram
is easily reduced to the final formn in the following manner:

Al o26A

H3 H50.4~89 z 161
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At this point the denominator of H6 vas assumed equal to the denouinator
of H3 and after further combination the block diagram becomes:

- 0.0276 -+-

o000o(l_ +748) 0.121z 103
( + )( + 728) ( + 0)

H7

&T3

0.171 10-3 (1.12.
(1 + 72s)(l +Oe)

,&To

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

00010
(l + 40o8)

and the resultant block diagram becomess
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+ AV volts)

0,121

&T 0.171(1 + 1028)UI + 72s182 (1 + 4S

I
AT (oK)

In term of current density, J * I/a, the electrical dynamic impedance
is:

T (amp/m 2) _ .oo688 I 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 4.3-7A and the solution of these equations pro-
vides distributed parameter analytical expressions for the parameters
GI, 02, 04 and G5 of Figure 4.3-4 and for 03 and G6 which appears in
Gh and Gc. 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 4.3-7B where dKe a k.a/dx, d(CeJ e ) -
Cev.a.dx, and d(1 2R) - 12 ,Idx/a. In the above expressions k is the
material thermal conductivity, w the material density, and 10the
resistivity. Summation of heat flow at the node "a" provides one
relation:

(1 x a t a

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

(2) 'd T'-Ia

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

(3) 4

Taking 6/ 3 x of equation (1) and 6/d t of equation (2) and combining
the resulting equations gives:

(4 d2Q w 1

Equations (3) and (4) are linearised to give:

(5) 2 .0T 1 A T 2 2P1
d 2 7ka
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and:

(6) X

where:

01k
cw

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

4T - dTejwt, LQ -6QejL ° t, and A I -AIe J t

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

(7) D2 - I T - -

General solutions to equations (7) and (8) are:

(9) AT a C1 002 + C2 e x +, A I

91r
(10) aQ M C3 •e x + C •e"6 X

where - and 2 PI

Here C1, C2 , and C3 and C are integration constants. Two of these
can be eliminated by substituting equations (9) and (10) into one
of the original equations, equation (2) for example, to get:

(11) Cl-C3 and C2 " ;C'ka

C3 and C4 are now evaluated by applying boundary conditions in
terms of the independent variables &Q, and &Tc (thes can be
seen to be input quantities fron Figure 4.3-4). Thus:
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at x - 0P AQ - &Q (x - 0 at hot Junctions)
x X, MtoT m LT C

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

(eA + e-.6 )
&Qle +f,4TTc-

AQi6 e I + 6-,d
C4 = (eAC +e )

Equations (9) and (10) with the above definitions for the integration
constants are the general expressions for 6 Q and & T and are now used
to determine the dependent variables A Th and AQ2 . Applying the con-
ditions that:

AT a bTh at x - 0

and

b Q = dQ2 at x -

the results of the distributed parameter analysis are:

(11) AQ2 - GIQ 1 + G2,T c + 03 LI

(12) ATh m 0 TCT + G 4Q + G61.I

where:

1 c1h . i

tanh ,14

G3 m ta 2 6CC-
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These constants are more convenient to use in the nusrical reduction
which is to follow if the hyperbolic functions are in the following
form of factored infinite series:

Gl* 04 +.,) . . ) 

whr:t-8 CON ~ r
he: t17 rn (2n+l)2

n- O, 1, 2, 3 • 0

uxl + + * (t. 8 )

02 ( r )(1 +t)( , + rm a U + (i t P)

n a I, 2, 3 • • •

+ i*__ * * X ) . . (. *.

21 (1 + t)( OVI ! *() + t)

+ + + •to•(I

~6 ~ (1 * rs) l 4 - +E)( 't __ no( ~ )

0 .

-14.4T 1

05~~~n ;9, 2, + t ") (I+a" 1+

- + a ( +T-0



In arriving at this reduction it must be recognized that:

R " and k -a2
a kmT

Also the Laplace operator, a, has been substituted fr j~j.

Further evaluation of constants yields:

G12 a

013 "

Ke 0

where Dm . 22sG 2

(05 " 2

aid - Kg +I + 1

- 11o -SI + 2 + I

It was found convenient to analytically evaluate the parmters
below before numerical substitution is made.

G20 Ko K,
a ' V R o -SI + ( Coth t

3 + 51+ 6- coth pi



G12 Gj

At thisu point the analytical analysis was ended and the final reduction
was dons in nuierical form*.
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Nmerical Rasult far Distributed Parameter Analysis

The first step in obtaining a numerical value for the dynmic impedance
from the distributed parameter analysis is to evaluate the transfer
functions Oh, o, H30, H, H5 and H6 (Figure I.3-6). In order to
evaluate H3 and Hh, H1 and H2 respectively must be evaluated first
(see Figure 4.3-53.

0 2 20 Ke

The block diagram is rearranged to:

Ke*

r he + coth/f)

As was shown in the previous section, the hyperbolic ta is character-
ised by an infinite nmber of factors or tim constants. Both terms
in the feedback block are shown in a Bode plot, Figure 4.3-8, which
was used to arrive at a simplifying approximation for the feedback
block. A criterion was used that is comon in control work; i.e.,
when the spread between two term on a Bode plot is greater than
20 db (10 to 1)a the smiler term can be meglcted. From Figure
4.3-8 it can be seen that when this criterion is used ony two lead
and two lS factors of the hyperbolic term ned be considered. ldth
this assumption the combined ftedback terms, H, appear as shown
below:

L__ . I.(" + 69s)(1 + .2s)(, + .85)
~(I + 3.6s)(l + .91s)
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The general solution for this diagran is i

G

where 0 is the feed-forward term and H is the feedback tezm, The above
20 db criterion again was applied to this reduction, This can be
acomplished by coparing the magnitude of OH with unity on a Ded plot.
Figure *.3.9 is a sketch of the plot which shows that c:y the first
lead term in the feedback block is of significance. H3 at this pint
then appears as:

which is readily reduced to:

I I + M)

From Figure 4,3-6 it can be seen that the 143 transfer function is:

22

As was described above, a Bode plot of OH ms mrde to determine the
significant tim constants. Although the plot (Figure 4.3-10) showed
tvo lags to approximately at the 20 db down point, they vner retained.
Af ter this approximation the block diagram for H3 in mrical form
appears as:

+ 0.265

- t8 -



which is readily reduced tos

H3 =(1 + 078)(1L + 3as)

The transfer function H4 was evaluated in a very similar manner and
became:

0h= .97(l, + 45)
H4 + OT S . + 368)

The transfer functions H5 and % were evaluated using the 20 db spread
criterion, Although they have fed-forward paths, the techniqu fe
evaluating them in very similar to that above.

C +

D

Figure 4.3-ll is a Bode plot of the feed-finid paths C and D free
which it can be seem that enly a single lag teim is ot significance.
The block diagm frn of 15 is then:

which reduces to:

Ooe39(l * 72!)
"5 (I + 668)

Similarly R6 was found to be:

16 a U + 45s)

The sans technique was used to evaluate Gh .

" ,ro '- - , 97.0 - 75.5
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and thus t

" 75.5 (1 + 4..6sh (1 + 3.6a)

The lead and lag time constants here are sufficiently close that a

good approxmdation is:

% = 75.5

In evaluating G at least 5 lead and lag terms would have to be retained

frn the infinite series representation if the 20 db spread criterion
were used. Since these dynamics reduce the value o Oc by only 30% at

higher frequencies and since the forward-feed path which contains Gc is
only 10% of the parallel path (containing Ghl see block diagram below),
neglecting these dynamics cauSes little error. With this approximation:

oc - 5.30

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

R

- 6V
0.0276 +

Gh 03 G

S

IOc oI o

-.97(1 + 66s) .39(1

+ 0



which becomes:

+ + 4

0010(0 + 
83)

.121(1 + 79s
(1+678)((+36ls

.171(l + 128)

and by simplifying the dynamic food-forward path totz

.010

the electrical dynamic impedance is:

( I .0376 ,(o.

or in terms of current density, J,

.00688 V (volts)
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4.3.l.2 Results and Conclusions

Block diagram showing transfer function characteristics of a typical
thermoelectric couple are shown in Figure 4.3-12 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 determining 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
Figure 4.3-5. 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 dynaic 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 4.3-12. 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 from thos of a single couple only by the
DC gain of the transfer function; the gain becomes 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 Repot 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 (40 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 order of magnitude of response that can be expected
if voltage regulation is accomplished by control of junction tempera-
tures.
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A 0.00688 (1 + 29s) + 0 v (volts)

A - Area of Thermolctric 011 1,7(+12)
Element in CM U + 72 )(14 09s

AT0 (°x) AT (OX)

a. Lumped Parameter

Aa ~ m -000688 - + 28g) + (&Vv ols
A [ y+ 8 9)j 1o t

1# u+ 38?s a) (1+87;) 1l+38s)

Area of Thermoqlectric A (OK)

Element in Or- aTs (OK) Z T

b. Distributed Parameter

Fig. 4.3-12, Block Diagram Results for A Typical Thermoelectric Couple
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4.4 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 aoplied 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 ohenomena 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 Llation 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 the effects that can be 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:

Ca - specific heat of anode material

Cc - specific heat of cathode material

Cv - specific heat of cesium reservoir

- intercept voltage of linear volt-ampere curve

I - electrical current

Io - steady state value of current

K a - thermal conductance, anode to heat sink

Kc - thermal conductance, cathode to anode

Ke - cathode to anode effective thermal conductance due to electron
cooling

Kp - thermal conductance, cesium reservoir to heat sink

KR - effective thermal conductance for radiant heat transfer$
cathode to anode

K - thermal conductance, heat source to cathodes

- thermal conductance, anode to cesium reservoir

M - anode massa

Mc - cathode mass

Mv - cesium reservoir mass

P - converter output power

R - internal resistance of converter
g

Rg o - steady state value of InternaL resistance

s - laplace operator

T - anode temnerature

-a4



To - cathode temperature

Tcs - cesium reservoir temperature

To - heat sink temperature

T - fictitious heat source temperature

V - converter terminal voltage

Vo - steady state terminal voltage

F(730 Ta defined by Figure 4.4-12 of Progress Report No. 5

F ( T03 T )-. defined by Figure 4.4-13 of Progress Report No. 5

by Figure Progress Report No. 5

Fg (Tcs, Ta)- defined by Figure 4.4-15 of Progress Report No. 5

( - proportionality constant for radiant heat transfer

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

impedance of the converter where

A linear volt-ampere curve is assumied for the converter and the

electrical schematic becomes

R V

from which the following relation can be written
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In this expression LL and R are not constants but are functions of To, Ta

and Tos so the linearized form of the above expression becomest

1.)4v. EI - i ot %- R o AI.

The relations showing how Te, Ta , and Tcs affect EI and R were presented

in Progress Report No. 5.

Before these are used a thermal circuit of the converter is reduced

to determine the transfer functions from A I, the independent variable and

A T, 4 Ta and tTcs* These transfer functions combined with the rlations

describing A/9, and A R as functions of A Tc, Ta and ATog can then

be substituted into Equation 1) to obtain the desired result, A V 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-lA.

The following equations can be written from the thermal schematic:

Basic equations Linearised Form

Q= K (To - Tc) A = MZ3ATs - K84dTo

Q. - % + V.I + ccsTo Q. AQ0 + 1o A v + VoAI + CoMesATO

Q0 -% a + Q, + CaMasTa dU S+ +CMaT

Qa d(a 4 To4 1 a a(A T a-ATO)

Qv - v (Ta r..) AQ, - KvATa - " To5

4V * + C M,,sTVcs i S .AQ + C ,sATCs

, j( (Ts 4 _ o ) ,AO . K p (ATos -JdT o )



Q= QC+ Q+ Qe
where 'dQ° c K 1 Ta) + KRTc + KOI

Qc- f(Tes T)

-Q T a)

S= f(T , T , I)a

The last equation for Qo was derived in Progress Report No. 5 where plots

for Q, and Q., and QO were presented in Figures 4.4-26, 4.4-27, and 4.4-28,

respectively. In linearizing this equation assumptions were made that . was

independent of T and Q was independent of both T and T •a •c a

These linearized equations are shown in block diagram form in Figure

4.4-2. From this point on the sink temperature, A TO, was not brought along

in the analysis as an independent variable. Changes in T will have little0

affect on the converter performance since heat rejected varies with the

fourth power of temperature and T is generally considerably smaller than0

Ta or Tcs. Reduction of Figure 4.4-2 provides the following expression

for the cathode temperature.

2.) A Tc o Go A T3 - l A V -TG 1.

where

1 0 (K C + K ) / K s + (l + s )

(I +7) /A
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whereA - K~v (1 + ) ( + KR a .a K + v(l +,0 )

and the time constants are

C M _ CM Ms Mcc Ics ., 1a."K

The expression for anode temperature is:

3.) &Ta - G20AT3 - G aV- G2 2 AI

where 20 " A ( Kc ) )
Zs (1c + tzs+

Io
G21 u10r 02

G."r 20o
s

G22 . V +0

and for the cesium reservoir temperature

4.) ATas G 30 AT S -G 31AV - G3AI

G 30 =20 G33

G31 G21 (33

G32 G U3322 33

where 3( k )

6 +
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These are the expressions needed for ATo, ATa, and A T0 s in terms

of the independent variables A I and A T. and the dependent variable

46 V. Next expressions for dIg and A 3 in terms of AT., A Tal and

AT., must be obtained.

Progress Report No. 5 presented the following expressions for

and Rt

Z 0.55 W'X
-

Tao Ta

X a F,(T0 5 9 T0 )

R 0.0325 Y'Z 730T

Y-Fg ( T ao

Z = Fg (Tes, TO)

In linearized form these become

5.) A - K, Ta + K2 AToa + 13 AT c

K 0. 551 %
dTa

K2 0.55W rOSI12 "0"$5Wo T"-s I Too

0-55K, -0.55w $x

I Ts o
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6.) Rg = K4  Ta + K 5 dTos + K6 ATc

K4 - 0.0325 zo dY,

a
K -.0.0325 Y 9#

K6 - 0.0325 Y o

080

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 ,I 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 diagram form

in Figure 4.4-3. The diagram easily could be reduced further but

the form shown is more convenient for obtaining numerical results.

In algebraic form the electrical dynamic impedance is

S12 (3 - IoK6 ) + G 22 (K - IoK 4 + G 2(K2 " 1o ) + Ro

1 + G0(K - IoK6) + G2 1 (K1 - IoK4) + G31 (K2 - IoK5 )
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Numerical Example

The numerical values for the constants for a typical vapor converter

are listed below:

C aMa = 6.17 w-sec/°C-cm
2

C M = 1.14 w-sec/oC-cm2
c c

Cv v  0.233 w-sec/OC-cm
2

I0 a 8.47 amp/cm2

K = 0.103 w/cm2 -°

a

Kc  = 4.67 x 10-3 w/cm2 -oC

Ke  z 1.75 w,'amp

K = 1.69 x 10-3 w/cm 2 -°C

K s  = 7.87 x 10- 3 w/cl, -°C

Kv  = 0.295 x lC
3 v/cm2 _o.

K1  = -0.66 x 10- 3 volts/°C

K2  = - 5.5 x 10-3 volts /°C

K3  a 1.87 x 10-3 volts/ 0C

3 /0
K4  = - 0.0650 x l0 3 A-cm2 /°C

K5  z - 0.292 x 103A-.cm2/°C

K6  - 0.0438 x 10-3A-cm20 C
2

Ro  = 0.0325 l1-cm

Vo  a 0.275

Tao a 730 C
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Too - 1330°C

TOs o - 3000C

WO  " 1.0

10 a 1.O

Yo W 1.0

Zo  a 1.0

The methods used in evaluating some of these constants deserve

some comment. In evaluating Ks, a first reaction might be that the

source (sum) 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 3 A value for Ks was obtained in the following manner:

,- K,(T, - TO)

and

S-- Ks ATo for constant T.

Thus

whoure o Is the steady state value of heat into the cathode.

- 72 -



From a typical curve* showing QI/Q. versus T0 (Q3 = solar heat flux),

Q, was determined and

was evaluated from the slope of the curve. These provided the

necessary nmerical information to evaluate a fictitious K. des-

cribing the characteristics of the collector system.

The value for K was obtained in the following manner:a

a 4 4 4Ta 

Qa a Ta ao a Tao a

From this we define:

a T ao

The same approach was used to evaluate K .

The constants K1 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 provide the values.

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

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

and are as follows:

la = 60 sec., z 140 sec., = 145 seC.

A a 24.3 x Q7 3 (1 + 14s + 5280 s2) w/Om2 .OC(1 + 20.8s)

0.453 (1 + 128s + 4430GIO = D

Gl = 1080 G1O °C/volt

101 (1 + 146s + 5150s2 - 2970sJ) amp/cm2.OcG12 - D

G 2  0.177(l + 20.8s)
G20 D

21 1070 G20 OC/volt

-22* 21.1(1 + 20.83) (1 + 187s) ap/.Oc

where: D = (1 + 66s)3

0.148

033 = (1 + 119s)

These values were used in the transfer function blocks of

Figure 4.4-3 yielding the resulting block diagram shown in Figure

4.4-4. Some assumptions were made to minimize the complexity of

the block diagram of Figure 4.4-4. rhe numerator of block 0 I

2
(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 l G52 and G5 3 : ]

G 0 .626(1 + 25s)-i +2(815)(157) + (157s) 
2

51 - 052 " 53 ( + 119s)(l + 66s)J
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In block 041 the negative time constant was assumed negligible and was

omitted. The combination of G41, G42 and G43 was found to be very

closely approximated by

+0.164(l 
+ 83s)3G41 + 42 + 43" (1 + 115s)(1 + 66s)3

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

' 0.164G41 + G 2 + G 3  U 39+s8)

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

diagram appears as:

40 T s3

Further reduction yields:

4A 0.121n(l + 6QQU + 9.163,
(1 + 53 s) U + 39, k 601 [

TI

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 Results 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 convenient means of repre-
senting the dynamic impedance of a power source; an
equivalent circuit 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 (avproximately 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.
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4.5 Voltage Control bv Combination Switching and Series Reulating
circuits

4@65.1 Introduction

During this reporting periodp 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 IN (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 efficiency curves.

weight
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 form
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.

4.5.2 Weight per Unit Power Curves

Results

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 ire presented in the form of
weight per unit power V ) vs circuit efficiency W 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 cirouits. The various operating points
evaluated are shown in Table 4.5-1.

Table 4.5-1

Inherent

2jO watts 6, 12,9 0
1 W 12, 20, (28), 0,100 100010

iom 20, (28), ,lo10%0

The 25 and 250 watt 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
4.5-4 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 .01 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 exceptions3

1. In order to obtain a reasonable fin effectiveness (.3 or greater),
larger fin base plate thicknesses, t, were assumed for the I and
10 XW cases. The assumed values werl tB a .05" for I KW and tR
= .5" for 10 KW. This change causes equations 4.5-26, -29, -30
of progress report #5 to become respectively:

W€ "Af Pc tB+t (i +2)] + 2tc cH

WT2OT= Twt +Af 0  [tB tC(i0+1)

+ 2 ec H + (.0013 H - .0003) (Preq) 3.45

Af (opt.) - Preq 2.45 (.0013 H - .0003) 3 r

f 9t ete (1 + jr)j
2. A sign error was discovered in the derived expression for the

maxim allowable value of saturation resistance (Eqn. 4.5-22 of
progress report #5) which decreases the severity of the restriction.
The correct expression is:

32 B. (B+I) v
Rmax _________"___

pD Z

where:, Z C +C + D

C = Z [M (B - 1) - (B + 1)] - 1

and:

D- La [B(M -1) + 2]- NVcer

In view of this correction, the 250 watt, B s 100%, 6 volt WTOT vs

77,, curve, shown dashed in figure 4.5-11 of progress report # is
nbIt 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.

4.5-3 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 (VTCT/WyOT). Figure 4.5-5 shows the (VTOT/WrOT) ratio as
a function of minimum circuit efficiency for the various power~svels
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.

Analysis

For the assumed package configuration (see figure 4.5-5 of progress
report #5), the volume can be expressed as:

(4.5-1) vTor - Af (1 + tB + I )

where Af is the fin base plate area in in 2 ;
1 inch is the assumed enclosure thickness;
tB is the assumed base plate thickness in inches,
and I is the fin lerth, in inches, obtained from
the minimum weight fin design computer program
(see para. h.5.2.6 of progress report #5).

Using equation 4.5-29 of progress report #5 the ratio of package volume
to package weight can be expressed as:

(4.5-2) VT a 1 + t ,+
++ ?cTcH + ( .oo13 H - .o0o3) 4

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.
4.5.2.7 of progress report #5) an optimum value of Af is obtained.
Physically, however, Af mast be equal to or greater than ATNT, the
total base area of the power transistors; Therefore:

(4.5-3) Af " Af(opt) when Af(pt) ATN T

Af - ATNT when Af(opt) < ATNT

The points when Af - Af(opt) - ATNT are indicated by vertical



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

4.5.4 Design Considerations

Generally when designing a power supply the load voltage will be
specified. YFurthermore, the inherent source regulation will usually
be determined by efficiency or life considerations. Under these
conditions, only certain discrete open circuit voltages are possIble
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 open circuit voltage Eo,
and efficiency 1/M is given by:

(I.4 + B)E (1+ Vcem)( ' 2
2434 (E + B)'l 0'2 J

+ (B+l1) E

Fig. 4.5-6 and 4.5-7 show equation 4.5-4 evaluated for various values
of VL, for B = 100% and B = 40% respectively. In these figures a Vcem
of .2 and a 3 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 somre manner dependent upon the type of scurce
involved. For the hydrogen-oxygen and hydrogen-air fuel cells, the
equivalent open circuit (intercept) voltage is .95V and .9 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 efficiency considerations and
heat source capabilities. The open circuit voltage of a single
thermoelectric couple is similarly determined 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 open 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 800OF 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 H2-air fuel cell and the PbTe thermoelectric
couple.

The internal resistance of each power source unit is related to the
open circuit voltage Eo, the output voltage VL, andthe power output
PO, and the defined source regulation B.
(4.5-5) R EO F - 1

gB -+ 17_il (

Figures 4.5-6 and 4.5-7 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.

kAwles 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 i dsrable to operate 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, 32 Sitchig Circuit Efficiency

1 .9 volts 96.
2 1.8 94.9
3 2.7 - 91.9%

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. .9. Veight/Power Weight
.9 volta 2.5 lbs/KW 2.5 lbe

1.8 a 2.8 lbs/KW 2.8 "
2.7 " 3.5 lbs/KW 3.5 "

Using the o and21 values, the Rg can be determined from equation 4.5-5.

So R

,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. In 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 (Eo  .9 volts) per power source
unit.
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5.0 TECHNICAL PROGRESS - EXTERNAL VOLTAGE CONVERSION AND RKEULATION

Darirg the past reporting period, effort has been applied to four
major areas of investigation. A suary 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# Suinry 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
"Flybeck" step up circuit (DC-DC) using power transistors as the
switching elemnt. Curves are presented for the follving
Design Points:

Power Output Pc 25 W 230 W I 50

Input Voltage Regulation- 0 40 100 0 40 100 0 40 100
.(_? . .e ) .......... .

6 6 6

EML - Full Load 12 12 12132 12 12 12 12 12
Input Voltage 20 20 2O!2O 20 20 20 20

Table "A"

Ite. 2 includes a general sumary discussion of SCR voltage converter
circuits. Item insludes a presentation of circuits selected and
evaluated for DC-AC inverters utilising power transistors, Curvea
of weight vs efficieney have been plotted fro, the following
Design Points:

Power Output - PC 25 W 250 W 1 1W

Input Voltage Regulation Rs 0 40 100 0 40 100 0 40 100Per cent)
12 12 12

%n'L 0 fll Lo9 20 2 2020 2
Input Voltage

Table OBO
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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:

Poer Output -_P_ 25 W 250 W

Input Voltage Regulation -R. 0 40 100 0 40 100
(Per cent) ......

%no Full Load 1 1 1 1 1 1
Vut voltage 6 6 6 6 6 6

Table OCO

In all cases the weight information presented in section %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 electrical oompment welght
has been established based on previous hardware ezperience. This
curve is shown in figure %1-1. Thus, In order to obtain package
weight in an case, it is on7 necessary to multiply the major
component weight by the appropriate factor as obtained from
figure 5.1-1.

Another item of interest is the volume of the overall electrical
circuit package. Figure 55-2 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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5.2 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 flyback circuit employing
power transistors at lower loads and other voltages. The particular
conditions considered are indicated in Table "A" of section 5.1.

5.2.2 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 rqeulations.

5.2.3 Discussion of Results

Effect of Source Voltaxe and Source Rexulation

The unique characteristics of the flyback circuit 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.

One 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
minimize 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.

A third criterion for optimum employment cf this circuit generally
is that thi full load current should be small to result in a
minimum !I L. As the voltage is reduced from 20 to 12 to 6 olts
the full load current increases. Hence, the weight tends to be greatest
for the higher current and lower voltage conditions.
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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 volt source. The reason for this is that the
difference between no-load source voltage and load voltage is not as
severely affected by source reglation at 6 volts as it is at 12 volts.

The beat performance is obtained with sources having no-load voltages
of about 28 volts. For example, a 20 volt source should have about
40% regulation for best performance while a 14 volt source should
have about 100% regulation for best performance.

Wffect 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 5.2-9 substantiate
this fact. Flor example, the reactor power handling capability is
related to the product of total flux and window current. The
iron ex oss-seetion as well as the core window area varies as the
square of a linear dimnsion. Therefore, the product of flux
and window current varies as the 4th power of a linear dimension.
Howevr, weight and losses go up as the 3rd power of a linear
dimension.

Wfieldn"

The slope of the curves in figures 3.2-7 through 5.2-9 is relatively
shallow. This indicatee the maxims efficiency limit has not beeo
reached. A large portion of the total losses occur 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 sore iron and copper in the reactor could improve
efficiency at a still profitable rate.
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T.
Figure 5.2-1 BEDFORD STEP-t .eRCUIT (Flyback)

-I
Figure 5.2-2 MORGAY FTEP-DOUM CIRCUIT

± ___

Figure 5.2-3 CFTTER TAT 7RAlFORTR
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Figure 5.2-4 VCLTAGE REGUIATI(A. BY PHASE SHIFT

.34

Figure 5.2-5 TRC RE(3ULArlCN WITH CENTER TAP TRANSFOMER
lN DC SECTION
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+

Figure 5.2-6 TRC REGULATION WITH BEDFORD
STEP-UP CIRCUIT IN DC SECTION
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5.3 Silicon Controlled Rectifier Conversion Circuits

5.3.1 Summ ary of the DC-DC Voltage Converter Circuit Study

The Bedford 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
power 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 ho. 5. This circuit handles commutating energy in
an efficient operation, and it appears to be best employed to 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.

5.3.2 Sumary of the DC-AC (30) Voltaxe Converter Study

Table 5.3-1 shows typical performance characteristics of the phase-
shift regulated inverter circuit of figure 5.2-4 for a source having
40% 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 circuit 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 wave 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 incorporates 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 output 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 sumarizes the SCR circuits which our calculations have
shown generally to yield 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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TABLE 5.3-1 PEJRMNC CI H ATERISTICS OF .l PRUS SHIT? REGULATOR OF FIGURE 5.2-i
(FOR SOURZ REGULATION TAKEN FM FIG 12 1 and -1 IN P.R NO.

SOURCE VOLTAGE - 20 V 40 V 100 V

Load, #j( %eoff, ~s o.ff, J~k %off*

10kv 50 77 30 85.4 25 92.2

1 kv - - 45 82.5 10 89.5

250 watts - - 55 79 - a

TABE 2.S- ZUVW CE CHA"CUTICS OF 8CR 20R.UULATOR 2F FIGURE 5.2.S (FOR

O 2 NO

SOMEC VOLTAGE 20 V 40 V. 100 .

iftl &yx j ea. &kj JjU &M% f

10 kv 50 81 30 83. 25 90

1 kv 45 82 10 86.3

20 wtte - 53 78.7 - -

TAMZ 593-3 SCR CIRCUIS YIUDING LUST URI T AN

HIGWET EPl CIICT

IDCto 28Volts VC 2m

St0P.UP Figure 5.2.1

Step-Doum Figure 5.2-3

MC to 31 115 Volts AC

20 V Source Figure 3.2-5

460 V Source Figure 5,2.-t 5.2-5, 52..6

100 V Souro Figure 5.2-4, 5.2-6
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5,4 Power Transistor DC-AC Inverter Circuits

5.4.1 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 - U25 volts, 10 for power outputs C I KW
Voltage tolerance - + 1% of steady state value
Power factor - .5 P.F.
Harmonic Content - Total harmonic contents

Not greater than 5% of the fundamental
(ru) with no individual harmonic
exceeding 4% of the fundamental 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 limitationst

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

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

3. All calculations are based on room teMerature (2"&2?C)
operation ith no forced air, liquid or other means of
cooling considered.

4* Standard comeroially available componeM have been
assumed throughout.

5. Soume input voltage 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
exceed + 5% of average state input voltage.

8. Calculations of efficiency are based on circuit losses at
rated load only.



5.4.2 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 T1 and a switching transistor. To minimize
size of the filter required at full load, transistor Q, and Q2
conduct for intervals of 1200. At this conduction angle, there
is no third harmonic voltage present in the output of transformer TI .
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
somewhat at light loads.

The sine wave filtering employed in figure 5.4-1 consists of a
resonant inductance and capacitance twed for the fundamental
frequency of 400 cps* The tuned LC is in turn shunted by capacitor
C2 . 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
LJ, C I C, can be varied over a wide range in order to achieve the

weight 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. Toe 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 implies a source capable
of delivering a constant voltage over its rated load.

Circuit I - Fizure 5.4-2

A power system with a power output rating of 250 watts with a DC
input voltage that varies 2 to I is sufficiently 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 5.4-2) 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 1200. Since the output voltages of T1 and T2 are
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added simultaneously and the individual voltages do not contain
any third harmonic, the resultant output voltage will also 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 circuit 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 .

Circuit G - Fiaure 5,4-4

The task of simultaneously controlling output voltage and maintaining
the harmonic content to less than 5% while the DC input voltage is
varying 40% to 100% is somewhat difficult. One 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 arranged 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 900 and 2700 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 - Fiaure 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 B can be used for 40% regulation
also, 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

9 Load

Pulse Width

+ Modulation

DCInput T1 Q2

EVALUATED FOR:

Full Load
Output Power 25 W 250 W

Source Voltage 0% 40% 100% 0% 40%
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 5.4-1
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SINGLE PHASE TRANSISTOR INVERTER DC-AC

PHASE CONTROLLED

CIRCUIT E

C2  v

Load

+ T .. .

0-

A B

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 100%

Full Load
Input Voltage 20 v

FIGURE 5.4-2
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SINGLE PHASE TRANSISTOR INVERTER DC-AC

CIRCUIT F

Vz
flT1 &2  T2C2 T i load

4
Transistors
Per Leg-- 

-- -

EVALUATED FOR:

Full Load Output 1 lKW Output Power at .5 P.F. Lag
400 cps, 115 v
single phase

Source Voltage 0 %. than 57. total
Regulation harmonics

Full Load Input 12 v, 40 v
Voltage
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SINGLE PHASE TRANSISTOR INVERTER DC-AC

CIRCUIT G

C2  Load

Q2 Q3

T1  T2 T

/

(nQ4

EVALUATED FOR: 1

Full Load Output Power: I1(1.1

Source Voltage Regulation: 40%,j & 100%.

Full Load Input Voltage 12 v

0IG1J Q- 118 -



SINGLE PHASE TRANSISTOR INVERTER DC-AC

CIRCUIT H

_Lu Load

+ v

0

.LJ.

I I
r \

EVALUATED FOR:

Full Load Output Power: 1 KW
Source Voltage Regulation: 407. & 1007%
Full Load Input Voltage: 40 v

FIGURE 5.4-5
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5.5 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
regulati on 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; thut 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
b avoided where possible.
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Power Switch

Power
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Figure 554 Low Source Voltage Pulsed Wave Inverter
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6.0 Technical Progress - Systems Task

6.1 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.) 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 output, 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. fxeept for these items, the source voltage should be main-
tained 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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6.2 Optimum Source Voltage Control and External Voltage Converter i ,,Aations

6.2.1 Introduction

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 establish
the optimum system. In this section, the optimum weight versus effi-
oiency 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 Settion
4.5 of the various progr*ss 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, ther% 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 lover 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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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.

6.2.2 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 100% inherent source regulation while the dashed line curves are
for 40% 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 efficiency can be obtained 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
converters.

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 optimm
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 detail in that section.
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TABLE 6.2-i. LIST OF CIRCUITS

Weight Vs. Efficiency
'ircuit Diagram In Data Given In

Circuit Circuit Progress Yrogress
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
0% Reg. 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
40% & 100% Rug. 5.5-7

5.5-8

BFB(T) DO-DC, Transistorize 6 5.2-1 6 5.2-7
Flyback Circuit 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
Transformr Circuit 5-23
(Transistor) 5-24

5-25
5-26
5-27

CIT B DC-DC, Morgan Step-Up 5. 5-19 5 5-21
Circuit (Transistor) $-22

5-24
5-"6

CET C DC-DC, Modified Morgan 5 5-20 5 5-23
Step-Dwn Circuit 5-25
(Transistor) 5-27

TRC(DC) DC-DC, Tim Ratio 6 5.2-3 5 5-9
Control SCR Circuit 5-10

5-11

PC DC-AC, 30, Phase Control 5-12
s3 Cirult 6 5.2-5 5 5-13

-1 1-1



TABLE 6.2-i, (Cont'd)

Weight Vs. Efficiency
Circuit DiLaeram In aaGiven I n

Circuit Circuit Irogress P2o Q1vsI
Abbreviation Description Report Fig. Report Fig.

TRC(AC) DO-AC, 309, SCR Inverter 6 5.2-4 5 5-15
With TRC Regulator 5-16

5-17

SWI DC-AC, 10, Low Voltage 6 5.4-3 6 5.5-9
Transistor Step Wave 5.5-10
Inverter 5.5-U

5.5-12

PWI DC-AC, 1, Low Voltage 6 5. 4-4 6 5.5-9
Transistor Pulse Wave
Inverter

CKT D DC-AC, lo, Pulse Width 6 5.4-i 6 5.4-6
Modulated Transistor 5.4-?
Inverter

CKT E DC-AC, 1, Phase 6 5.4-2 6 5.4-7
Controlled Transistor
Inverter

CT F DC-AC, 1o, Tranistorim 6 5.4-3 6 5.4-8
Inverter for 0% 5.4-9
Regulation

CKT G DC-AC, 1, Two Section 6 5.4-4 6 5.4-8
Pulse Width Modulated
Transistor Inverter

CET H DC-AC, 1o, Transistor 6 5.4-5 6 5.4-9
Bridge Type Inverter

SC Series SMitching Circuit 5 4.5-1 5 4. tblr
(Transistor) for Souroe 4o5-12

Voltage Control 6 4.5-1 tbru
4.5-4
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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 + LV 1
25 12 40 Sc + CKTA, (4 < 82%)
25 12 40 BFB(T),()?, > 82%)
2r 12 100 SC + CKT A, < 74%)
25 12 100 BFB(T), ( 74%)
25 20 40,100 SC + SFB(T)"

25 40 40,100 SC + CKTA (A - 79%)
25 40 40,100 CKT C, (W. > 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
-CO0 100 40,100 SC + TRC(DC)

10,000 20 40 BFB(S)
10,000 20 100 TRC(DC)
10,000 40 40, 00 TRC(DC)
10,000 100 40,100 TRC(DC)

AC, 10 25 6 409,00 SwI
25 20 40,100 CKT D

" 25 40 40,100 CKT D
230 6 40,100 Swi
250 20 40 sc + .KTD, (?,,.482%)
250 20 40 CKTE, v A > 82%)
250 20 100 SC + CT D, 85%)
250 20 100 CKT D, > %%)
250 40 40,100 SC + CKT D
1000 12 40,100 SC + CKT F
1000 40 40,100 CKT H

AC, (30) 1000 100 40,100 PC
10,000 20 40,100 TRC(AC)
10,000 40 40,100 PC (Q&- < 86%)

S 10,000 40 40,100 TRC ( Q), (T& > 86%)
10,000 100 40,100 PC
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Figure 6.2-1

Total Weight Per Unit of Output Power Versus Net Efficiency for
Various External Voltage Converter-Regulators and Source Voltage Control

Combinations

Output a 25 Watts, 28 VDC ESFL - 6 Volts
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Figure 6.2-2

Total Weight Per Unit of Output Power Versus Net Efficiency for Various External

Voltage Converter-Regulators and Source Voltage Control Combinations

Output m 25 watts, 28 VDC - 145 ESFL - 12 Volts
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Figure 6.2-5

Total eight Per Unit of Output Power Versus Net Efficiency for Various

External Voltage Converter-Regulators and Source Voltage Control Combinations
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External Voltage Converter-Regulators and Source Voltage Control Combinations
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Figure 6.2-7

Total Wight Per Unit of Output Power Versus Net Efficiency for Various

External Voltage Converter-Regulators and Source Voltage Control Combinations
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Figure 6.2.8

-'-Total *iight Per Unit of Output Power Versus Net Efficiency for Various
External Voltage Converter-Regulators and Source Voltage Control Combinati ons
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Figure 6.2-9
Total weight per unit of output power versus net efficiency for various external
voltage converter-regulators and source voltage control combinations.
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Figure 6.2-lo

Total weight per unit of output power versus net efficiency for various
external voltage converter-regulators and source voltage control
combinations.
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Figure 6.2-13

Total weight per unit of output power versus net efficiency
for various external voltage converter-regulators and
source voltage control combinations*
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Total weight per unit of output power versus net efficiency for various
external voltage converter-regulators and source voltage control combinationls.
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Figure 6.2-15

Total Weight Per Unit of Output Power Versus Net Efficiency for Various
External Voltage Converter-Regulators and Source Voltage Control Combinations
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Toba Wight Per Unit of Output Power Versus Net Efficiency for Various
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- 159 -



4oo 

380

360
SC + Ckt. D

340
/

320

300

280

\ .. p 'tc " 3
, 260 , 82

c 81

220

200

180

160 
Output 25 I.atts

400 CPS AC, I

140 SFL w 40 Volts

3.20 - - -4

100B 
- 100%

75 80 IN % 85 90

Figure 6.2-17

Total Weight Per Unit of Output Power Versus Net Efficiency for Various

External Voltage Converter-Regulators and Source Voltage Control Combinations
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Total Veight Per Unit of output Power Versus Not Efficiency for Various
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Total Weight Per Unit of Output Power Versus Net Efficiency for Various
kExrnal Voltage Converter-Regulators and Source Voltage Control Combinations
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Total Weight Per Unit of Output Power Versus Net Efficiency for Various
External Voltage Converter-Regulators and Source Voltage Control Combinations
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Figure 6.2-22

Total Wight Per Unit of Output Power Versus Net Efficiency for Various

Xxternal Voltage Converter-Reglators and Source Voltage Control Combinations
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Total Weight Per Unit of Output Power Versus Net Efficiency for Various

External Voltage Converter-Regulators and Source Voltage Control Combinations
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Total Weight Per Unit of Output Power Versus Net Efficiency far Various
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Total Weight Per Unit of Output Power Versus Net Efficiency for Various
External Voltage Converter-Regulators and Source Voltage Control Combinations
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Total keight Per Unit of Output Power Versus Net Efficiency for Various

External Voltage Converter-Regulators and Source Voltage Control Combinations
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6.3 Optimum Overall Systems

6.3.1 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
was obtained. The results are presented in such a manner as to
show the weight penalty to the power source of incorporating
voltage regulation and conversion in the system. in addition,
the effects of source voltage level, output power level, and
inherent source voltage regulation are demonstrated. The results
given apply to all types of power sources. It is )nly 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 ission.
For long missions fuel weight is predominant; whereas, for short
missions, the energy converter and voltage converter weight are
significant.

6.3.2 Analy1si

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

(6.3-1) wT a Wa + WV
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where:
WT - Total system weight

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

We= 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:
Pc = Rated output power

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

However,

P

P5  100

where:
M et 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:

(6.3-3) WTW I W

Of course,

(6.3-4) We
P

as given by the figures of Section 6.2. Choosing a high
value of net voltage converter efficiency (4 ) will
reault in large voltage converter weight per unit power
(N/P.) and also produce a large total system wight per
unit power (WT/P.). 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 b6 large
to supply the large power loss of the voltage converter-
regulator.
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Thus, it is evident that there must be some optimum value of
converter efficiency( 4, ) which produces minimum total system
weight. This value can be found by letting:

Differentiating equation 6.3-3 in this manner yields:

PC 100 [W 0

or

(6.3-5) .2 W6  c 1
100 %, P

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)

(KS) k~
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 weight produced by the addition
of a voltage conversion and regulation function.
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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 (Ws/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 (Ws/P s ) of 100, the voltage converter and regulator effici-
ency was chosen such that

N72

100

The corresponding efficiency ( ), voltage regulator and converter
weight per unit power (Wc/Pc), and source weight per unit power
(Ws1P s ) were then used in Equation 6.3-6 to obtain the system
characteristics.

6.3.3 Results

The ratio of total system weight per unit of outDut power to
the source weight per unit of power P_ . is shown in Figures

6.3-1 through 6.3-20 as function of full load source voltage (ES L),
full load power (Pc), inherent source voltage regulation (B) and
source weight per unit power, (Ws/P3). 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
(3) and the source weight per unit of source power (W3/P3) are
determined by application considerations. Once these character-
istics are deterained, 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 (Pc) - 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 (Ws/Ps) - 250 lbs/KW

Selected full load source voltage (ESF ) = 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 is:

wT/P c

thus

WT/Pc - 1.33 x 250 - 332 lbs/KW

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

W P

(6.3-7) 1.33 2 000 +

The only combination of efficiency and W./P. which satisfies both Equation
6.3-7 and Figure 6.2-6 is:

I N - 91.5%
Wc/Pc - 60. lbs/KW



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:

lOOPc

250
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
lbs/KW, initially determined, it would be necessary to repeat 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 Discussion 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 utput 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 advantige 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 t1is 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 yield 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 maxiLmum
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 represent
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 le-ss 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 6 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 considerod 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 anw 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 circuit appeared to be the best. It was not until
later in the study that the flyback circuit was uncovered. However,
sven though the modified Morgan circuit is not optimm, 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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6 .4.3 System Performance Results

Power Source Characteristics

The fuel cell characteristics are shown in Figure 6.4-3. Both
the volt-ampere and source output power curves are presented.

Voltage Regulation Characteristics

Figure 6.4-4 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 within
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.

Ifficiency

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 80% 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 efficie cy of the fuel
cell plus voltage converter as a function of the cubp L; poer of the
systen. This shows that the overall thermal uffic, :y is well above
40% throughout most of the power range.

Transient Response

Figure 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 6 watts and 50 watts. It
will be noted that the voltage converter output voltage romain 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 50 seconds to settle out at a new condition.

Figure 6.4-9 shows the actual output voltage transient response
on expanded time scale for step load application and removal. It will
be noted that the output voltage transient settles out in approximately
.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. Again, 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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PARTS LIST

50 WATT CONVERTER

QI 2N1522 Dl IN92
Q2 2N491 D2 4JA3OlEIAC1 (GE)
Q3 2N525 D3 ",
Q4 2N1304 D4 1N93
Q5 2N244 D5 iN540

DZI 1N957 L llOmH
DZ2 iN4 30

81 Core No. 51002-10 Ti Core No. 51001-10
NJI 14 turns 116 36 turns
N2 100 turns N7 12 turns
N3 100 turns N8 4 turnsN4 100 turns N9 240 turns
N5 500 turns

l 510 1/2W R9 500 2 1/2W Cl 0.25 mfd 200 WVDCR2 856 1/2W Rio 270 2 W C2 750 mfd 30 WVDCR3 18 2 W lil IOK 1 W C3 37,000 mfd 25 WVDCR i 120 1/2W R12 100 1 w C4 5 mfd 5odmR5 560 1/2W 13 1.3K 1/2 W C5 .068 mfd 6OO WvDCR6 360 1/2W R14 10 2 W C6 .22 md 200 WVDCR7 5K 1/2W Ri5 lOOK 1 WR8 1.2K 2 W R16 47 1/2 W
17 220 1/2 W

Figure 6 .4 -la
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Figure 6.4-9

Voltage Converter Output Voltage Transient

Response for Step Application and

Removal of Load between 6.0 and 50 Watts

(a) Load Application

r 60
.9
0

0

St-.

.01 seconds

(b) Load Removal

60

0

S t-

.01 seconds

212



Figure 6,4~-10

Voltage Converter Output Voltage
Ripple at a 50 Wdatt Output Load

0.1 volt -28 VDC

.2 millisecond

Figure 6.L-11

Voltage Converter Input Voltage
anid Input Current at a 50 Watt Output Load

~..Voltage Rippl
(,24& volts/division)

o.-x Current RiPle
(1.2 amps division)

.? millisecond
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