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SUMMARY

This document is the final report covering work performed in the study
of state-of-the-art static inverter designs under Contract NAS9-5580. This
report covers the time from January 6, 1966, to June 6, 1966.

It presents the research of the state-of-the-art inverter designs and the
selection of a design approach to fulfill the objective for the proposed inverter.
As part of this report the recommended design is analyzed, the primary circuit
is developed, and recommendations for design objectives and design requirements
:

are made.




ose
i

s st
" |

a—
B

P
o

o B

I T T

I. INTRODUCTION

In aircraft, satellite, or spacecraft applications the source of power is
generally derived from some DC source such as a battery or fuel cell. This
raw DC power must be conditioned by static inverters and/or static converters

to a useable form before it reaches the utilizing equipment.

Since the utilizing equipment may consist of radar, altitude control,
communication and other life support or operation equipment, the inverter
or converter must be most reliable. Also these units must have an efficiency
as high as possible, while keeping their weight as light as practical. These
objectives (reliability, efficiency, weight) may be specified but, in general,
the specified values are minimum quantities and it is desirable that they be

exceeded whenever possible.

In the design of an inverter the approach chosen has a direct bearing on
each of the above design objectives, as well as on the ability of the inverter to
meet general specification requirements. In this phase of the proEra.m, research
of the state of the art in inverter design has led to development of an advanced

design for a multiple-purpose inverter.

The first section of this report is devoted to the state-of-the-art study.
In this study, basic inverter design concepts are reviewed. The ability of
each design concept to develop an inverter which can meet the design specifi-
cations is discussed. To aid in these discussions, a simplified circuit diagram

and waveshapes are illustrated for each design.

The selected design is explained in detail, Operation of the individual
circuits is explained. The relationship between design requirements and
circuit functions is also covered. The circuit is analyzed and basic circuit
components are selected. The waveforms of this design and similar designs
are compared and analyzed for optimum circuit design and component selection.
The requirement of ''switching-speed-of-transistors vs. frequency-of-operation-
for ~transformer-and-filter-design'' is discussed. Preliminary quantative
reliability analysis is made to weigh redundancy considerations. Other reliability
considerations are also discussed.




i-’ The preliminary circuit diagram and a proposed bill of material is
developed. To establish system performance and physical characteristics,
a detailed loss, or efficiency-and-weight, study is made. The po.sible
design configuration is outlined for evaluation.

Design specifications are reviewed and recommendations made for the
final design. These recommendations are made on a basis of possible trade-
offs between various performance parameters and design goals.
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I.. STATE-OF-THE-ART STUDY

A, INTRODUCTION »

The main purpose of the study phase of this program has been to search the
state of the aft in inverter design for a design that can produce an inverter to meet
the design requirements of the proposed multiple-purpose inverter. Many excel-
lent designs have been used often to produce a number of well-engineered
inverters. Since most of these basic designs have been analyzed at different
times in detail, only a brief description of the circuit of each and its major dis-
advantage is g-iir-e'.n. This report cannot be considered complete in that rapidly
advancing state of the art in design and components brings about new concepts
continually. It is the intent of this report to include those designs considered

feasible at this time.

The basic function of an inverter is to transform input DC power to usable

AC power of the correct voltage and frequency. This transformation requires two
”l?asic functions in the invérter: (1) a switching device to convert the DC voltage to
an AC voltage; and (2) a scaling device, such as a transformer, to convert the AC

voltage to the proper level.

Most solid-state inverters are designed around two basic types of switch-
ing devices; i.e., a power transistor and a silicon-controlled rectifier (SCR). The
SCR, in general, has a much higner voltage range than the transistor; however, the
SCR suffers from two basic problems -- turnOFF control and switching speed. In
most inverter designs the SCRs must be forced toturn OFF, thus they require more
circuits than transistor designs. The transistor, in turn, has lower current-carry-
ing ability and requires more drive power than the SCR. For the expected power
level and operating conditions, the transistor is considered the best device for this
application. Thus, the various circuits are explained on the basis of using power
transistors for the major switching devices. Most of these circuits would work

equally well, however, using SCRs and with only slight circuit modifications.

The transformer (which scales the voltage) and the filter (which shapes the

voltage) together form the major weight-determining elements in an inverter.




The transformer is not only used to scale the output voltage, but is also
utilized to isolate various DC and AC circuits -- a prime requirement of many

systems.

Inductors and capacitors utilized in the output filter for waveshaping are
also used in various input filter configurations to form AC impedance barriers
between the DC power source and the inverter. Since these items make up a large
part of the inverter weight, it is of paramount importance that their use be kept to
a minimum. Filtering can be reduced through linear operation of the transistor;
however, losses are prohibitive in most power inverter applications. Investigation
of the various inverter designs attempted to evaluate such problems in conjunction

with the overall design requirements.

B. DISCUSSION OF INVERTER TYPES

This discussion of inverter designs covers not only the more complex
state-of-the-art designs but also the simpler basic designs. The simpler designs
are used as an introduction to the more complex designs. Discussion of the
simpler circuit is held to 2 minimum since these circuits have been studied in

previous reports and are well known to the industry. Circuits discussed:

PARALLEL INVERTER

CHOPPER REGULATED PARALLEL INVERTER
PULSE-WIDTH REGULATED PARALLEL INVERTER
SERIES CONNECTED PARALLEL INVERTER
BRIDGE INVERTER

STEP-WAVE INVERTER

HIGH-FREQUENCY STEP-WAVE INVERTER
HIGH-FREQUENCY DC-DC CONVERTER-INVERTER
PULSE-WIDTH MODULATED INVERTER
PHASE-DEMODULATED INVERTER

O O 00~V WBWIN
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= Parallel Inverter (Figure 1)

The first design to be considered and one of the most basic designs
is the parallel inverter. The schematic for this circuit is illustrated in Figure la.
The main switching elements are power transistors Sl and S2. These transistors

are operated as switches; i.e., they are either OFF or ON, and are operated in a
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FIGURE 1
PARALLEL INVERTER
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push-pull mode. This process produces a squarewave voltage (E, .) as illus-
trated in Figure lb. This squarewave voltage is filtered to produce a low-distorted
sine wave, also illustrated in Figure lb. The filter requirements are determined

by the maximum harmonic of this waveform - approximately 48 percent.

2. Chopper Regulated Parallel Inverter (Figure 2)

To be of use, the output voltage must be regulated by some means
because a change in input DC voltage or load causes a change in the output AC
voltage. One method of achieving this is to regulate the input DC voltage before
it goes to the inverter. This regulation can be accomplished by using a series
regulator or a chopper regulator. Due to the excessive power dissipation of a

series regulator, only the chopper regulator is discussed.

A simple chopper regulator circuit is illustrated in Figure 2a. The
chopper regulator consists of OFF-ON switch-transistor Sl and an L-C filter. Sl
is turned OFF and ON as a function of the output DC level. The voltage out of Sl
is illustrated in Figure 2e. As the input voltage, Figure 2b, changes levels, the
OFF-ON time ratio of S1 changes. Choke L, in the filter, is designed for a mini-
mum load current and a maximum OFF time of transistor S1. To provide a
current path for load current when the transistor is OFF, fly-back diode Dl is
provided. Typical currents for the transistor and the diode are illustrated in

Figures 2c and 2d.

Output regulation of the inverter is a direct function of the DC
voltage out of the chopper regulator. If the inverter output must be well regulated,
output of the chopper is made a function of the AC output by connecting the AC out-
put to the regulator. Any'ghange in the AC output is reflected as a DC error signal

to the regulator which causes a change in the DC output of the chopper.

3. Pulse-Width Regulated Parallel Inverter (Figure 3)

A second method of regulation for a parallel inverter is termed
pulse-width control. This type of control produces a quasi-squarewave. Output
sine wave voltage E is a direct function of the width of the quasi-squarewave and

can be expressed mathematically by the Fourier Series:




T L
Ej L Ep L - C
L REGILA ‘ [ |

4 (c)
R N NN
[ER Eout
_____ﬁ_[r_ﬂ____J[ NN
(@)

FIGURE 2
CHOFPER REGULATOR




A

B - |

20 —o= sl —

e —

+1/5 SIN Swt COS 5 8—=1/7 SIN 7wt
+1/9 SIN 9wt COS 9 8 ----------- )

| \
N

E (wt)=4L (SN wt COS 8- 1/3 SIN 3wt COS @

CoS 7 8

FIGURE 3
QUAS |- SQUARE'WAVE
VOLTAGE WAVEFORM

S ey




A" 1
E(w) = 4T (sin w¢ cos @ - 3 sin 3 wt cos 3 8

1
sinSwtcos59- 7 sin 7 w¢ cos 7 8

Ui |-

+ -;—sin9wtcos99- - - P

Inspection of this equation shows that the function 8 controls the amplitude of the
harmonic voltages as well as the fundamental voltage. A plot of this equation is
shown in Figure 4. As seen in the plot, as 8 varies then the amount of total
harmonic content varies. This variation places additional requirements on the
harmonic filter because it has to be designed to handle higher voltages and to block

out more of the harmonic as compared with the fundamental.

Much of the information presented on the parallel inverter is well
known to the inverter field; however, it is the basic design for almost all inverters
and a general discussion of its operation is prerequisite to the later design dis-
cussions. This discussion of the paraliel inverter should not be considered
complete, however, in any way since many of the basic design problems, such as

reactive currents, are not covered at ail.

The basic disadvantage of the parallel inverter is the weight of
the transformer and filter. For this reason this basic approach in itself 1s not

given further consideration.

4. Series Connected Parallel Inverter (Figure 5)

A second basic design to be considered is the series connected
parallel inverter. The basic schematic for this design is illustrated in Figure 5a.
Inspection of this schematic shows it to be two parallel inverters connected in
series, just as the name implies. Output voltage E] of the first inverter is
considered to be the reference for the second inverter. By phase shifting output
voltage Ej of the second inverter and adding it to the first inverter, a quasi-
squarewave voltage is developed. The advantage of this design is that it offers =z
low impedance current path for current ilow when there is no voltage In the

10
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quasi-squarewave parallel inverter this presents a problem and causes additional
problems for the filter. Although the low impedance of this circuit reduces the
filter size, it makes poor utilization of the power transformer and power tran-
sistors. The increased size and weight of the power transformer more than

makes up for the reduced filter weight, thus ruiing out use of this design.

B Bridge Inverter (Figure 6)

A design which overcomes the disadvantage of transformer size
and still has a low impedance source is the bridge inverter. (Design schematic,
Figure 6a.) The voltage waveformns of Figure 6b and 6c illustrate the output of
two drive transtormers used to drive power transistors Sl through S4. When the
voltage of Figure 6b is positive, transistor Sl is ON and S2 1s OFF, when it is
negative, S2 is ON and Sl is OFF. When the voltage illustrated in Figure 6c is
positive, S3 is ON and S4 is OFF; when it is negative, S4 is ON and S3 is OFF.

The output waveform, Figure 6d, may now be developed through
the use of the switching action of the transistors shown in Figure 6b and oc.
During the first time period, T), transistors Sl and 5S4 are ON while transistors
S2 and S3 are OFF, which, in effect, shorts out the input to the ‘ransformer.
providing a current through transistor S} and diode D4 or transistor S4 and diode
D1. At time period Tz, transistor S3 turns ON while transistor S4 turns OFF,
connecting the transformer to the battery through transistors S1 and S3, and
producing the ocutput voltage as illustrated. During time period T3, transistors
52 and S3 are ON while Sl and S4 are OFF, again shorting ouat the primary of the
transformer. During time period T4, transistor S2 and S4 are ON, placing the
battery across the transformer but with an opposite polarity frorn that experienced

during time period T).

This approach is much better than the previous designs; however,
it does not provide any major weight advantage since the transformer rmust carry
fundamental voltage. The major disadvantage is that each time a set of power
transistors switch conduction states, a short circuit is placed across the input
power source. A second disadvantzge is the requirement of two transistors in
series, thus increasing overall losses. This design is very good, but will not fulfill

requirements of the proposed inverter.

...
)
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6. Step-Wave Inverter (Figure 7)

The step-wave inverte~ is the first design to offer a majer
advantage over the previous aesigns. For the purpose of discussion the simplest
type of step-wave inverter is used. A schematic of this design is illustrated in
Figure 7a. In this circuit the power transformer primary is tapped to provide
intermediate levels of output voltage. Illustrated in Figure 7f is the output voltage
before and after filtering, termed a six-step equal-time equal-height step-wave
output with a total fundamental value of 1.35 E, and a total harmonic content of
31 percent of the fundamental. This simple design used for discussion does not

provide minimum distortion vs. number of steps, however.

The output of the parallel inverter illustrated in Figure lb is
considered a two-step equal-time output. The value of the fundamental for this
wave is 0.9 E and total harmonic content is 48 percent. Thus, by varying the
number of steps, the value of the harmonic can be varied. If the height of the steps
is varied, distortion is also varied. The height of the steps is not difficu't to
change since it requires only a change in the transformer turns ratio. The more
steps taken, however, the more complex the control circuit becomes. Thus, as
the number of steps is increased to reduce the filter requirement, the control
circuit becomes more complex. In the large power unit where the control circuit
weight and size is small, compared with the power stage, more steps can be

taken with a greater advantage than in smaller VA units.

Table I lists a few of the basic step-wave designs with the
approximate total harmonic content as a percent of the fundamental volt:.ge.
Inspection of this table shows that as the number of steps are increased, the total
distortion decreases. The biggest drop in distortion is between the two-step and
the six-step waveform. It is also noted that there is an optimum harmonic content

depending upon the step width and step height chosen.

This type design has the advantage of a lightweight filter, but the
power transformer must still carry the fundamental output voltage. A second
disadvantage is no direct means of control of the output voltage. The output is

generally controlled by a chopper regulator on the input as previously discussed.
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TABLE |

STEP-WAVE OUTPUT STEPS VS DISTORTION

WAVE TYPE % TOTAL
DISTORTION
TWO STEP-EQUAL TIME 48.
FOUR STEP-EQUAL TIME 48.
FOUR STEP-UNEQUAL TINE -1 3.
FOUR STEP-UNEQUAL TINE =11 29.
SIX STEP-EQUAL TIME-EQUAL HEIGHT 3.
SIX STEP-UNEQUAL TIME-UNEQUAL HEIGHT 23.
EIGHT STEP-EQUAL TIME-UNEQUAL HEIGHT 23.
EIGHT STEP-UNEQUAL TIME-EQUAL HEIGHT 7.
EIGHT STEP-UNEQUAL TIME-UNEQUAL HEIGHT 18.
TEN STEP-UNEQUAL TIME-UNEQUAL HEIGHT 15.
TNELVE STEP-EQUAL TIME-UNEQUAL HEIGHT 5.
TWELVE STEP-UNEQUAL TINE-UNEQUAL HEIGHT 12.
SIXTEEN STEP-UNEQUAL TIME-UNEQUAL HEIGHT! 10,
EIGHTEEN STEP-EQUAL TIME-UNEQUAL HEIGHT 10.
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i {" High-Frequency Step-Wave Inverter (Figure 8)

The high-frequency step-wave inverter is a further improvement

of the basic concept of the step-wave inverter.

The high-frequency step-wave inverter reduces not only filter
requirements by waveshaping, but reduces transformer size through the use of

a high-frequency power stage. A simplified schematic is presented in Figure 8a.

Comparison of Figure 8a with 7a shows that the basic stepping
switches have been moved from the primary of the power transformer to the
secondary. Tiie power stage consists of a standard parallel inverter operating
2t some predetermined high-frequency switching rate. Its frequency is deter-
mined by the number of steps and is some multiple of the output frequency. The
voltage out of this type inverter is a squarewave (Figure 8c) and for the purpose

of discussion is 2800 cycles.

The output is stepped or steered by bilateral switches S3 through
S6. A typical circuit diagram for a bilateral switch is shown in Figure 8b. The
bilateral switch consists of four diodes and a power transistor, and allows current

to flow in either direction whenever the transistor is turned ON.

The output of this inverter (Figure 8d) is easily developed by

following the switching actions and time periods as illustrated.

Figure 8c represents the basic polarity out of the power trans-
former and is used as z reference. At time period T, bilateral switch S5 is
ON and a negative voltage is impressed at point A of the filter. At time period
T2, bilateral switch S5 is still ON, but the output of the power transformer has
reversed polarity. A positive voltage is now imposed at point A of the filter. At
tirne period T3, the output of the transformer again reverses polarity; however,
switch S5 was turned OFF and switch S4 turned ON, applying a positive voltage of
2E to point A of the filter. At time period T4, the polarity reverses, switch 54
is turned OFF, switch S6 is turned ON, and a positive voltage of 3E is applied
to point A. By continuing this process, the l4-step step-wave illustrated in

Figure 8d is generated. 18
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This method not only Pa"'s the advant=ge of low filter requirement
for the output filter, but also the powerulransformer which does not carry the
fundamental output voltage can be designed for the carrier frequency. This
arrangement allows the transformer to be small, thus bringing about a further

reduction in weight over the standard step-wave inverter.

Again, the disadvantage of this system is that it provides no
direct method of output voltage regulation. This regulation may be accomplished
however, by use of the input chopper regulator discussed previously. A second
disadvantage is the logic circuit required for correct operation of the bilateral
switches. Even with these disadvantages, this design is considered to be one of
the better designs for a low-weight inverter. It has one major advantage over
many other high-frequency type inverters -- a low output impedance, that is, it

allows current flow from the load back into the primary.

8. High-Frequency DC-DC Converter-Inverter (Figure 9)

The high-frequency DC-DC converter-inverter is basically a
DC-DC converter with an inverter attached to its output. The converter output
is double ended; that is, it has a positive and a negative output with a common
ground. The converter is followed by an inverter stage which converts the high-
voltage DC to the proper AC voltage and frequency. The circuit for this design
is shown in Figure 9a. If the inverter is of the self-regulating quasi-squarewave
type, then the converter output can be unregulated. If the inverter has a square-
wave output or if it has a fixed output phase angle (8), then the converter output
must be regulated. Figure 9b shows the high-frequency voltage waveform of
the converter power stage. Figure 9c shows the inverter output with a2 fixed

phase angle, before and after filtering.

This approach offers a design advantage in that the converter
can be operated at an optimum high-frequency, thus reducing the power trans-
former weight. The converter frequency can be selected independent of the
output frequency. The self-regulating type inverter is less complex than the
fixed output type inverter because the converter does not require a preregulator;

however, the fixed output inverter may be designed with a phase angle fixed for

’
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minimum distortion. The reduced inverter output filter requirements may

overcome the additional weight of the DC regulator for the converter input.

The major disadvantage of this system is the DC filter require-
ments for the converter output. If the inverter operates into a reactive load, the
DC filter capacitor must be large enough to store the reactive current to prevent

the DC voltage from being modulated - the major problem area of this design.

9. Pulse-Width Modulated Inverter (Figure 10)

The pulse-width modulate. inverter is one of the more advanced
state-of-the-art designs for inverters. This design combines the advzntage of
a high-frequency transformer with that of a low-pass AC output filter. The
schematic for the pulse-width modulated inverter (Figure 10a) is very similar
to that of the high-frequency DC-DC converter-inverter (Figure 9a). The basic

difference is in how the inverter transistors (S3 and S4) are controlled.

In the pulse-width modulated inverter, the inverter transistors
are switched at a high. frequency to produce a modulated output at the required
inverter output frequency. This modulated voltage is illustrated in Figure 10c

along with the output sine wave.

By using the time periods of Figure 10c and the schematic of
Figure 10a, basic operation of this circuit can best be explained. The positive
bus, or B+ bus, is connected to the output filter through transistor switch S3
while transistor switch S4 connects the negative bus to the output filter. When
switch S3 is ON, the filter has a positive voltage applied to its input terminals.
When S4 is ON, it has a negative voltage applied to its input. Transistors S3
and S4 are never ON at the same time, one is turned ON as the other is turned
OFF. Transistor 54 is ON during time period T, producing a negative voltage
at the input of the filter at point A. At time period T2, S4 turrs OFF and S3
turns ON, applying B+ to the filter. For time period T3, S4 is again ON, while
tor time period T4, S3 is ON. This switching produces a series of voltage pulses

at the input of the filter.

Inspection of these pulses shows that positive pulses are wider
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than negative pulses for this group of time cycles. Further, inspection of Figure
10c shows that there is a burs: of wide pulses and then a burst of negative pulses.

Since the widths of the pulses are controlled as a function of a sine wave, the
modulated waveform of Figure 10c produces a sine wave whern passed through a

low-pass filter.

Design of thc filter is a function of the ratio of the high-frequency
carrier to the low-frequency output. The upper limit of this ratio is limited by the
switching frequency of transistor switches S3 and S4. In determining the operating
frequency, some tradeoff must be made between transformer and filter size and

inverter efficiency.

Output voltage amplitude and frequency are determined by the sine
wave which modulates switches S3 and S4. If the sine wave is fixed, then the

outpr. may be regulated by controlling the DC input voltage.

A second more direct method of regulation is to make the modulat-
ing sine wave a direct function of the output sine wave. When there is a change in
output voltage it is reflected to the sine wave reference directly, making

regulation time a function of the carrier frequency and not the output frequency.

A complete description is not given for this waveform as it is

covered in the main body of the report.

The basic disadvantage of this circuit is reactive current lo.w.
- The DC filters on the output of the converter must be designed to taks care ;£ the re-
| active current flow from the inverter. If this flow is very large, then the size and
weight become increasingly larger, reducing the size and weight advantage of the

design.

10. Phase-Demodulated Inverter (Figure 11)

The phase-demodulated inverter is a new and unique state-of-the-
art inverter developed by Varo in early 1965. The basic design concept was tested
i and proved in a 200~ VA variable-frequency inverter. The basic circuitry for this
E design is illustrated in Figure 1lla. Input DC power i8 amplified by a square-

wave parallel inverter at some high frequency predetermined by the design
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requirements. The output of the power transformer is push-pull and is illustrated
in Figure 11band llc. Figure l1b illustrates the voltage as it appears at termi-
nals 4-5 of power transformer T). Figure llc illustrates the voltage that appears

at terminals 5-6 of T].

Terminals 4 and 6 are connected to the output filter by bilateral
switches S3 and S4. By phasing the operation of switches S3 and S4 correctly,
the high-frequency squarewave out of the power transformer is phase-demodulated
to produce a pulse-width modulated voltage with a sine wave envelope. By the use
of a simple low-pass filter, the modulated high-frequency wave is smoothed out to

form a low-distorted sine wave.

The output AC voltage and frequency is controlled by varying the
phase-demodulation of the high-frequency squarewave. Iigures 11b, llc, and 11d
show the basic phase relationship of the power transformer output and switches
S3 and S4. At time period T}, switch S4 is ON, connecting the negative voltage of
terminal 6 to point A of the filter. At time period T, switch S3 is turned ON and
switch 54 is turned OFF, applying the positive voltage of terminal 4 to point A of
the filter. At time period T3, .he power stage reverses output voltage; however,
transistor S3 stays ON, applying a negative voltage to point A for time period T3.
Switches S3 and S4 again switch ON-OFF states at time period T4, again applyi..g
a positive voltage to point A. This switching is continued to produce the pulse-

width modulated voltage waveform illustrated in Figure 11d.

Output voltage and amplitude are a direct function of the rnodulating
sine wave controlling the action of switches S3 and S4. This sine wave is an error
signal developed by comparing the output voltage with a fixed sine wave reference
voltage of the correct amplitude and frequency. This design provides an optimum
in weight reduction since the power transformer is designed for the high-frequency
carrier, the filter is of the low-pass design, and the required control circuit is

not overly complex

A complete description of the operation of this circuit is provided

in this report.

26




C. DESIGN SELECTION

All of the designs presented have innate advantages and disadvantages.
Selection of the best design weighed the basic design against the operational
requirements of the inverter. Since a reduction of weight and space is a primary
objective of the program, the first five basic designs can be removed from con-

sideration. This leaves the following designs to be considered:

6. STEP-WAVE INVERTER
7. HIGH-FREQUENCY STEP-WAVE INVERTER
8. HIGH-FREQUENCY DC-DC CONVERTER-INVERTER
9. PULSE-WIDTH MODULATED INVERTER
10. PHASE-DEMODULATED INVERTER

Of the five remaining designs only th:: step-wave inverter is of the low-
frequency type inverter designs. All of the remaining four designs utilize high-
frequency power amplification in some means. Since the high-frequency step-
wave inverter includes the basic advantage of the step-wave invcrter, the step-

wave will not be given further consideration.

One additional consideration to be given is the fact that all of the high-
frequency units require high-voltage transistors. This problem has become less
important than it was a year ago because most major device manufacturing
companies are working on high-voltage devices and rapid advancements are being

made in this field.

Of the four remaining designs, a basic separaticn of ability and desirabi-
lity may be made. Reinspection of Figure 9a and Figure 10a shows that the
high-frequency DC-DC converter-inverter and the Pulse-Width Modulated Inverter
have the same basic circuit diagram. The pulse-width modulated inverter has two
basic advantages: lighter weight, due to iess filtering, and a basic ability to be
paralleled. The converter-inverter approach should prove to be more efficient
since the inverter transistor switch is at a much lower frequency.

The high-frequency step-wave inverter is an excellent desigr, except for
the input DC regulation requirement. Also, the gating circuit to step and phase

lock the output switches would be more complex than desired when weighed with
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the paralleling and three-phase requirements.

The Phase-Demodulated-High-Frequency Inverter is the most desirable of
the designs considered. It offers a maximum weight reduction with a minimum
of power and contro! circuitry. The output regulation is a function of the high-
frequency carrier and not the output frequency. The resulting fast response
allows units to be paralleled with a minimum of additional circuitry. Use of the
outpnt sine wave as part of the regulation loop provides for minimum phase
chift of the output with respect to the reference, which, in turn, provides for
good phase angle conirol when units are connected in three-phase configurations.
These and many other advantages are more apparent from the detailed circuit

description.

To provide a basic guide line for inverter selection, the best five designs
are iisted in Table II with a few of their evaluating factors. A 1-5 rating consi-
deratior. was used for evaluation, where 1 is the most desirable. These ratings
are provided ouly as a basic guide since a circuit modification could result in the

re-evaluation of any of the individual ratings.
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TABLE 2
INVERTER DESIGN EVALUATION

WEIGHTING FACTORS
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STEP-WAVE INVERTER 5134 |NA 2| 11414121355
HIGH-FREQUENCY STEP-
NAVE INVERTER 2131515 113133412 2| 4
HIGH=-FREQUENCY DC-DC g
CONVERTER-INVERTER Flo I JRIA b I
PULSE-WIDTH MODULATED
INVERTER 1111215 313121113} 3] 3] 3
PHASE-DEMODULATED
INVERTER 11 1]2INA 1y 21111217 1] 1

NOTES: 1«5 RATING USED, 1
NA - NOT APPLICABLE

NOST DESIRABLE,
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III. ELECTRICAL DISCUSSION

A, GENERAJI. CIRCUIT DESCRIPTION

The Phase- Demodu’ ated High-Frequency Inverter was selected not only
for its general design advantages, but also fcr its overall versatility. This
versatility is being demonstrated in several lightweight, multiple-frequency in-
verters being furnished to the U. S. Army Engineer Research and Development
Laboratories. A list of these units is provided in Appendix B. The inverters
furnished have utilized several basic design configurations, the best of which has

been selected for use in the development of this inverter.

In the state-of-the-art study, only the basic Phase-Demodulated High-
Frequency Inverter concept was described; however, the design to be utilized for
this application is termed a Phase-Demodulated High-Frequency Bridge Inverter

and has been used in the development of a 250- VA multiple-frequency inverter.

The advantage of the improved design is apparent in the comparison of
output waveforms of the two designs. The output of the Phase- Demodulated High-
Frequency Inverter is illustrated in Figure 12b, while the output of the improved
design is illustrated in 12a. The modulated waveform of Figure 12a requires less
output filtering and also results in less volt-ampere loading of the power trans-

former.

This improvement in design is !'rought about with a minimum of additional
circuitry. Figure 13 is a block diagram for a Phase-Demodulated High-Frequency
Inverter which fulfills the basic design requirements. Figure 14 is the block
diagram for the Phase-Demodulated High-Frequency Bridge Inverter. The basic
difference in the two designs is the addition of an extra reference comparator cir-

cuit and a demodulator drive circuit.

Figure 14 includes all of the basic functions for single-phase, three-
phase, and parallel operation of the inverter. The connection illustrated is for
single-phase operation. Blank connections F, K, and L are for three-phase and/or
parallel operation which is covered in a later section. A step-by-step discussion

of Figure 14 provides a good understanding of the design concept of the Phase-
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Demodulated High-Frequency 3ridge Inverter.

To protect the input DC line from RFI and line modulation due to the
inverter, appropriate RFI and power filtering is provided. The RFI filtering is

minor since the input filter suppresses RFI conduction in the input lines.

Power for the various control functions is provided by the control voltage

regulator. This regulator provides all the proper level ind degree of regulation.

Operation of the control functions and their relationships to the power
stage and phase demodulator can best be explzined through the uss of wavefnrmes
illustrated in Figure 15. Figure 15a is a simplified schematic of the power stzge
and the demodulator, and is used to show the proper phase relationships between

the various waveforms.

The 6400-Hz output of the internal oscillator is illustrated in Figure 15b.
This output is frequency locked to the external signal through the synchronization
circuit. The output of the oscillator provides the reference trigger for the power

stage drive, the reference comparators. and the cocuntdown circuit.

The power stage drive consists primarily of a flip-flop and sever=l power
amplifier stages. The pulse of Figure 15b triggers the flip-flop which is in turn
amplified to produce the 3200-Hz push-pull drive voltage as illustrated in Figure
15c and 15d. This voltage is used.to drive the power transistors illustrated as
simple switches Sl and S2 in Figure 15a. Power transformer T] amplifies this

voltage to the proper level (Figure 15h).

The 6400-Hz signal is reduced to a 400-Hz squarewave voltaze by the
countdown « rcuit. The waveshaper network is an active filter which produces =z
precise 400-Hz sine wave from this squarewave voltage. This differential =mpli-
fier compares the output voltage of the inverter with the sine wave reference to
produce a pair of sine wave error signals. These error signals (Figures 15e and
15h) control the output of the inverter. A change in the reference volt=ge or the

output voltage causes an opposite change in the error signal.

Also illustrated :n Figures 15e and 15h is a 3200-Hz ramp waveform

which represents the control voltage of the two reference comparators. These
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ramp volitages are frequency and phase locked to the output of the power stage.
When the sine wave of Figure 15e crosses the ramp, a pulse is generated 2t the
output of reference comparator (A). This pulse triggers a flip-flop in the demod-
ulitor drive (A) to produce a push-pull drive signal as illustrated in Figures 15f
and 15g. Signal 15f drives bilateral switch S3 while sigral i5g drives bil-teral
switch S4. The sine wave and ramp of Figure 15h, in turn produces the drive
signals of Figures 15k and 15m. Signal 15k drives bilateral swit h So wrile 15m

drives bilateral switch S5,

By using the time periods iliustrated in Figure 15p the relationship
between the control function is shown as the output-modulated oltige w.vefrrm
is developed. At time period T) the sine wave sigrzl znd ramp signzl of Figure
15h intersect, causing a change in the output of demodulator drive (B) which is
reflected in the drive voltages shown in Figures 15k and 15m. This chinge in
drive voltage turns switch S6 ON and switch S5 OFF, counnectirg termir.l . of
the output filter to terminal 5 of the power transformer. Terminai 1 of the o.tput
filter. connected to terminal 4 of the power transformer, did not chinge stites
at time period T). Negrtive output voltage, Figure 15h, is zpplied to the filter

as shown in Figure 15p.

The next time period T2 shows the sine wave and ramp sigrn:l ¢i Figure
l15e intersecting, causing switch S3 to turn OFF and switch $4 to turr. ON s
azction disconnects terminal | of the filter from the power transformer :nd corrects
it to terminil 2 of the filter, shorting out the input to the filter and oper circuit-

ing the secondary of the power transformer.

At time period T3 the output of the power trznsformer reverses as
illustrated in Figure 15h. Also, at this time the ramps are reset, “owe.er
there is no switching action of the demodulator switches during the resetting action
Since the dernodulator did not change states, the input to the filter 1s still short

circuited.

At time period T4, demodulator switches S3 and S4 ag-in reverse st 1es:
switch 83 1s turned ON and switch S4 is turned OFF. This actior. ag1in cornects

terminzal 1 of the filter to terminal 4 of the transformer. The snort from the
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filter is removed and the positive voltage of the transformer is connected to the

filter input.

By following the action of the two control ramps and their error sine
waves throughout a complete cycle of the output frequency it is seen that the
modulated voltage is passed through a low-pass filter to produce the low-distorted

sine wave output voltage.

The inverter is protected from overloads by the output voltage sensor.
When the output exceeds a predetermined level, a volt:ge sigral to the waveshzper
network causes the output reference sine wave to decrease, in *urn. reducing the

output voltage.

B. DETAILED CIRCUIT DESCRIPTION (Figure 16)

The completed schematic diagram for the High- Frequency Phase-
Demodulated Bridge Inverter (Figure 16) includes not only the components re-
quired for single-phase operation but also those required for par-ilel oper tion.
three-phase operation, and parallel-three-phase operation. To ensure complete
understanding of tl'e inverter design concept as well as the oper=tion of ezch of
the modules, a detailed description of the operation of ezch module is provided.
The schematic is divided into five m3ajor sections, the first three sections Al
A2, A3, are control functions, and the lzst two, A4 and A5 are power func osus.
Control sections Al, A2, and A3 represent three possible printed circu:t bo rd
arrangements. Section A4 represents the amplifier or drive stages (tnis furction
could be one or three separated modules as determinred by the firial mechanic:l
design). Section A5 is all hardware normally connected to the main chassis

because of size or heatsink requirements.

Discussion of various circuits is not recessarily in the order of their
location on the schematic, but is in logical sequence of their operation and

relatiorship to each cother:

1. Ceontrol Voltage Regulator
2. Synchronization Circuit and Internal Oscillater

3. Power Stage Drive and Power Stzge
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Countdown Circuit and Filter Network

Ramp Generator Differential Amplifier and Reference Comparators
Demodulator Drives and Demodulator

Filtering Output and Input and RFI

Voltage and Current Sensing

O N 0N U

Three-Phase and Parallel Interconnection

1. Control Voltage Regulator (Figure 17)

The control voltage regulator contains a2 chopper regulator, a
series regulator, and a zener regulator. The combinred use of severzl types of
power controls was selected to achieve maximum efficiency with maximum

performance of the control sections.

The chopper regulator is the most efficient, acts as preregulator
for the other regulator circuits and provides all power for the drive circuits.
Through the use of this preregulator, the losses normally associated witn series
regulator circuits, zener circuits, and base drive circuits are greatly reduced.

The chopper regulator circuit is illustrated in Figure 18.

Transistors QIl, Q2, and Q3 are operated in a saturated switch-
ing mode; that is, they are either ON or OFF. Their ON state is made a direct
function of the output DC level and is controlled by constant current diode CR2,

zener diode CR3, and tunnel diode CR4.

The DC oucput voltage level is established by the zener diode
CR3. The constant current diode CR2 limits the current through the zener, thus
allowing a2 low power zener to be utilized as 2 reference. The tunnel diode CR4
performs the actual regulation of the period of oscillation determined by the
current through the tunnel diode. When there is an increase in the output voltage,
there is a corresponding increase in the current through CR2, thus causing the
tunnel diode to go into a low impedance state. At this time the voltage across the
tunnel diode increases, turning transistor Ql ON, turning OFF trznsistor Q2;
Q3 in turn causes a drop in the output voltage which reduces the current through

the tunnel diode, returning it to its original state.
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The frequency of oscillation is determined by the LC circuit
and load current which in turn varies the current through CR4. Since the
current through the tunnel diode is a direct function of the voltage out of the
regulator, the tunnel diode regulates the output voltage by controlling the OFF-
ON condition of transistor Ql. The output regulation and ripple is a function of
the zener diode and the tunnel diode. Regulation runs about 2 percent with the

2 percent ripple voltage and an overall efficiency of about 95 percent.

Since many of the control functions cannot tolerate the voltage
variation and ripple of the chopper regulator circuit while maintaining the desired
output requirements, a separate DC source must be established for these funa-
tions. The series regulator provides the precise power requirements of the
control circuits. Since it operates off the chopper regulator output, its power

dissipation is at 2 minimum.

The series regulator circuit (Figure 19) is a standard series
regulator in which the output voltage is compared with a reference voltage
established by zener diode CR5. The voltage change of the output is compared
through transistor Q5 and voltage sensing network R6, R5, and CR6. Zener
diode CR6 was added to the sensing network to increase the amount of the error

signal appearing at the base of transistor Q5.

Also illustrated in Figure 19 is the zener diode circuit con-
sisting of R7 and CR7. This circuit establishes required bias levels for the

integrated circuit networks.

The various capacitors illustrated in the various regulator cir-

cuits are used for filtering and to help decouple the different regulator circuits.

2 Synchronization Circuit and Internal Oscillator

The internal oscillator circuit is a 6400-Hz relaxation oscillator
designed around unijunction transistor Q6 in Figure 20. In the free-running mode,
capacitor C6 is charged through resistors R13 and R14 ana discharged through
emitter base one junction of transistor Q6 as the firing point of the unijunction

trznsistor is reached. At this point the current through resistors R13 and R14
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is insufficient to maintain the ON condition in transistor Q6, thus the cycle is

repeated.

The positive voltage-pulse developed across resistor R17 when
transistor Q6 turns ON is amplified and inverted by trarsistor Q7, providing a
negative pulse to trigger bistable multivibrator Z5. Multivibrator Z5 then

develops a 320J-Hz squarewave.

In the synchronized mode, the input squarewave is transformer
coupled to he base of switching transistor Q4, turning Q4 ON and OFF on
alternate half-cycles. This feature is used to synchronize the unijunction tran-
sistor oscillator to the input signal. Resistor R11l is of sufficiently low value so
that when transistor Q4 is turned ON, capacitor Cé6 is abruptly charged and
transistor Q6 turns ON. Transistor Q6 remains ON as long as Q4 is ON because
the current through resistor R11 is greater than the holding current for transis-
tor Q6. After one half-cycle, transistor Q4 and, in turn, transistor Q6 turn
OFF. Then capacitor C6 again starts charging through resistors R13 and R14.
Thus, transistor Q6 is actually locked in phase with transistor Q4, and with the

input squarewave.

3. Power Stage Drive and Power Stage

The power stage drive is primarily a power amplifier which
amplifies the two squarewave voltages produced by the internal oscillator flip-
flop. This amplifier, or drive circuit, is illustrated in Figure 21. The voltage
at the base of transistor QI is illustrated in Figure 22a, while Figure 22t
illustraies the voltage at the base of transistor Q2. When the voltage -~ Figure
2la is positive, transistor Q1 is ON, turning transistor Q7 OFF. Tran.istor Q10
is ON at this time, producing a positive voltage at the base of transistor Q13 and
turning it ON. The collector voltage of Q13 is illustrated in Figure 22c, while
Figure 22d illustrates the collector voltage of transistor Ql6. Thus, Figure 22

illustrates the input and output voltages of the drive stage withk the proper phasing.

The drive stage also has a secondary function of providing nega-
tive voltage requirements to the differential amplifier and phase-shift network.

This function is accomplished by adding an additional secondary winding to
45




R22 1 J (c)
13
)
1 (d)

o Tl =

.
w3

.
-

a)

(b) I i %

c;
o

%{c..

+
cu

T
I

FI GURE 21
POWER STAGE DRI VE

R23
VW

46




[Rea.

M

(b)

(c)

(d)

FIGURE 22
DRIVE STAGE WAVEFORMS

e




Lo —

[re———

[repe———

recrass o

transformer T1. The output of this winding is rectified, filtered, and zenered

to provide precise voltage level.

The primary function of the power stage is to convert the input
DC voltage to an AC voltage and amplify this AC voltage to the proper level for
use by the demodulator stage. The power stage is illustrated in Figure 23 and
consists primarily of a drive transformer, power transist' rs, and a power

transformer.

Drive transformer Tl is used for impedance matching between
the power transistor and the drive stage. The push-pull iaput to the drive trans-
rormer is illustrated in Figure 24. The voltage at terminal 1 of Tl is illustrated
in Figure 22a while Figure 22b illustrates the voltage at terminal 3. The volt-
ages of terminal 4 are shown in Figure 24c while the inverse of this voltage
appears at terminal 6, Figure 24d. These voltages drive power transistors Q5
through Q10. By using fast-rising squarewave drive voltages, switching losses
are kept to a minimum. Resistors Rl through R6 are current-sharing resistors

used to equalize the drive voltages and currents of the power transistors.

Transistors Q5 through Q7 are turned ON when the drive
voltage, Figure 24c, is positive. Transistors Q8 through Q10 are biased OFF
at this time by their drive voltage (Figure 24d). The push-pull action of the
power transistors produces an AC voltage at the primarv of power transi-rmer
T8 which is amplified, producing the 3200-11z squarewave voltage illustrated in

Fi_ure 24e.

4, Countdown Circuit and Filter Network

A 400-Hz squarewave is developed by binary countdown from
the 3200-Hz squarewave. Three bistable multi-vibrators are diagr..nmed in

block forr.. as Z1, Z2, and Z3 in Figure 25, along with the 400-Hz filter circuit.

Transistor Q2 is used as a saturating ampolifier to isolate 23/
from the filter. The filter itself is of the active type, aesigned around 3 twin-
tee network which is tuned to 400 Hz. Transistor Q5 is an emitter follower input

stage. The twin-tee passes all frequencies except 400 Hz to the base of inverting
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amplifier stage Q6. Then feedback capacitor Cl10 provides negative feedback
for all frequencies, except 400 Hz. Thus, the odd harmonic content of the 400-

Hz squarewave is filtered out, leaving a 400-Hz low-distorted sine wave.
’,.,..-.w ;.
-

5. Ramp Generator, Differential Amplifier, and Ref%m"g”
ad

Comparators (Figure 26) -

These four circuits represent the basic feedback or regulator
loop of the inverter. They are illustrated as a group, showing the interrelation-

ships. y

The ramp generator (Figure 26) is basically what its name
implies; a circuit that generates a linear ramp function. To provide a detailed
understanding of the operation of the ramp generator, various voltage and
current waveforms are illustrated (Figure 27) along with discussion of how they

are obtained.

If transistor Q4 were ON and a voltage apolied to resistor R12,
a voltage would develop at point A, Figure 27a. This is the charging potential
that appears across a capacitor as it is charged through a resistor from a DC
source. The 3200-Hz squarewave output voltage of the internal oscillator is
integrated to form a 3200-Hz synchronizing pulse, Figure 27b, at point B. As
this pulse turns transistor Q3 ON, point A is clamped to ground, forcing
capacitor C8 to discharge. The voltage now appearing across capacitor C8,

point A, is illustrated in Figure 27c.

To make the ramp more linear, the charging current must be
held constant. This is done by holding the voltage across R12 constant.
Resistors R13 and R14 form a voltage divider network to which the base of
transistor Q4 is connected. Diode CR1 is for temperature compensation. Since
the base current is small compared with the fixed current of R13 and R14, the
voltage at point C remains fixed. This, in turn, holds the voltage across
resistor R12 constant, producing the sawtooth voltage illustrated in Figure 27d.
Transistors Q5 and Q6 act as emitter followers to produce the ramp currents

(Figure 27e) used by the reference comparator circuits.

The key to the operation of this circuit is the synchronizing
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pulse which prevents transistor Q4 from operating out of its active region.
(If Q4 becomes saturated. t+ -oltage waveform becomes nonlinear. ) The
synchronizing pulse also synchronizes the reference comparator circuits to

be explained later.

The differential amplifier is a high-gain amplifier used to
compare the output voltage with a fixed reference voltage established by the
filter network. The amplifier circuit is illustrated in Figure 28. So that the
inverter meets the paralleling and three-phase interconnection requirements,
the amplifier is desigued to provide the correct error signals at points C and
D with predetermined signals at points A and B. This is necessary so that the

inverter may be connected in parallel or three-phase without readjustments.

The amplifier compares the {..edback sine wave with the

reference sine wave and produces two sine wave error signals. One error
signal is in phase with the output while the other error signal is 180 degrees
out of phase. An increase in the output voltage of the inverter causes a

decrease in the two error signals, thus causing the output voltage to be reduced

in proporticn to the change in the error signal. This relationship becomes more

obvious in the discussion of reference comparators.

The function of the reference comparator circuits is to furnish

two sets of 3200-Hz modulated squarewave drive voltages for the demodulator
stage. Modulation of the squarewave voltages is a function of the sine wave
error signals and is determined by the reference comparator. Since operation
of both reference comparators is identical, a detailed explanation of only one
comparator is given. Waveforms for both circuits are illustrated in Figure 30,

while the schematic diagram for the comparators is illustrated in Figure 29.

The heart of the comparator is tunnel diodes CR2 and CR4.
As is well known, a tunnel diode has a negative resistance region which is a
function of the current through the diode. When current through the diode
reaches a predetermined level, known as Ip, voltage across the diode takes an
immediate step jump to some higher value determined by the load line of the

device. This increase in voltage across the tunnel diode is in the order of
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magnitude of five. Corresponding with this increase in voltage, there is a
decrease in current through the tunnel diode due to its negative resistance
characteristics. This characteristic is utilized to obtain a step voltage

without a corresponding increase in current. Again referring to Figure 29, it
is seen that the step voltage appearing across tunnel diode CR2 turns transistor

Q7 ON.

The waveforms of Figure 30 further illustrate the regulating
action of the tunnel diode. The Ip,or trigger level, of the tunnel diode is
illustrated in Figure 30a. Now, if sinusoidal error current IE from the refer-
ence comparator is superimposed over Ip, then the locus of a new trigger
point, IT, may be plotted (Figure 30b). Trigger point IT of tunnel diode CR2 is

now a sinusoidal function of error signal Ig.

By combining sawtooth current Ig with trip current IT,
transistor Q7 may be driven in a modulated form. Figure 30c shows that each
time ramp current Ig of the sawtooth crosses trip point IT of the tunnel dinde,
the tunnel diode changes states, turning transistor Q7 ON. This, in turn, turns
transistor Q9 OFF. Each time the ramp is reset the tunnel diode is reset and
transistor Q7 is turned OFF through Point C which is connected to capacitor C2

in the ramp generator circuit.

The output of transistor Q9 (Figure 30d) drives flip-flop Z).
When this voltage (Figure 30d) goes negative, the flip-flop reverts states
(Figures 30e and 301).

Operation of the second reference comparator is identical to
that of the first, excent that tunnel diode trip point IT is phase shifted 180
degrees from that of the first reference comparator. The output of iransistor
Q10 is the same as illustrated in Figure 10d, except inverted. This output, in

turn, drives flip-flop Z3, which has an output (Figures 30g and 30h).

To ensure proper phasing between the demodulator stage and
the power stage, flip-flops Z2 and Z3 are phase locked to the output of Z5 of

the oscillator circuit through connections d and e.
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6. Demodulator Drive and Demodulator (Figure 31)

Demodulator drive stage operation is the same as the power stage

drive operation, thus a detailed discussion is not furnished.

The demodulator drive stage amplifies the signal from the flip-

flop of the reference comparator to a level usable by the demodulator stage

The object of the demodulator stage is to convert the 3200-Hz
squarewave voltage to a pulse-width modulated voltage. Half of the demodulator
stage is illustrated in Figure 32. The complete demodulator (Figure 16) is made
up of four bilateral switches and four base drive impedance-matching networks.
The impedance-matching networks form the same function as the power stage,

§ except that they have been modified to improve switching characteristics. This

function is described more fully in the Design Analysis section of the report.

The bilateral switches, consisting of transistors QI1 through
Q18 and diodes CR19 through CR34, convert the 3200-Hz squarewave voltage to a
pulse-width modulated voltage. A simplified version of the bilateral switch show=-

3 ing possible current flow is shown in Figure 33.

'

[ )

The simplified schematic of Figure 34 along with the waveforms

of Figure 35 are used to show the phase and modulation operation of the demodula-

Ton s oy

tor stage. Figure 34a is the 3200-Hz squarewave out of the power stage. Figure
34b is the push-pull voltage from a reference comparator which controls the
operations of the bilateral switches. When the voltage (Figure 34b) is positive,
switch Sl is closed and S2 is open. The output of the other reference comparztor
(Figure 35c) drives switches S3 and S4. When it is positive, S3 is ON and 5S4 is
OFF. The demodulator stage output, a 6400-Hz pulse-width modulated voltage
waveform (Figure 35d) may now be developed. To help in the explanation, a set

of reference points (1-8) are added to Figure 35d.

At point 1, the power stage output reverses so that it is negative.
Also, at this time switch 1 and switch 4 are ON due to the voltage condition illus-
trated in Figures 35b and 35c. This condition places a short circuit on the input
of the filter. Since switches S2 and S3 are OFF, or open, the secondary of the

power transformer is unloaded and there 1s no voltage at the input of the filter.
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This condition is illustrated in simplified form in Figure 36a.

At point 2, the voltage to switches 3 and 4 reverses, turning
switch 4 OFF and turning switch 3 ON, Inspection of Figure 34 shows that under
this conditicn terminal 1 of the filter is connected to terminal 4 of the power
stage and terminal 5 of the power stage is connected to terminal 2 of the filter.
Since the output of the transformer (4 to 5) is negative, then a negative voltage
appears at the input of the filter. This circuit is illustrated in Figure 36b, ard

its waveformn in Figure 35d, points 2 to 3.

At point 3, the drive (Figure 35b) for switches 1 and & reverses,
turning switch 1 OFF and switch 2 ON. This again shorts out the input to the

filter (Figure 36c).

At point 4, the output of the power stage reverses polarity as
in Figure 35a; however, there was no action by the demodulator switches, thus

the input to the filter does not change (Figure 35d).

At point 5, the drive (Figure 35b) again reverses, turning
switch S2 OFF while turning switch S1 ON. This action connects the trarsformer
to the filter (Figure 36d). Since the output of the transformer is positive, i

positive voltage appears at the input to the filter.

By following the switching action of the power stage snd the
controlling action of the demodulator switches, the pulse-width modulated ioltage
(Figure 35d) is developed. Pulse-width modulation is a function of the operation
of the modulator switches which are controlled by the reference comparators.

The amount of modulation, or the pulse width, of the pulses deltermines the arnpii-

tude of the output sine wave (Figure 35d).

4N Filtering Output, Input, and RFI

The output of the demodulator consists prirnarily cf z group of
positive going and negative going pulses with a basic frequency of 6400 Hz
(Figure 35d). The primary function of the output filter is to waveshape thie
modulated voltage to form a sine wave containing a minimum amourt of distcrtion.

It is also desirable that the filter achieve this function without producing any
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unnecessary voltage-ampere burden on the demodulator or power stage. It is
f\i”rﬂ:or desiied that the filtesing operation be independent of the inverter load.
Figure 35d shows that fundamentzl voltage is a direct function
of the amount of modulation; however, the major requirement for the filter design
is a knowledge of the harmonic voltages present and their respective frequencies.
Figure 37 is a plot of the frequency spectrum of the pulse-width modulated wave-
form shown in Figure 35d. This spectrum is for a modulztion index of one znd
reveals that the four major harmonic voltages present are located at 5200 Hz,
6000 Hz, 6800 Hz, and 7600 Hz. These four harmonic voltages represent the
major harmonics that must be filtered by the filter while passing the fundarnental

400-Hz frequency.

The design which offers the maximum design advantage is
presented as FL2 in Figure 38. This is a simple low-pass filter designed for the
specific 400-Hz load conditions. To further attenuate the four basic harmonic

. frequencies, a series-tuned 4600-Hz trap is added.

To reduce the RFI requirements, the parallel inductor. normazlly
‘ one device, is split into two separate inductors (L)} and Lp). Since this is a low-

pass filter, simple bypass capacitors reduce the RFI to the desired level.

[R—
'

The input filter shown in Figure 39 as FLI1 isolates the input DC
line from modulation and ripple generated by the inverter. It also isolates the

inverter from high-voltage surges on the DC line.

The filter design is based primarily on the modulation require-
ment -- the governing factor. A 400-Hz inverter modulates the input at an 800-
cycle rate; therefore, filter requirements are basically those of 2 400-cycle
rectified sine wave with the load current and source impedance determining the
filter requirements. One additional requirement of the phase-~demodulated
inverter is that the input current is a combination of 6400-Hz pulses and 2 400-Hz

rectified sine wave.

(Final design will be determined through test and evaluation of
the waveforms generated by the prototype inverter. This determination is neces-

sary for maximum efficiency with minimum weight. This filter will also act ==

|
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the primary RFI filter with bypass capacitors for additional safety. The input,
as well as the output, filter must be located as close as possible to the connector

to provide maximum efficiency in the reduction of RFI.)

8. Voltage and Sensirg_

Sensing functions are performed by a set of transformers tc
provide isolation between input and output. Voltage transformer T10 and current

transformer T9 are shown in Figure 38.

The voltage sensing transformer is a 400-Hz step-down trans-
former. Output of the transformer is connected to output terminals I and C
through voltage adjustment resistor R30. The output of terminal I and C is set
at 2.5 volts peak-to-peak with 115 volts from the inverter. This setting is a
requirement for the three-phase operation to be discussed later. In normal
operation this output signal is fed directly back into the inverter at terminal D.
Since ierminal I is the internal control ground lead, it does not require reconnect-
ing.

The current-sensing transformer has two secondary windings.

Windings 6-7 is used for parallel operation which is discussed in the next section.

Windings 3-4 and 4-5 provide overload protection for the inverter.
Terminal 4 is connected to ground line while terminals 3 and 5 are connected to the
overload circuit (Figure 25). Diodes CR3 and CR4 rectify the AC voltage to form
a DC level proportional to the output current level. Zencr diode CR2 in the
emitter of transistor Q3 keeps the transistor biased OFF in normal operation.
When the ocutput current exceeds the predetermined level set by R7, however,
transistor Q2 turns ON, turning transistor Ql OFF and reducing the supply voltage
to the 400-Hz reference amplifier transistor, Q2. This action reduces the output
of the filter which forms the sine wave reference for the differential amplifier and,
in turn, controls the reference comparators. Reduction in the reference sine wave

reduces the output voltage of the inverter proportionately.

9. 120-Degree Phase Shift

For three-phase operation, the desired phase shift is obtained

by use of an operational amplifier with reactive feedbcck. Figure 40a shows the7?




basic circuit.

Because of the high open-loop gain of the operational amplifier,

Ig, the amplifier input current can be assumed to be zero, and the junction of R},

R2 can be assumed to be at ground potential.

The gain of the overall circuit is e:c; and, by Kirchoff's

current, low:

Ii = If

ei eo
therefore, I
and R S

ei Z; .
where Zi is the total input impedance

Z{ is the total feedback impedance.

For the circuit in Figure 40a

Rz
Zf - jwc : _ R2
Ry + —— 1+ j
2 e jwR2C
Z; = R
1
e _ [R}] -lwr
and ol = (RZ) "Fl+wZR22CZ /.tan WR,C
1
Let <§1) V1 4+ W2R,2C2 = 1
2

/- tan-! WR,C = 60°

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

If the conditions of equations (7) and (8) are met, the 180-degree

phase shift of the amplifier and the feedback network give a total phase shift for

120 degreces and an absolute gain of 1 for the circuit.
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The circuit of Figure 40b is a 120-degree phase=shift circuit
which operates on the above principle. It is utilized in the inverter to generate the

required 120-degree phase shift for three-phase operation.

C. THREE-PHASE AND FPARALLEL OPERATION

The high-frequency overation of the reference comparator and the simple
low-pass filter makes three-phase and/or parallel operation of the inverter a
simple task. The inverter acts in many ways like a low-frequency linear amplifier.
The differential amplifier compares the output voltage to the reference voltage to
ensure that the output has the saume form as the reference voltage. The output can
only be as good as the reference voltage and has the same form as the reference.

If a squarewave is used as a reference, then the inverter puts out a squarewave,

or if the reference is a triangular wave then the output is triangular.

To show how this reference is utilized in three-phase operation, three
inverters are used. Inverter A supplies the A-phase voltage; Inverter B, the
B-phase voltage; and Inverter C, the C-Phase voltage. In inverter A, the output
of the filter network, terminal J, is connected to the input of the differential
amplifier, terminal E. Terminal J is also connected to the input of the phas : shift
circuit, terminal K. The output of the phase-shift circuit, terminal L, is connected
to terminal E and to terminal K of inverter B. The output of inverter B's phase-
shift circuit, terminal L, is connected to terminal E and to terminal K of inverter
C. The input reference voltage to each of the differential amplifiers, terminal E,
is illustrated in Figure 41. The phase angle between these three waveforms
determines the output phase angle. Terminals I of all three inverters are connected
together. Terminal C of each inverter is connected to terminal D of that inverter.

These basic connections for three-phase operation are illustrated in Figure 42.

With the connections as described and illustrated, inverter A produces
what is termed phase-A output, and is at zero degrees. Interconnection Iis a
ground connection for the control sections. The output of terminal L of inverter A
is a reference voltage for inverter B and has a phase angle of 120 degrees with

respect to inverter A, This 120-degree reference signal is used by the inverter
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B reference comparator, terminal E, to produce phase B. The phase-shift
circuit of inverter B, terminal L, produces a reference voltage for inverter C
and has a phase angle of 120 degrees with respect to inverter B, or 240 degrees

with respect to inverter A.

Paralleling of inverters is accomplished in a similar manner. The
required interconnectinns are illustrated in Figure 43. For this discussion,
two inverters are used. Inverter A 1s connected for standard single-phase
operation. Inverter A produces a reference voltage, terrinal F, for inverter
A-1. This reference voltage is a function of the output current of inverter A as
developed by current transformer T9. This reference voltage is the input to the
differential amplifier of inverter A-1. The output current of inverter A-1 is then
sensed by transformer T9 and a feedback voltage is developed which is a function
of its output. This voltage is used for the second input of the differential amplifer.
Thus, inverter A is a voltage source while inverter A-1 is a current source with

its output current determined by the output current of inverter A.

The output power of the three-phase system (Figure 42) could be doubled
by paralleling each of the phase inverters with a second inverter as illustrated in
Figure 43. A three-phase parallel system is illustrated in Figure 44. To accom-
plish the described interconnections without readjustment of the various control
functions in the inverters has required several additional components. Figure 16,
shows that the voltage-sensing transformer T10 and current transformer T9 have
output voltage adjustments in the form of variable resistors R29 and R30. Outputs
of these two circuits are adjusted to provide 2.5 volts peak-to-peak under normal
load voltage conditions. This voltage output matches that of the output of the sine
wave reference terminals -- also 2.5 volts peak-to-peak. The differential
amplifier is set up through R7 so that the inverter provides the correct output
voltage when 2.5 volts are applied to its dual inputs. The 120-degree phase-shift
network output is adjusted through R1 so that its output amplitude is the same as
its input amplitude except that it is phase shifted 120 degrees. By having all the
basic outputs and inputs set at a predetermined condition for all inverters, then
the control signal between inverters may be mixed readily. This arrangement
makes paralleling and three-phase operation possible without readjustment of the

control circuits. 78




oo et

D,C, O-
INPUT

—O A GO———O—O:HASE A
B H<>_"__'_'*W<3
[:::TF<)J
_o E
,—-v—o D INVERTER A
c
O |
O K
olL
OF
—C GO
Ho
INVERTER A-1

C)C)()C)I?i;C)(>()
M- X —0 Om <« m>»

FIGURE 43
PARALLEL INTERCONNECTIONS

13




D,LO—@— K INVERTER A O PHASE A
INPUTO—@- B
J
E
D
[
K
oF—
d ;
Q A INVERTER B GO O PHASE B
* Q B | Ho—|
o, 1l
2 >0 E
—O D
|
K
-0 L
6 F
INVERTER C ﬁ PHASE C
B |
O J RERER |
»—O E
L 2
| e
O K
oL
6 F

FIGURE uy
THREE-PHASE
PARALLEL INTERCONNECTIONS

80




IV DESIGN ANALYSIS AND CONSIDERA TIONS

This section of the report covers major design and circuit considerations
given in the selection of the final configuration as illustrated in the Schematic
Diagram, Figure 16. It is not intended to be a complete and detailed design analy-

sis, but only a guide to various design and components considerations.

A, BASIC DESIGN CONSIDERATION

The versatility of the Phase-Demodulated High-Frequency Inverter offers
several basic designs which could have been utilized in the final design. Several

are presently being used in other hardware development programs (Appendix B).

The first design given consideration is the Phase-Demodulated High-
Frequency Inverter-- the basic design as outlined in the state-of-the-art study.
It is one of the simpler approaches, but has two basic disadvantages: it has a
much higher harmonic content that the other designs, and' voltage stresses on
the demodulator transistors require them to be series connected to overcome

these stresses.

The second design considered reduces harmonic content and filter
requirements. The Phase-Shifted Phase-Demodulator High-Frequency Inverter
design uses two standard Phase-Demodulator Inverters which have the outputs of
their power-switching stages series connected, and one phase shifted 90 degrees
with respect to the other. This arrangement produces a wave similar to that of
Figure 12a except that the frequency of the modulated pulse is four times the
power-switching stage and not two times as in the standard unit. The basic dis-
advantage of this arrangement is the requirement for twoc inverters to obtain one
output, thus making the unit much more complex. In the higher power units the
disadvantage of the more complex control section may be minor when compared

with the weight-saving made through reduced filtering requirements.

The third design considered is the Phase-Demodulated High-Frequency
Bridge Inverter. The basic advantage of this circuit is the improved modulated
waveform illustrated in Figure 12a. This waveform only doubles the power stage

switching frequency; however, it is much simpler than the phase-shifted circuit.
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Also, .the method of regulation provides the same response as the phase-
shifted circuit. As will be described in the waveform analysis, this waveform
has both edges modulated vs. only trailing edge modulation for the 90-degree
phase-shifted circuit. At the same modulation frequency, a double edge
modulated waveform has fewer harmonics present than the single edge modulated

waveforrn. Also, the amplitude of the harmonics voltages present is less.

The fourth design considered is a combination of the second and third.
This design is recommended only because of its extremely high power inverters.
In tkis concept. the power stage of two series-connected Phase-Demodulated
Bridge Inverters are phase shifted. The output of this design is a double edge
modulated waveform that more closely approximates a sine wave as illustrated
in Figure 45. Inspection of Figure 45 shows the improvements gained with this
circuit. The pulses present are at a frequency rate four times that of the power
stage. The disadvantage is that of complex and added circuitry which must be

weighed with each power lcvel and application.

B. PULSE-WIDTH MODULATION ANALYSIS

This is one of the most impnrtant sections of the report, although it does
not relate to the detailed circuit design. The analysis provides a fundamental
understanding of the Phase-Dernodulated Inverter concept. The analysis is cn
a waveform basis and not an inverter design basis. Analysis of this waveform
is difficult and can be very complicated if not approached correctly. One of the
most important steps is the devclopment of the basic ejuations. If the equations
are not developed correctly and do not describe the pulse-width modul ted wave-
form, then incorrect data will result. A very practical approach which may be

208

used to analyze this type waveform is explained by H.S. Black . An expansion

of this basic approach is utilized in the waveform analysis.

In pulse-width modulation a train of pulses is modulated by the value of each
instantaneous sample of the continuously varying modulating wave which produces
a pulse cf proportional width. The modulating wave may vary the position with time
cf the leading edge, the trailing edge, or both edges of the pulses. There are two

types of sampling associated with pulse-width modulation—uniform and natural.
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In uniform sampling, the modulation is such that the pulse width is
prcportional to the instantaneous value of the modulating wave at equally

spaced sampling times.

With raturzal sampling, the pulse width is proportional to the average
value of the modulating waveform during the sampling interval. Natural
samplir:g, as used in the the Phase-Demodulated High-Frequency Inverter,

is 1llustrated and developed in the waveforms of Figure 30.

the difference between natural and uniform sampling is that natural
sazmgling yields = spectrum that has no lower harmonics of the modulating
frequency (f{v). This means that the spectra of a pulse-width modulated
waveicrm emplcying ratural sampling is void of lower harmonics (2fv, 3fv,
4fv, etc.) ard the lowest harmonics are sidebands of the carrier frequency.
Ar inverter using natural sampling has a distinct advantage due to the lessened

filtering requirements; therefore, only natural sampling is discussed in detail.

In literature on meodulation, pulse-width modulation is often called pulse-
duraticn or pulse-length modulation. In this disucssion of the subject the term

pulse-width modulation is adkered to.

Natural sampling mzay be divided into two groups or methods of modulation:
single edge modulation and double edge modulation. In single edge modulation
only cne edge rI a pulse, leading or trailing, is modulated by the modulating
sigral. In dcoutle edge mcdulation both the leading edge and trailing edge are
modulzted. The ireguency spectrum of the two types of natural sampling are as

different as natural sampling and uniform sampling.

Single edge modulation is discussed first because development of its
equaticn helps in developmert of the equatio:. for double edge modulation. A
single edge m~dulated waveform is illustrated in Figure 12b, page 30. This
waveiorm can be analyzcd by a double Fourier series method and is covered in
detzil by Black., 0 In Black's discussion, Chapter 17, two equations are derived
that descrite the spectra cf a pulse-width modulated waveform - one for natural
sampling and the other for uniform sampling. The doubie Fourier series for pulse-
width modulated pulses cf unit height with trailing edges modulated by natural
samgples of = sinusoidal modulating wave is
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2 J M ; \
1(t) K +T cos w_t + sin m wct z otabis) sin(mwct-2mKn)

+
m=- OO

o)
Z E Jn(mMn) sin(wct + nwyt - 2mKm - _rzn_n'_ )
m-l1 m=1

where K is the DC component of the pulses

M is ‘he modulation index 0 < M < 1

w is the angular modulating frequency wy, = 2m £,

wc 1is the angular carrier frequency w¢e = 27 (Number of
pulses/sec.)
n is the number of the harmonic of the modulating
frequency
m is the number of the harmonic of the carrier or pulse

frequency

Jo(mMm) and Jn(mMmn) are bessel functions of the first kind.

The major problem in developing this equation is relating the modulating
frequency to the output frequency. A procedure developed by W.R. Bennett210
and explained by Black is outlined through the use of Figure 46. The modulating
wave is represented by A cos w_t traveling in the Y axis of Figure 46a. The
high-frequency wave travels the X axis, a leading edge at 2mintervals at a

frequency of w,.

If line OZ is passed through the modulating wave and the modulating wave
is repeated at w. (Figure 46a), the modulated wave of Figurc 46b may be
developed by projecting from Figure a to b the leading edge of high-frequency
wave w. and the intersecting point of A cos wyt and the line OZ. The equation
for the pulses in Figure 46b may be written

X'= B+Acos Y.

To represent the complete train of pulses, the basic dimension X and Y
and A ard B must be related to time, and the above basic equation expanded to

include the train of pulses. The basic time equations are
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X = wct

Y=wvt
B=2 K
M=A/nw

The slope of line OZ is Y/X or wv/wc and relates the two frequencies.
Functioa K is the ratio in the absence cf modulation, of the pulse width tc
the pulse rate. In this example K= n/2 = 1/2 such that B=m M is the
modulation index and represents the limit of the amplitude of the modulating
wave in Figure 46a. In the equation A cos wyt, A has a maximum limit of ,

sc that M has a maximum value of one.

Figure 46 and the above discussion are presented only to illustrate how
terms in the modulation equation wcre defined. Complete derivation of the
single edge modulation equation is presented by Black; however, the above

discussion helps in the evaluation below of the equation.

From Figure 46 it is seen that the DC component of the waveform is
one-half when K is one-half and the pulse is of unit height. The equation for
the spectra of width modulated pulses with trailing edges modulated by natural

samples of a sinusoidal modulating wave tnen becomes

O (& =)
F(t)= 1 + M cos wyt + sin (mw_t -\ Jo(mMnm) sin (mw_t-mmn)
2 mm

2 2 mm
m=1 =1
X n- +Co .-
+ E Z Jn(mMn) sin(mw t + nw t) cos mwcos 5~
mm
m=1 n=1) -cos(mw_t + nw_t) cos mw sin _nmw

The first term is the modulation or pow er component and is directly
proportional to the value of the modulation index. The second and third terms
are the dundamental and harmonics of the carrier frequency. The carrier
frequency is defined as 2w times the number of pulses per second. The fo 1
term is the sideband components formed by the beating of the fundamentals and
harmonics of the carrier and power frequencies. The following sample

calculations illustrate the use of this equation.
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SAMPLE CALCULATIONS:

The equation is multiplied by 2 to give the power frequency comp-anent
a peak value of one unit.

M = Maximum pulse width-change in pulse width

Maximum pulse width

For M=1
— —w —
m=1 fv—-zlﬂ_L— 400 cps
n =1 fc=‘E=6400cps

2m

fwe = M cos wt

fw,, = £400 cps = 1 (This is the peak amplitude relative to

the pzak magnitude of the pulses.)

=)
fwc = E sin (mw t) 2 Jo(mMmn) sin (mw t-mmn)
- Z mmw
m=1
£6400 cps = sin wct - Jo (3.14) sin (wct - 180)
3.14 3.14

Let w.t= 90° (This assumption will result in
maximum amplitude of the harmonics. )

6400 cps = 0. 444 (This is the peak amplitude relative
to the peak magnitude of the pulses.)

n= -
fmwc tnw, = 2 Z E Jn(mMrr) sin(mwct+ nwy,t) T
n=e=

cos mmw cos mm

-cos (mwct + nw,t)

... nmw
COs mT sin -2—
o

Letw t+w t-90

Jp (3.14)
f6Kc, 6.8Kc = 2

= 0.192 (This is the peak amplitude
3.14 relative to the peak magnitude
of the pulses.)
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Table 3 illustrates data calculated for a pulse-width modulated waveform
with the trailing edge modulated by natural samples of a sinusoidal wave. The
calculated data is compared with data measured in the laboratory for a modu-
lation index of 0.9 (Table 4.) This data correlation demonstrates that the
relative amplitudes of the power frequency, carrier frequency and sideband
frequencies are independent of the modulating frequency and the carrier

frequency. This is true for a power frequency of 60 cps or 400 cps.

Increasing the ratio of the carrier frequency to the power frequency
shifts the relative amplitudes of the ca vier and sideband frequencies farther
up the frequency scale. Generally speaking, the carrier frequency should be

made as high as the circuitry permits to reduce the output filtering problem.

The frequency spectrum of a pulse-width modulated waveform with the
trailing edge modulated and a modulation index of unity is illustrated in Figure
47. This data, along with Table 3, provides the detailed information necessary
for a comprehensive output filter design. It not only lists the harmonics present,
but also gives their amplitude relative to the amount of modulation. Comparison
of the amplitude of fundamental frequency fv with harmonic amplitude fc shows
that at a modulation index cf 0. 7 the amplitude of the harmonic is as large as
the fundamental. This comparison is illustrated in Figure 48 for a few of the
11ajor harmonics. Jf the two frequencies, fv and fc, are not well separated,
the output filter desig becomes very difficult,

The preceding equaticn becomes the double Fourier series for width
modulated pulses with leading edges modulated bynatural samples of a sinusoidal
modulating wave if a negative sign ie put in front of the t. The negative sign in
front of the t reverses the time scale and the modulated trailing edges become

the modulated leading edges. The equation then becomes:

M o [= =)
Fz(-t) =K+ — cos (-wyt) + E sin(-mw .t) §- Jo (mMm) sin(-mwct-ZmK“)
mw mmw
m=1 m=1
oo n= ioo
- :>: E JI;n‘l':M‘I'I) sin (-mw_t - nw_t - 2mKn --ri-"— ).
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TABLE 3

CALCULATED AMPLITUDE DISTRIBUTION OF A TRAILING
EDGE MODULATED WAVEFORM VS MODULATION [INDEX

[ .

FREQUENCY RELATIVE AMPLITUDE
RODULATION INDEX (W)
1.9 0.9 0.8 0.7 0.6 0.5
f 100.0 | 90.0 80.0 70.0 66.0 50.0
i % 44.4 | 51.4 60.4 70.8 82.0 93.4
2f, 24.8 | 29.8 37.6 42.6 44.4 41.0
3t 17.4 23.0 26.6 26. d 22.4 15.5
4f, 13.4 17.8 20.0 16.6 11,7 12.5
51, 1.0 13.5 14.6 10.5 10.4 15.2
By £ 1y 18.2 2.0 31.8 35.6 37.0 36.2
fp X 21, 31.2 | 30.8 28.6 25.4 21.0 16.5
fo X 31, 21.0 | 16.2 14.0 10.2 7.0 4.64
fo X 4f, 9.2 6.8 4.72 g.55 1.78 .94
P 1 2.74 | 2.74 2.4 0.44 | -eeee | con--
21, £ 1T, 6.68 | 10.2 10.5 6.46 0.42 9.6
2f, X 21, 7.64 | 8.26 1.5 7.96 13.0 15.8
2t, X 31, 3.8 1.32 . 13.7 13.4 10.5
2, AL, 105 11.8 12.4 10.8 7.96 4.76
2f, X 5f, 11.4 9.86 8.26 §5.72 3.5 1.58
2f, Z6f, 8.0 | 6.04 4.14 2.6 1.21 0.44
af, 211, 3.82 | 5.72 .86 2.76 6.8 5.92 |
3ty X121, 4.04 | 2.54 4,24 5.9 3.4 3.18 |
3fy X 81y 1.92 | 5.1 4.88 3.1 3.8 B.7 |
3, Xat, 5. 4.04 2.54 3.82 7.84 7.684 f
3, 51, 2,76 | 1.49 | 5.72 7.42 1.0 5.53 |
3f; X6t 2.54 | 5.72 1.0 1.2 5.0 2.76 |
|
fy = 400
fo = 6400
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CALCULATED VS MEASURED AMPLITUDE DISTRIBUTION

TABLE 4

OF A TRAILING EDGE MODULATED WAVEFORM

RELATIVE AMPLITUDE

FREQUENCY
CALCULATED | WEASURED | MEASURED | WEASURED | MEASURED
M=0.9 H*O N=09 M= 0.9 N-O’
1v= 400 =IOO vanoo f, = 400 v =60
fe= 6400 =6l0 fo =4800 fc= 9600 =96 0
fe 100.0% 100.0% 100. 0% 100, 0% 100.0%
fo 57.2 56. 5.3. 63. 53,
21, 33.1 33. 32. 37. 32,
£ 25.6 24, 23, 21. 1.
4f 18.6 18. 8. 20. 21,
5¢, 15.0 15. .- 18. 20.
fot 1y 28.8 26. 25. 30. 24,
fot f, 28.8 26. 21. 3. 24,
a1, 34.0 35. 32. 33. 33.
fo* 21, 34,0 35. 21. 35. 33.
fot 3f, 18.0 20. 20, 9. 21,
fotaf, 18.0 20. 20, 18. 21,
20, 2 f, 1.3 10. 10. 10. 8.
2, 2 1, 1.3 10. 10. ", 8.
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For pulses with both edges modulated, the two preceding double Fourier
series are added together because both series have the proper time relationship.
The double Fourier series for width modulated pulses with both edges modulated

becomes
F3(t) = Fl(t) + Fz( -t).

Substituting in the equations [or Fl(t) and Fz(-&gives

v (mw_t,
Fat) = K+ M cosw t+z Sinmwet S JolmMn i, (-2mK)
m=1
==) n=? .co
Jn(mM ’ nmw
- ) ) —-(m—"—l-" sin (mw_t + nwyt - 2mKr- —5—) +K
m-=1 n= 1
™ <o
+5— cos (-wyt) + E smg-mw t) Z Jo(mMn) sin(mwct-2mKn)
m=1 m=1
co n=t co
- Z Jn(mMn) sin (-mw_t - nw_t-2mKm - L )
“mw ¢ M T

m=1 n=-1

Using Cos (wyt) = Cos (-wyt) 2nd sin (Imw t) = - sin (mwt)

and combining terms gves

oo
F3(t) = 2K + M cos wt -Z Jo(rr;Mﬂ) “lin (mwct -2mKn) ]
i1

m=1 +sin(-mw t-2mKn)

nw

) > Jn(mMﬂ) sin(mw_t + aw t - 2mKm -
m=1 n=t1

+ sin(-mw_t-nwyt-2mKw - BT

Using sin (A t B) = sin A cos B t cos A sin B

simplifies to
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(= =)
F3(t) = 2K + M cos wyt + 2 Z Jo(mMm) cos mw.t sin 2mKm
mm

m=1
-toco

SO
¥ Z Jn(mMmn)  cos (mw_t + nw,t) sin (2mKn+ E;—- ).

m=1 n=%1 RS

The DC comp-nent is zero; therefore, K= 0.

The equation then becomes

F3(t) = M cos (th) + 2 z Jn{mMrm)

. . 0T,
ey = cos (mwct-i-nwvt) sin (-2-)

n=+1, +3, + 5, etc.
This equation could have been derived, as was the criginal equation, through
the use of Figure 49. Inspection of this figure further illustrates the effect of
double edge modulation. In this series of pulses the leading edge is being
modulated as well as the trailing edge. Also. due to the method of defining the
leading and trailing edge, the modulated waveform has a series of positive
pulses and a series of negative pulses at the output frequency. Since double
modulation is affected by the same basic waveform, the negative portion equals

the positive, thus there is nc DC or k factor.

It should also be noted that the pcsitive and negative pulses have unit
heights, thus the fundamental is twice th st of the previous equation with the

same input.

To further clarify this, the basic equation is written for Figure 49 as
for Figure 46. Inspection of Figure 49 shows that the center of the pulse is
not necessarily at the center of the carrier. The reason for this is more
obvious from an inspecticn of line OZ and its intersection points into the two
modulating waves. Since the leading edge is no longer fixed, a new equation
must be writter for the modulated waveform of Figure 49b. In general form this
equation is:

X'= X b X, !

where X ! defines the trailing edg: and X, ' defines the leading edge and
each can be defined by its own equation as

X, '= B+Acoswyt

X, '=B -A cos wvt 95
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FIGURE 49
DOUBLE EDGE MODULATION
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therefore

xll o le

X'= B+ A cos Wt = (B-A cos wyt)

xl

xl

2 A cos wvt.

Comparison d this equation for pulse width with that of the equation
for single edge modulation helps to illustrate the basic differences in Black's
derived equations. A sample calculaticn also illustrates the differences in the
types of modulation. Alsc. inspecticn cf Figure 49t shows that dcuble edge
modulation results in twice the Irsguercy response as that cf single edge

modulaticn.

The first term is the modulating vcltage, and it cculd be a sine or cosine
term because the relative phase cf the modulating signal affects only the relative
phases of the components of the spectrum. rot their magnitudes which are of
chief interest here. The frequency compcnents of the last term are given by
the combination of all possitle pairs formed by taking the sum and difference
of integral multipliers of w,. and w.. The zbsclute value of n gives a relative
amplitude for both sidebands. When n is pesitive, an upper sideband component
is defined suck as mw_t + nw,t. When n is rnegative. a lower sideband
compcenent is defined such as mw_t - nw <.
SAMPLE CALCULATION:

M = Maximum pulse widtn - Change in pulse width
Maximum pulse widt:

M= 0.9 f, = Z%— =400 cps

fo = ZE&— = €400 cps

fwy = M ccs wy t

£f4C0 cps = 0.9 (This is the amplitude relative to the unit height of the
pulses.)

(= — 1
fmw,t * nw,, = 2 5 Jrn{mMm ., nm
v v e ccs (mwct + nwt) sin = )

m=1 .
n=T1, Y2, ¥3, etec.




st 8

+. - J (-‘?1(3-14)—|= 2 [Jl(-’--”-)]= 0.637 [o.4o9ﬂ= 0.26.
fwe = wy, = 2 [1 — .| —T1

This is the peak amplitude relative to the unit height of the pulses for the

upper sideband w. + w,, and the lower sideband w. - wy.

The waveform for the above equation is illustrated in Figure 12a. The data
shown in Table 5 was calculated for pulse-width mcdulated pulses with both edges
modulated by natural samples of a sinuscidal wave. In Table 6, the calculated
data is compared with data measured in the labcratory. Notice that for pulse-
width modulation of both edges of the pulse, the carrier and its harmeonics are
not present in the spectrum. This is an advantage because only the low-amplitude

sideband components need tc be filtered out to obtain the sine wave output.

The fraquency spectrum for pulse-width modulation with both edges modulated
and a modulation index of unity is illustrated in Figure 50 To further illustrate
the effects of modulation the frequency spectrum for various modulaticn indexes
are illustrated in Figures 50 through 55. Figure 56 shows the fundamental
frequency relative amplitude and the first four major harmonic frequencies
relative amplitude as a function of the modulation index. Corparison cf Figure
56 with Figure 48 shows the tremendcus advantage of the double edge modulated
waveform over the single edge modulated waveform. Verificaticn of this
calculated data (Table 5 and Table 6) further stresses the requirement for use

of double edge modulation.

The type of double edge modulation is also important. If the method of
modulation is established differently from that of Figure 49 such that the
modulated waveform of Figure 46 or 12b is generated in a double edge modulated
method, many of its advantages are lost., To illustrate this, the frequency spectrum
of a double edge mcndulated wavefocrm in which the K factor does not vanrish is
illustrated in Figure 57. Inspection oi this figure shows not only the increased

harmonics hbutalsothe increase i their amplitudes.
C. DEMODULATOR STAGE AND DRIVE

Design of the demodulator and demodulator Drive has a major bearing on
the efficiency, size, and weight of the inverter. The function of the demodulator
is to convert the 3200 -Hz squarewave to a 6400-Hz double edge modulated wave
in as efficient manner as possible. In the demodulator there are three major areas

of power dissipation, the diodes, the power transistors, and the drive circuit.
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TABLE 5
CALCULATED AMPLITUDE DISTRIBUTION OF A DOUBLE
EDGE MODULATED WAVEFORM VS MODULATION INDEX

FREQUENCY RELATIVE AMPLITUDE
MODULATION INDEX (M)
1.0 0.9 0.8 0.7 0.6 0.5
fy 100.0 | 90.0 80.0 70.0 60.0 50,0
2 Ty 19.2 | 26.0 1.7 35.4 31.0 36.3
£t 3y 20.8 | 17.4 13.8 10.3 7.3 4.62
2 &1, 2.1 2.139 1.3 0. 96 0.45 0.45
fo 7y 0.16 | 0.16 n.11 0.01 0.01 0.01
ek 1y 6.62 | 10.2 10. 4 6.5 0.41 9.6
1. L 41, 1.19 | 6.36 | 11.6 13, 1 13.7 10.4
Mo E 51 11.9 | 10.7 8.3 5.1 4.2 1.4
M= 10, 4.1 3.18 17 0.6 0.5 0.08
2, 9of, 1.02 | 0.67 0.18 0.03 0. 03 0.0
U E 3.86 | 5.79 2.86 2.65 6.87 5.92
T 3, 2.12 | 5.0 4.87 3.12 4.03 8.64
At 5fy 2.69 | 1.59 5.66 1.42 7.04 4.71
I M, 6.0 6.95 5.87 4.1 2.21 0.91
M. 81, 5.23 | 3.62 i.95 0. 93 0.35 0.08
fv = 400
TABLE 6 fc = 6400
CALCULATED VS MEASURED AMPLITUDE DISTRIBUTION
OF A DOUBLE EDGE MODULATED WAVEFORM
CALCULATED ¥, ¥oo MEASURED 7 = %o
fc S 6800 fc‘- 7200
FREQUENCY AMPL I TUDE FREQUENCY AMPL | TUDE
fy 100.0% » 100.0%
g - Iy 29.0 fe 2= Ay 30.0
ts L Ay 19.4 fo *3f, 18.0
fo 2 3y 19.4 fe £3T, 16.0
fo * 5f, 2.66 ¢ 5f, 4.88
fo 2 11, 0.18 fe 271, 0.8
2. £ Ty 11.3 2, 2 f, 13.0
2f, + 3f, 1.1 2, * 31, 9.0
2f, + 5f, 11.9 2, *5f, 11,0
2, 2 11, 3.54 20, 211, 4.4
2t & 8f, 0.75 2, X 3f, 4.0
afeg 2 1y 6.4 M X1t 1.8
Mo &2 1, 6.4 M, 21t 7.3
M 2, 5.6 e X3, 1.0
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The diode losses are a direct function of the type diode used in the bilateral
switch and are based on the forward conduction losses and on the leakage current
under reversed bias conditions. The diodes conduct in groups of four, series
connected. The loss for a group under normal operating conditions is approximateiy
17.3 watts. This is the total power dissipated by all 16 diodes, so to determine
the average power dissipation by a diode, total power must be divided by the
total number of diodes, 16. This gives an average power dissipation of 1.1
watt per diode. It ts clear the diodes are selected on a basis of peak currents

and peak voltages and not on the basis of power dissipation.

Selection of power transistors for the demodulator is a much more complex
problem. As with the design of any power-switching stage, eack transistor
parameter must be evaluated for optimum operating and circuit conditions as well
as maximum stress levels. The most desirable characteristics of the demodulator
transistor are fast switching speeds ar.! high voltage ratings. The voltage across
the demodulator when it is OFF or switching, variesbetween 180 volts to 275 volts.
The variation in voltage is due to input voltage changes and load changes. Under
abnormal or input transient conditions, the transistors could go to 311 volts.

The load current seen by the transistor would be 4. 4 amperes at 500 VA and 6.5
amperes at 750 VA. As with the diodes, however, the transistors must be
selected to carry the peak ~.-rent of 9. 3 amperes (6.5 X 1. 414) without coming
out of saturation. Also, the !'4-ampere short circuit current must also be

giver consideration. It is also desirable that the transistors have switching times
in the .. rder of 2.0 micro! seconds, and that the saturation losses be in the order
of C.C: (hm. It should be noted that the frequency multiplication inherent in

this design makes it possible to uperate at half the frequency of ocher circuits
while maintaining the same basic frequeury ratio between the low output frequency

and the desired high modulation frequency.

Table 7 gives a comparison cf a few cof the high-voltage transistors that
could be considered fo: use in the demoduiator stage. This table does not include
all transistors available but only those given consideration. The development of these
devices has been extensive and the outlook is good for future devices of higher

voltage and current !- vels.
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For this application the Delco 2N2583 transistor was considered to be
the optimum choice. All of the devices with the exception of the Solitron Unit
have been tested in inverters using the phase demodulated design. The Texas
Instruments device has presently been removed from the market due to yield
problems; however, this is expected to clear up in the near future. The Delco
423 and 431 have been used extensively and with good results in our 250-VA
multiple - frequency inverter. They were given consideration for use in this
application and indicated a slight power savings; however, the additional
circuitry requirement was not considered worth the small increase in efticiency.
The improvement in efficiency was due to the much faster switching times of
the 423s and 431s.

By paralleling two 2N2583s, the overload currents can easily be met while
providing an ample safety factor for current as well as voltage . In paralleling
the two 2N2583s, it was not considered necessary to provide paralleling resistors
to force current sharing. Current sharing networks are generally needed where
the unbalance in current cannot exceed ten to fifteen percent. In this design:
however, an unbalance of fifty to seventy-five percent under overload conditions
would not exceed the current rating of the device. Tests have indicated that in
the prcposed circuit the transistor carrying the heavier current loads tends
to switch faster than those carrying the least current. This situation causes
the lightly loaded transistors to carry a larger share of the switching losses.
This effect tends to balance the total losses between the two devices. Illustrzted
in Figure 58 is the switching losses and saturation losses as a function oz load
current. As load current increases, the saturation losses go up as exp=ctcod;
however, at the same time, switching losses decrease since the transistor is
not over driven as much in the higher current regicn. When two transistors arc
paralleled and one of the transistors carries most of the current due to higher
gain or lower saturation resistance losses, then it tends to switch faster than the
other. This transistor then has higher saturation losses, but lower switchiny
losses than the transistor with the light load. We have paralleled six Delco DTS
423s in the same basic demodulator circuit with very good results. The 2N2583
was chosen for this application because of the reduced circuitry and slight weight

advantage.

110




LOSSES

(SWITCHING)

(SATURATION)

>
COLLECTOR CURRENT

FIGURE 58
LOSSES VS COLLECTOR CURRENT
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INPUT AND OUTPUT CURRENT PULSES OF
SATURATED COMMON EMITTER SWITCH
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FIGURE 59
SWITCHING TIMES
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The power dissipated by the transistors may be calculated from the
following equation:
Total power dissipation =
P(switching ON) + I_(max) V_.(sat) +Ig VBE(sat)-l-

P(switching OFF) + V . (max) I ., .

This equation shows that there are five contriktuting factors in the power
dissipation of a transistor. In a high-voltage device, the time required tc change
states from an OFF to ON orfrom an ON to OFF condition becomes a priinary

design factor. The switching puwer may be calculated fcom
P(ewitching) = —é— (Ic{max) ) (Vcdmax) (duty cycle).

Switching at a 3200-Hz rate gives a period of 31¢ usec. If the total switching time
to go from OFF tc ON wa4 3.12 gscc and the coiiecwers current was 10 amperes

at 200 volts, then the power loss wuuld be (duty cy-le= g-l-éz— = 0.01)

pg = é_ {(10) (20} (. 01) = 1.0 watte.

It is obvious that if the switching time were reduced, the switching lusses would
go down accordingly. i{u.al switcalne time is determined by four basic factors

as illustrated in Figure 59. Turan ON tir.z is composed of delav time Td and rise
time T, while the turn OFF time is con'posed . storage time "'s plus fall time

T¢. Rise time and fall time are fixed factors, that is they are cletermined entirely
by the device design. The delay time ~nd s'orage tirme arc also limited by the
device design to some e <tent; however, the basic driring circuit affects these
parameters a great deal. For this reason, considerable effort was spent in

designir ' a drive circuit which reduces the affect of the dzlay or storage time.

The delay times in most devices is small and is normally included with the
rise time as turn ON time. Storage time is as great cr greater than fall time,
however, and can equal the total turn ON time. The following switching times
for the 2N2583 illustrate this:

Turn ON time (Tp + T;) = 2.1 microseconds

Storage time (Ts) 2.2 microseconds

Fall time  (Ty)

1.0 microseconds.
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Since the demodulator transistors operate in push-pull pairs (Figure 34)
such that one transistor is turning ON as the other is turning OFF, both transistiors
can be on at the same time. When both transistors conduct simultaneousiy for
this turn ON~-OFF period, the output of the transformer is shorted. The magnitude
of the short-circuit current is limited by the source impedance and by the gain of
the demodulator transistors. As the short circuit current goes above the point
for which there is sufficient gain, then the transistors pull out of saturation.
This tends to help turn off the ON transistor and hold off the OFF transistor.
Alsc, as the transistor comes out of saturation, large voltages appear across the
transistor. This generates large power dissipation in the transistors during these

switching cenditions.

One method of reducing these switching losses is illustrated in Figure 32.
This design was considered the best of many given consideration. This circuit
locks the OFF transistors off until the ON transistor has come out of forced
saturation and is approaching the starting point of its fall time, the 90-percent
point of Figure 58. Refer to Figure 32: if transistor Q17 and Q18 are ON and
drive transformer T3 reverses voltage and attempts to turn Q17 and Q18 OFF,
the storage time holds it ON and the pos tve voltage now at terminal 7 causes
current to flow through transformer T7 aud transistor Q17. This action produces
a‘voltage at terminal 3-4 of T7 which biases ON transistor Q3. Since transistor
Q3 is ON, the gate of SCR CRb6 is held at a negative voltege and does not turn ON.
This action prevents the drive current from reaching demodulator transistors Q15
and Q16, thus they remain OFF.

As transistors Q17 and Q18 come out of saturation and the collector voltage
matches the voltage of terminals 7-8, current stops flowing in transformer T7.
This p}rmits tra.nsistor Q3 to turn OFF, thus turning ON SCR CR6 which turns
ON demodulator transistor Q15 and Q16. The overlap of switching times is the
rise and fall times of the devices. This circuit has proved more successful than

some other circuits considered.

Or.e common method is to use a diode in the hase-to-collector circuit. This
diode preverts the transistor from going into complete saturation. This method

did not prove out since it did not slow dewn the turn ON,

Another attempt made to slow down turn ON was a base-to-emit‘er capacitor

to reduce the rise time of the voltage at *he base of the transistor. Thi. method
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did not provide reduction in short-circuit currents required for good operation.

Several other methods were tried in the design of the drive stages for the
3-KW and 250-VA inverters without success. The design, as illustrated in

Figure 32, has proved to be the best approach to the problem.

The calculated power dissipation for the demodulator stage is 29. 0 watts at
nominal loads. This power is divided between eight transistors, giving an aver-
age } ower dissipation of 4. 0 watts each. As pointed out in the previous discus-
sion, the demodulator transistor carried less than half its rated current at
nominal loads, but must be designed for the overload and short-circuit current

conditions.

D. POWER STAGE AND DRIVE

The power stage is a basic push-pull parallel inverter operated at a switch-
ing frequency of 3200 Hz. Design of the power stage is made simpler by the
number of devices available. Table 8 lists a few of the devices given consideration
for use in the power stage. The Solitron devices 2N3151 and MHT 8923 were not
analyzed for use in the design due to the lack of information on the switching
speeds. If their switching times are as fast as the MHT 8923, however, they may
be given consideration in the development stage due to the possible reduction in
components and circuits requirements. As with any new device, it is desirable to

see how well they are going to work out.

The RCA device is considered to be the best choice for use at this tirme.
This decision is based on optimum losses without undue circuit nplexity. Power
dissipation for the paralleled RCA 2N3265 is 20. 8 watts, divided between six tran-
sistors for an average dissipation of four watts per transistor. Again, the design
is bised on 2 maximum value of current and on voltage conditions under worst-

case conditions.

Drive for this stage is designed for maximum switching speed and minimum
circuitry. Addition of a delay circuit such as in the demodulator was not considered
necessary. Switching losses are not as severe at the lower voltages of the power

stage.
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E. FILTERING

1. Ingut Filter

Input filter FL1, shown in the schematic diagram, is designed to

meet four specific requirements of the related specifications. These are:

1. Ripple generation
2. Turn ON transient
3. Input transient

4. Electromagnetic interference

Of the above requirements, the ripple generation specification appears most diffi-
cult to meet. The following discussion indicates the general approach taken to

reduce ripple generation.

Based on an 80-percent efficiency, irjput power to the inverter is 625
watts at full load. Assuming the input voltage is a minimum of 24 volts at full
load, input current is 26 amperes. Allowing a 1.0-volt drop across the input

filter, input voltage at the powe stage is 23 volts.

Input current for the power stage is composed of a 400-Hz full-wave
rectified envelope at 3200-Hz switching frequency superimposed on a DC current
level for control and drive circuitry power. Assuming a 3.0-ampere steady-state
current for control and drive circuitry, peak input current to the power stage is
(26-3) X N2 voits = 32.5 amperes. lotal peak current is (32.5 + 2) amperes =

35.5 amveres. The waveform is shown in Figure 60.

Thi.. envelope must be filtered to prevent superimposing a 0. 5-volt
peak inco the 0. 5-ohm input impedance of the source. The input current variation

from source to inverter is 1. 0-ampere maximum.

The choke-input filter is designed to store energy during the valley
period of the envelope and supply energy during the peak perinds of the envelope.
To optimize filter design, small values of inductance have been chosen to reduce
1ron weight and copper loss. Thus, a large amount of capacitance is required to

store and deliver energy.

The first filter to be considered is shown in Figure 61. The
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ic gt = 4250 pf. The inductance was

capacitance was calculated using C -
c

calculated using
dt
L = Ef, —
L dip,

250 ph.

This filter is impractical because of the size of L and C and the 8. 5-amrpere

current that the capacitor must carry.

Next, a six-element filter was designed as shown in Figure 62. The
capacitance values are 2350 pf, 1775 pf, and 1420 pf. The inductance values are
50.0 ph, 26.2 ph, and 15. 0 ph. Paralleling of capacitors in a cordwond manner
is utilized to minimize volume. The inductor may consist of tapped windings on
a single core to reduce volume and weight as compared with the three inductors.
The finalized component values must be determined by test data from breadboard

models.

The proposed choke input filter limits the inrush current to the
inverter. By using the filter value of Figure 2, for simplicity, input current from

source to filter can be calculated fro:n Figure 63. The loop equation is

Ldi 1
= s e e idt.
E Ri + T Cf idt

The LaPlace transform is

1
= o= )i
E (IL + R >c ) i¢
Te E . E/L ) E/L
- 1 = R 1 R 1 R
2 3 2 4 2 —_ 242 . -
Ls +RS+C S¢ + LS+LC (s + 21_‘) +LC (ZL)
Solution for i is: [ -
Rt , 1 R 2
E e -2 oV T -(3m ) .
2= 1 R B
Loyie - tan!

1
- i 1 = Te— ams——"
Resonant frequency of the filter is f e NLC = 15 0 Hz s the - ia

6.5 ms. Assuming Ejj is 28 volts, Figure 64 shows a plot of damped waveform
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FIGURE 62
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it. Att = 2 ms, input current is 74 amperes, which is below the 307-percent
peak rating of nominal input current (or 300 percent X 26 amperes = 78 amperes).
At 100 ms, sufficient damping has occurred to limit the input current to the

milliampere range.

The input filter is sufficient to absorb energy produced by the
80-volt transient for 10pusec and limit transient input voltage to the power stage
to a safe level. The transient of 40 volts for 1 sec must not damage the inverter

components.

Feedthrough capacitors, as shown in the schematic diagram shall
be used to reduce electromagnetic interference and shall be located at the input
connector. Due to the design of the input filter, extensive RFI filtering is not

necessary to meet the RFI requirement of the specification.

2. Output Filter

Discussion and data developed in the Pulse-Width Modulation
Analysis section is of great value in designing the output filter. It provides an
understanding of the waveform to be filtered and a knowledge of the power stress
on the filter. The basic function of the output filter is to shape the output of the
demodulator stage into a sinusoidal voltage with minimum distortion. It is
desirable that the filter achieve this function without introducing any unnecessary
voltage-ampere burden on the power stage and that the filter characteristics be

relatively independent of the load.

Examination of the output waveform of the power stage, Figure 35d,
which is similar to the waveform illustrated in Figure 49b, reveals the require-
ments of the transfer characteristics desired. The pulse repetition rate of this
wave is approximately 6400 Hz, which is a compromise between the desirable
high frequency dictated by the filter consideration and the low frequency required
by the switching components in the power stage. Again, it is pointed out that the
modulation frequency, 6400 Hz, of the modulated waveform is twice that of the
power switching stage, 3200 Hz. This data, taken in the laboratory, indicates

that the maximum modulation index (M) that can be achieved for a similar power
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stage operating at full load is better than 0. 95. The pulse-width modulation
spectrum for a modulation index o1 v.9 illustrated in Figure 52 will be used to
design the output filter. The major frequency components of this spectrum are
tabulated for easy reference in Table 5. The fiiter is to be designed to provide

2-percent maximum rms distortion. Examining Figure 52 : eveals that the lowest

sideband frequency of 6 KHz is the predominate frequency that must be suppressed.

A reduction to 2 percent or less of the fundamental requires an approximated
reduction of 28, 9-to-2 or about 15-+~ =1 in an amplitude of this frequency. This
reduction is expressed in db by using the formula 20 log V1/V2 and equals about

24 db.

Various low-pass filters are analyzed on four basic requirements:
first, does the filter have enough attenuation to prov:de minimum distortion?
second, is phase shift a minimum so as not to affect the feedback control loops ?
third, is the voltage-ampere burden a minimum to reduce unnecessary load on
the power stage? last, but not least, are the components of a practical size and

rating ?

The first low-pass filter configuration considered is illustrated in
Figure 65. The series L)C) is tuned to the fundamental frequency of 400 Hz.
The impedance of the series L.JC] passes the fundamental but is a high impedance
to the other frequency components. Let C| be 40 uf and use L] = l/w?‘Cl to
calculate an inductance of 4 mh to resonant at 400 Hz. The shunt LC is tuned to
6.4 KHz to attenuate higher-frequency components. Let C, be 6 pf and use
Lz = 1/w2C2 to calculate an inductance of 100 ph. The voltage transfer ratio

for this low-pass filter is

_Vout ! XLy - XCp) |

Decibels of attenuation for this low-pzss filter is equal to

in
V out

| XL1 * XLa) - (Xcy + Xcz>|

201
o8 | (X1, - XG3) |

= 20 log

1

where X1, = 27 fL, Xc = 57iC . 123

_—ee,e—— A& . -
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SERIES TUNED FILTER




Current for full load is given by the ratio of 500 VA/115 volts,
which is 4. 35 amperes. The resistance of the load is the ratio of 115 volts/4. 35

amperes, which is 26 ohms. The phase angle can be calculated and is given as

-1 (XL - Xcy) [(Xpp - Xcp)? + (RLE+ X1, - X¢p) (R
(XL2 - XC2)%Ry,

® = tan

Next, the voltage-zmpere burden is calculated based on the 400-Hz
fundamental voltage which can attain a maximum of 211 volts peak for this
condition. The 400-Hz circulating current, with no load on the output of the filter,

is

E E
I = 2 I(XLl + XLZ) - (XCI + XCZ)I ,
EL e = 24.8 amperes rms .

Ii00 Hz = |(9.5+o)-(1o+8)| © 8.5

The 5.2-KHz component is 20 percent of the 400-Hz component, or 42 volts.

: ) 42 42
5.2KHz “ (120 + .5)- (.25 + .4)| 120

= 0.35 amperes.

The 6-KHz component is 29 percent of the 400-Hz component, or equal to 62 volts.

62 62

¢ KHz = |(14o+.5)-(.35+.47)|= Ta0 - 0-4434A.

Figure 66 illustrates the attenuation and phase angle respectively
of a typical 400-Hz filter for a pulse-width modulated system. The ideal filter
has a minimum loss, or attenuation, at the basic 400-Hz to which L] and C] of
Figure 65 are tuned. From 400 Hz to 1200 Hz the gain of the output filter is
notched out by a twin-tee fiiter in the feedback network. The filter has a maximum
attenuation at 6.4 KHz, and sufficiently attenuated sidebands of 6.0 KHz and
6.8 KHz, '

The second low-pass filter configuration considered is shown in
Figure 67. This filter must be designed to attenuate the 6-KHz sideband

frequency component from 28.9 percent to 2 percent of the 400-Hz voltage
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To perform this reduction, an impedance ratio of 14-to-1 between the inductor
and capacitor at this frequency (6 KHz) is required. Allowing a 5-percent
voltage drop at a full 1nad current of 4. 35 amperes rins requires an inductance
of L] = 560 ph. For an impedance ratio of 14-to-1 at 6-KHz requires a

C2 = 20 pf. The voltage transfer ratio for this low-pass filter is

V out B XCy
Vin XL, + XC1

The decibels ¢. attenuation for this low-pass filter is equzl to

V in
V out

XC1 I

20 log 20 log

The phase angle for unity power factor is calculated from

-1 XL, (R1.2 + Xclz) -(R1)?
(Xc;) RL

® = tan

Next, the voltage-ampere burden is calculated:

E

I400 Hz = I—"———XLl - XC1|
I = &l = C1 - 11.3 rms
400 Hz = ll' 3 Zol- 8.7 ° .3 amperes

42 42
I = =— = —— == p
5.2 KHz 17 - 1.& 5 5 2.7]1 amperes rms

62 62
¢ Kilg = 0. 13 8.7 = 3.32 amperes rms .

The last filter to be considered is a simple LC followed by a shunt
trap. This filter is illustrated in Figure 68. The shunt trap is tuned to resonance

at 6 KHz to attenuate the sideband components adjacent to 6 KHz, To minimize




FIGURE 68
SHUNT SERIES FILTER




the circulating currents, choose L) to equal 1.5 mh. The reactance of C) is
chosen to attenuate frequency components above 10 KHz, To attenuate these
higher-frequency components by 10-to-1 requires the capacitive reactance of
C) to be 1/9 the inductance reactance of L) at 10 KHz. Therefore, C) = 1.5pf,

The attenuation of this filter is expressed as

XL | (X1, - Xcp)

attenuation in db = 20 log

F. CONTROL FUNCTIONS

The various control functions are designed for maximum size and weight
reduction. To accomplish this, microcircuits have been used where possible
and when they fulfill circuit requirements. Since the control circuits used are
of a standard nature, it is felt that a detailed analysis of the various circuits
does not add to the report. The control circuits as well as the power circuits
are designed to provide maximum efficiency. It is stressed that if any advance
designs are generated in the other programs they should be utilized in develop-
ment of the prototype inverters. Any aesign changes that add to the overall opera-

tion of the inverter should be included in the final uesign of prototype inverters.
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V. MECHANICAL DESIGN

In the design of inverters the design goal is to increase efficiency and
reduce size. Inverter efficiency determines the amount of heat generated, a
major factor in package design for the inverter. Package weight is a function
of the volume of heat to be dissipated and the cooling means used. Package
configuration is another factor which determines the overall weight of the
inverter. Physical stress requirements also influence final design weight

and must be considered with the configuration.

The package configuration illustrated in Figure 69 is not considered
to be a final design, but is offered as a starting point for a possible final
design. The final design will be developed in conjunction with NASA when

detailed requirements have been fully resolved.

Figure 69 offers one possible design that is strong, lightweight and
has good heat transfer to the cold plate. It is felt that the weight of this
design can meet the 15-pound maximum by balancing construction techniques
and materials against heat-dissipation requirements. Any input and output
connector arrangement can be used according to the application. The

connector shown is for illustrative purposes only.

Modular construction has been shown in this package for ease of
maintenance. This type o potted or sealed construction also provides
local containment of any spark or fumes that might be caused by a
component failure. Modular construction also lends itself to 3 wide
variety of configurations, depending upon space requirements. For truly
lightweight unitized construction, however, the components are assembled
to the base plate and the whole inverter is foamed to exclude free air. This
foaming minimizes difficulties by extremely low pressure environment.
Circuitry is still in a modular layout pattern as in Figure 69 and accessible

by removing and repouring foam in the area affected.

A lightweight cover of aluminum that has beecn cased into an exo-skeletal
configuration, as shown, provides good protection for components. It also
helps to keep the base plate within flatness tolerances wiile saving weight.

This cover, or a similar one, affords a high degree of accessibility and can
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be designed to be removed after the inverter is installed. All components or
modules are mounted to the base plate. Heat-producing parts are attached
in such a manner that their heat is efficiently transferred to the base and

to the cold surface. This relationship can be quite important since there is
no air to carry off the slight amount of heat that some components, such as
resistors, generate without this convection cooling. If these parts are
bonded to a heatsink by a good conductive insulator, this problem is avoided.
Cooler components last longer and are more reliable. Modules can be
mounted so that they can be removed without exposing the machined surface

of the base plate after installation, if this adds to the inverter design.

The heat-transfer surface of the base plate has a finish of 32 micro-
inches rms maximum and is flat within 0. 010 total indicator runout. The
thermal conductivity of aluminum and that of the base plate are approximately
130 BTU/HR/Ft2/F°. Assuming that the cold plate can absorb 3 watts of

heat flux per square inch and that the base plate is one zquare foot, then
3.0 watts/1NZ + 10. 22 BTU/HR/IN? + 1475 BUT/HR/Ft2 .

Thus, the heatsink is capable of absorbing 1475 BUT/HR/Ft? from the
base plate. Assuming a full 50-percent overload of the inverter, or 185

watts dissipation, then

185 x 3.4144 + 630 BTU/HR .

If we dissipate this amount through one square foot of area, we have

630/1 Ft2 + 630 BTU/HR/Ft2, or less than half the capability of the cold
plate. At the rated load the heat dissipation is 130 watts, or less than one-
third the capacity. This is one area ‘vhere weight reduction may be possible.

Reduction of base plate area could contribute a significant weight loss.

A listing is shown in Table 9 indicating power dissipation of various
circuit portions, and total power dissipation both at the 500-VA level and at
the 750-VA (or 50-percent overload) condition. Inverter efficiency is also
shown. It can be seen by comparing this listing with Table 10 that the heat
load has been evenly distributed over the base plate. Uniform heat distribution

improves thermal efficiency.
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TABLE 9

POWER DISSIPATION
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TABLE 10
WEIGHT ANALYSIS

VOLTAGE SENSING TRANSFORMER .25 |bs.
POWER STAGE DRIVE TRANSFORMER .35 Ibs.
SUE DRIVE TRANSF ORMER .25 |bs.
SUB DRIVE TRANSFORMER .25 |bs.
POWER TRANSF ORMER 2.25 Ibs.
CURRENT TRANSF CRP R .0625 Ibs.
DEODULATOR DRI . TRANSFORMER .25 Ibs.
ILLUSTRATED COVER & BASEPLATE ASSY. 4.50 Ibs.
INPUT FILTER ASSY. 4.00 |bs.
OUTPUT FILTER ASSY. 1.20 Ibs.
TRANSISTORS - CIRCUITRY 2.00 Ibs.
TOTAL 15.36 Ibs.

ABOVE BASEPLATE IS 144 SQUARE INCHES IN AREA.




The final weight cannot be calculated until the ultimate configuration is
known; however, an approximate figure can be reached by examining Table 10
which lists the magnetic components, case, and other components and their
weights. The package design given in this discussion offers a good reference
until the final design is determined; however, the weight listing indicates

that other configurations would also fall into this weight range.
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VI. RELIABILITY ANALYSIS

A. Preliminary Reliability Analysis

A preliminary reliability analysis, summarized in Table 11 indicates
a MTBF of 10, 542 hours for the inverter. MIL-HDBK-217A, dated Decem-
ber, 1965 was used for the analysis calling for a temperature of 71°% and
stress levels normally employed. Application K factors for "ground' were
used to adjust generic failure rates since MIL-STD-756A depicts cvhit and
ground envircnmental stress as being equal., Lauach stress was not con-
sidered in the preliminary analysis due to the short duty cycle and relative
insignificance. This design represents a reliability imprevement over the
state of the art of apprcximately 10 percent to 15 perceni, attributed pri-

marily to the empioyment cf integrated circuits in the control circuitry.

B. Reliability Discussion

Review of the preliminary design indicates that parts are conservatively
rated and applied in accordance "with gocd reliability practices. At this
stage of the design, proper parts selection is possibly the most important
reliability consideration. For this reason, NASA Pubplizaticn PPD-600 was
consulted as the primary source of part selecticn due to the thorcugh screen-
ing of semiconductors reguired and < .reful consideration cf othex parts,
and vendor selection. Maost of the part requirements not included in PPD-
600 were selected from the MIL-R-38100A series (establizhed reliapility
parts). Recentlv develcped parts reaguired for state-of-the-art performance
are employed on a trade-off basis. Design techniques such as chopper
regulation and digital circuitry applization are employed in an effort to
redcce stress level and reduce failures due to parameter 4rifts. Re-
dundancv formulas were derived by summing the appropriate number of
terms of the binomial expansion of (R + 4} (R= 1reliability of a single
component or system, q = unreliability, and n = number of redundant

components or systems in the configuration)., Example:




RELI ABILITY ANALYSIS SUM MARY

COMPONENT TYPE

SECTION Al
COMPOS!TION RESISTORS
POTENT IOMETER
POWER TRANSISTORS
SIGNAL TRANS|STORS
DIORES
LZENER DIODES
INDUCTOR
TANTALUM CAPACITORS

SECTION A2
INTESRATeE ClACLIT (MIC)
COMPOSITIOH RESISTYRS
POTENY ' OMETER
TANTALUM CAPACITORS
CRAMIC _CAPAC'TORS
S{UNAL TRANSISYORS
ZEN%R L'ODES
plorss

SECTI”N A2
MIC

COMPOS1 TION RESISTORS
POTENT |OMETER
CERAMIC CAPACITORS

DI ODES
SIGNAL TRANSISTORS

SECTION AY
COMPOSITION RES|STORS
CERAMIC CAPACITORS
DI ODES
SIGNAL TRANSISTORS
POWER TRANSISTORS
TRANSFORMERS

SECTION AS
COMPOSITION RESISTORS
POWER TRANSi|STORS
SIGNAL TRANS|STORS
SIGNAL DIODES
POWER DIODES
TRANSFORMERS
| NDUCTORS
TANTALUM CAPACITORS
| NOUCTORS
TANTALUM CAPACITORS
CERAMIC CAPACITORS
TRANSFORMERS
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Deve.uvp redundancy formula for system employing six redundant components,

requiring four componenis for mission success:

n=2 Oth Item l1st Item 2nd Item
j : 6 5 30
Rs = (RS + Q)6 ~ R + TR q + T' R4 q2 + ccaaa q6_
n=0

Summing through the second team:

Ry, = RO+ 6R% +15RE L.

Substituting’'q = 1-R

6

R R® + 6R? (1-R) + 15R% (1-R)?

RO + 6R® -6R> + 15R% - 30 R® + 15 R®

w
[

s = 1086 -24R5+15R%.

Since the versatility of the unit allows a number of failure-detection and
switching techniques to be employed in a redundant system, the worse-case
situation of operating redundancy is depicted in all cases. Detection and
switching circuitry is not considered. In most cases of multiple redundant
systems, failures of more than the allowed number of units would not
constitute a catastrophic failure but only inadequate power which could be
compensated. The probability of complete loss of power in any one of

the examples is extremely remote.

The primary virtue of the proposed inverter is its versatility. Con-
sidering only the attributes to the reliability consideration, a few of the

redundance schemes which could be employed are discussed:

1) Paralleling single units for single-phase high-power require-
ments. Units could be paralled for power requirements with
additional units added in a redundance configuration to meet
reliability requirements. Simple circuitry could be employed
to detect a failure (such as high or low voltage, phase shift,

and high distortion) and remove it from service.




L]

]

2)

Example:

If 2KVA of power is required with a reliability of . 999 for a
fourteen-day mission, six 500-VA units in a synchronized, re-
dundance configuration would meet the requirement. Reliability

of a single unit for fourteen days (336 hours) :

R_=e-At  _ 9686

s
A = 94.854 failures / 10® hours

t = mission time fourteen duys.

]

Reliability of six units in operational redundance with four
units being required for mission success (neglecting dctecticn
and switching):

_ 6 5 4 _
RP-IORS -24R] + 15R5 = 9994.

Paralleling single units for three-phase cperation. Units could
be paralleled for three-phase cperation with additional single
units added in a redundancy configuration to meet reliability

requirements.

Conventional redundance in a three-phase system would require a
completely redundant three-phase power supply and complex failure-
sensing and switching circuitry for a workable system. Redundance
may be effected, however, with the proposed three-phase system

by the addition of single units and simple failure-detection and
switching circuitry. Quantitative examples are discussed:

Example: For a fourteen-day (33% hours) mission:

Reliability of a single unit:

Rg = 3=M . 9686.

Reliability of a three-phase system employing three single units:

R, = eA3t - 9087.

Reliability of a three-phase system employing four single units:

Ry=4R2 - 3R = L9942,

Reliability of a three-phase system employing five single opcrating
units (neglecting detection and switching):

5 4 3
Rg = 6R3 - 15R; + 10R; = .994.
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3)

Paralleling units for three-phase operation with higher power require-
ments. Single units could be paralleled for three-phase operation
where additional power is required with single units added on for
redundancy.

Example:

1f 3KVA of three-phase power 1s required for a fourteen-day (366 hrs)
mission:

Reliability of a single unit:

Rg = . 9686.

Reliability of a three-phase, 3-KVA system employing six single

units:
Ry = R = . 8258.

Reliability of a three-phase, 3-KVA system employing seven

single operating units (neglecting detection and switching) :
R7 = TR® -6R7 = ,9814.

Reliability of a three-phase, 3-KVA system employing eight single

operating units (neglecting detection and switching)

Rg = 21 R® - 48R7 = 28R® = . 9984.
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VII. DESIGN RECOMMENDAT IONS

The available infbrmation developed in the state-of-the-art study shows
that Phase-Demodulated High-Frequency Inverters offer a basic design
which fulfill . the design requirements of the proposed multi-purpose inverter.
Some of the basic requirements are more difficult than others, but it is felt
that by proper care in the final design stages, the objective can be met. The
following design recommendation is basically a step-by-step presentation of
the design specification (Section 5 of the Work Statement for Static Inverter
Development). Each paragraph is covered and changes or recommendations are
made when it is felt that the changes or recommendations result in an improved

inverter design.

The following recommendations are based on 2 single-phase inverter with
a 500-VA full-load rating. The single-phase units are capable of parallel, three-
phase, and parallel three-phase operation through external interconnection
with ne readjustment of internal controls. The recommendations are divided

into two sections:

1. Design Goals

2. Design Requirements .

1.2.0 Design Goals

The following limits are submitted as goals which appear
possible and can most likely be accomplished or exceeded.
Also, listed with each goal is the design limit which must

be met in the event the design goal is not accomplished.

1.2.1 Efficiency
a. At full-rated load

-design goal 80 percent

-design requirement 75 percent
b. At 40-percent full-rated load

-design goal 60 percent

-design requirement 50 percent.
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1.2.2

1.2.3

1.2.4

1.2.

2.1.

2.l

5

1

NOTE: Full rated load 500 volt ampere

Power out (watts)
Power in (watts) (100)

Efficiency calculation should be based

Efficiency =

on unity PF at light load conditions and
on 0.85 PF at full load.

Weight

-design goal 14. 0 pounds

-design requirement 17. 0 pounds maximum.

Dimensions

The final assembly configuration is to be determined by NASA
and the contractor during the development programs (Phase II).
It is noted that the design configuration is the determining factor
in the final weight; however, itis felt that the design goal of 15

pounds can be met.

Acoustic Noise

The generated acoustic noise must be below the following design

goals:

a. Sound Pressure Level : 65 db max broadband noise from
20-10, 000 cps.

b. Speech Interference Level: 40 db max.

Reliability

The inverter must be designed to achieve a minimum reliability
of 0.960 based on 400 hours of operation at the environments

specified herein.
Design Requirements

Mission Life

The inverter must be designed to have a total mission life of

1200 hours of operation.
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2.1.2

2.

2.

2.

2.

0

2.1

2.

2

2.2.3

2.2.4

2.

2.

5

Factor of S;gféty
Each eleﬁ;trica.l element within the inverter must be rated to

withstand abnormal parameter variations up to 1.5 times

normal rated levels.
Electrical Characteristics
Input Voltage - 28 volts DC plus or minus 4 volts.

Input Ripple

Less than 1.5 voits rms as per MIL-STD-704, Paragraph 5. 2. 2.

Input Transients

Inverter shall withstand 80 volts DC for 10 microseconds, and
40 volts DC for 1 second without damage.

Turn-ON Transient

The turn-ON transient after two milliseconds from turn ON
with the input voltage as specified in 5. 3. 3.1 and full rated
load and power factors can not exceed 300 percent of the
steady-state value for the same conditions. Stabilization
to within 10 percent of the steady-state values of input
current and output voltage must occur within 100 milli-
seconds. The inverter must stabilized to the performance
conditions of this specification within 5 seconds after turn

ON under all rated combinations of line, load, and environment.

NOTE: The input filter discussed in Section IV E is
designed to block the 80-volt DC transient and to
limit the inrush current not to exceed 300 percent
full load current. . '

Loess of Input Power
It is recommended that this be restated as follows:

The unit shall be designed so as not to be damaged by removal

of input voltage or reduced input voltage. The inverter design
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2.2,6

2.2.7

2,2.8

2.2:9

2.2.10

2.2.11

does not contain the required circuitry to accomplish this; however,
it is felt that this should be included to protect the inverter from low

input voltage.

Three-Phase Output Voltage

115 volts rms plus or minus 1 percent line to neutral (3-phase, 4-wire

systems) over rated load, input, and envircnmental conditions,

Output Voltage Transient

The output voltage shall remain within 115 Vrms plus cr minus 10
percent for any step load or line change within the specified normal
limits. Recovery to steady-state limits must be within 2.5 m -
seconds. Transient voltage in excess of 225 volts peak must not

appear at the output under any condition.

Output Voltage Modulation

As per MIL-STD-704, paragraph 5.1. 3. 6 except that maximum

amplitude must not exceed 2. 0 volts peak.

Output Frequency Modulation

The output frequency modulation must not exceed 0.5 cycles per
second under any load and power factor combination specified

herein.

Lead

0-500 volt amperes (VA) per module based on three modules

per each three-phase inverter.

Power Factor

a. All load levels: 0.65 lagging to 0. 80 leading.
b. 0 to 30 percent of rated load: 0.8 to 0.1 leading.
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2.2.12 Overload

The inverter must bz capable of withstanding a 150-percent over-
load for a 10-minute period while supplying an output voltage within
the limits of paragraph 2.2.6. The inverter will be protected from a
20-second overload or short circuit condition and must return to
normal operation automatically upon the removal of the overload or
short circuit. It is recommended that the 14-ampere reference be

remcved, unless it is necessary, to allow more freedom in design.

2.2.13 Frequency '

a. External Synchronization: 400 cps, plus or minus 1 percent.

Signal Characteristics:

1. Frequency: 6400 pps.
2. Duty Cycle: 50 percent, plus or minus 1 percent.
3. Amplitude: Pulse ON: +3.0 volts, plus or minus 0. 5 volts.
Pulse OFF: 0 volts, plus 0.5 minus 0 volts.
4. Frequency Stability: 10 parts per millicn.
5. Source and inverter impedances: 100 ohms, plus or minus
10 percent.
Rise Time: 1.0 microsecond.

Decay Time: 1.0 microsecond.

b. Free-Running Mode: 400- cps, plus or minus 2 percent.

2.2.14 Waveform

As specified in MIL-STD-704, Paragraph 5.1.3.5.

2.2.15 1Isolaticen

The AC output and DC input must be electrically isolated from each
cther and from the case except for Radio Frequency Interference
feed-through capacitors which may be grounded to the case. No
breakdown shall occur when 400 volts DC is applied between the
input power terminals and the inverter case, and 750 volts DC

between the AC output terminals and the case.
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2.2.16

2:2.17

2.2.18

2.2.19

Ripple Gene ration

The inverter must not superimpose onto the DC input line any
voltage in excess of 0.5 volts peak between DC and 15 KC when
measured across an input source with an impzdance of 500
millichms. (This requirement can be met, however;, weight and
size can be reduced if the source impedance is reduced or the
ripple voltage raised. The source impedance should be related
to frequency, if possible, to make it possible to design an input

filter that provides optimum performance with a minimum weight.)

Mctor Starting

The inverter must be capable of starting an induction motcr load
while simultaneously supplying 60 percent of its rated output,
The motor load shall be simulated by connecting two fans (Rotron
Manufacturing Company Type AXIMAX-3, single-phase, motor
series 528YS) in parallel across the output and disconnecting one

of the fans after 5 seconds. The fans start simultaneously.

Parallel and Three-Phase Operation

The individual single-phase inverters must be capable of being
interconnected for any combination of parallcl and/or three-
phase operation. (It has been assumed that parallel and three-
phase operation must be through external connection only and that
no control or power readjustments are required or permitted.
This is not stated and.should be if it is a requirement. If it is not,

then the proposed design could be simplified.)

Electromagnetic Interference

The equipment must meet the design, quality assurance testing,

and doccumentation requirements of MIL-1-26600 and MSC addendum
ASPO-EMI-10A. In case of a conflict in specification, tr. tests and
requirements specified in MIL-1-26600 and MSC addendum ASPO-
EMI-10A can not be superseded by any other test cr requirement
ircluded in these specificaticns. (This requi rement does not pose
the normal problem due to nature of the design. The recommended
design does not have the oroblems associated with icw-frequency

ripple due to the nature of its design (iliustrated in Appendix B).)
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2.2.20 Dielectric Strength

Electrical parts and subassemblies prior to being wired must be
capable of withstanding an electrical potential of 1500 volts rms,
60 cps in accordance with MIL-STD-202, Method 301 between
insulated points and case, without electrical breakdown. Criterion

of Failure:

a. Breakdown, or

b. Current flow in excess of 500 microamps.

All items which cannot be tested for dielectric strength will be

subject to approval.

2.2.21 Protective Devices

Protective devices which require replacemeént or manuzl resetting

are not to be used.
2.3.0 Mechanical Characteristics

2.3.1 Thermal Requirements

a. The major heat-dissipating elements of the power inverter must
be mounted on a heatsink, one surface of which irrust be exposed on
the module for external conduct'on cooling. For design purpcses
the inverter assembly is considered thermally isclated from all
conducting structures. Spacecraft mounting surface must have at

least 200 square inches of contact area.

b. Heat Flcw - Maximum allowable heat flux in any porticn :f the

inverter: 3.0 watts per square inch.
¢. Thermal Conductivity - Heatsink to cold plate: 100 BUT/HR/FtZ/OF.
d. Heatsink surface:

Finish: 32 microinches rms max.
Flatness: Within 0,010 inches total indicated run out.
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2.3.2  Sealing

The inverter must be designed such that those portions of the circuit
that will burn, spark, or outgas because of electrical overload or
short circuit are hermetically sealed or potted. Potting must be of

the closed-cell foam type which does not suppert combustion.

2.3.3 Vibration Isolators

The inverter must be designed such that vibraticn isolators are not

required.
2.4.0 Environmental

2.4.1 Temperature Limits

a. Operating Ambient: 0-160°F
b. Cold Plate Coolant Temperature: 35°F min to 135° F max.

2.4.2 Temperature Sensors

Temperature sensors must be inc orporated at critical points to pro-
vide an external indicaticn of excessive temperature conditicns.
The temperature sensors must be provided as shown necessary by
the reliability and maintainability studies to be performed during the

Development Stage.

2.4.3 Thermal Vacuum

The inverter will be exposed to a vacuum of 1.0 X 10-5 millimeters
Mercury. The unit must be operated at full locad over the ambient

temperature range given in 5. 3. 5. la.

2.4.4 Shock

The unit must be capable of withstanding a peak acceleration cf 20g.
The shock pulse waveform will be a sawtooth with an 11 millisecond
rise time and a 1 millisecond decay. The unit will be opzrating during

this test and must remain within specified tolerances.
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2.4.5

2.4.6

2.4.7

Vibration

a.

Sinusoidal: 5-100 cps - Linear increase from 0.3g at 5 cps to
8. 5g at 100 cps.

100 - 300 cps - 8. 5g.

300 - 2000 cps - Linear decrease from 8. 5g at 300 cps to 5g at
2000 cps.

Sweep Rate: 1/2 octave per minute for 2 cycles in each of three

mutually perpendicular axes.

Random: 20-85 cps - 0.041 g%/cps

85 - 100 cps - 12db/oct rise.

100 - 1000 cps - 0.078g%/cps.

1000 - 1200 - 12 db/oct roll-off.

1200- 2000 - 0.041g%/cps.

Vibration in three mutually perpendicular axes, 17 minutes in each
axis.

Ambient temperature: 160°F.

Inverter will be operated and must remain within specified folerances.

Acoustic Susceptibility

The inverter must be capabie of withstanding a socund pressure

level of 140 db overall with a frequency range of 4.7 to 9, 600 cps.

Test Points

An adequate number of test pcirts must be previded for ¢ach sub-

assembly to facilitate isolation of faults in the inverter.
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APPENDIX B

PHASE-DEMODULATED HIGH FREQUENCY
INVERTER DESIGNS

The following list of Phase-Demodulated High-Frequency Inverter designs
is furnished to provide a reference as to what additior .l design work is and
has beendoné in this area.

The Lasic design concept was proved out in a 200-VA, single-phase,
variable-frequency inverter. This inverter operated like a low-frequency
(DC tc 400 Hz) amplifier in that the output reference voltage was taken from
a function generator. The design did not include a feedback circuit so the out-
put (voltage and frequency) was a direct function of the reference signal. This
design was used to prove the basic Phase-Demodulated High-Frequency Inverter
concept.

The second design is a three-phase, 3-KVA, 60-Hz inveriex
presently being evaluated by Varo and the U.S. Army Engineering Research
and Development Laboratories under Contract DA-44-009-AMC-992(T).
A photograph of this inverter is shown in Figure 70: The inverter irput is
28 volts DC nominal. The output voltage is 115 volts rms line-to-neutral,
three-phase, wye. The unit has an efficiency at 3 KW of 73 percent. The
no-load to full-load regulation is 2 percent. The inverter was initially sub-
Jject to noise pickup in the control stage which resulted in 10 percent output
distortion at 60 Hz. A redesign has rcduced this distortion to less than 4 per-
cent. Additional redesigns are being considered to up the output power to
3750 VA and make the output frequency selectable between 50, 60, and 400 Hz.

The third inverter being developed under ERDL Contract No. DA-44-009-
AMC-137 (T) is a 4-KVA Thermionic Silent Running Power Supply. The input
power is 4 volts DC derived from a thermionic fuel cell. The output is to be
two high-frequency squarewaves nhase shifted 90 degrees capable of being phase-
demodulated to produce a 115-voit, 50, 60, or 400-Hz cutput, This is a
feasibility study to determine if a 2400-Hz Phase-Demodulator Power Stage

can be: constructed to operate off of the 4 volt themmionic fuel cell.
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Figure 70.

Three-Phase, 3-KVA, 60-Hz Inverter.
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The fourth desiun, Model 4367, is a 250-VA, single - phase multiple-
frequency invertr.. The output of this inverter can be selected to provide
28 volts DC, 125 wat*s, or 115 volts AC at 50, 60, or 400 Hz. The output
voltage regulation of this unit is t2 percent. The frequency regulation is
to.25 percent. The weight of this inverter is 12 pounds. A picture of this

inverter is provided in Figure 71.

This inverter as w~ll as the other inverters already described has pio-
vided extensive infcr.nation for this design. A few of the various cutput

waveshapes from the inverter are illustrated in Figures 72 through 82,

Figures 72 and 79 show the cutput voltage of this inverter at an out-
put frequency of 400 Hz. Figure 74 illustrates the unfiltered waveform out
of the demodulator at an output frequency of 400 Hz. It is very interesting
to note how closely this corresponds with the calculated or constructed wave-

form of Figure 15p.

Figure 75 illustrates the output voltage and output current at 400 Hz.
Figure 76 shows the output current at a different power level.

Figure 77 through 79 show the input voltage being modulated an d the
effects of this modulation on the output. These different figures are for
different modulation rates, 1 Hz to 10 Hz. The low frequency was used
since this is where this type problem shows up the most. The 250.VA
inverter does not have an input filter, only 750 ufd of capacitance on the
input of the unit. It is also noted that the output variation or modulation peak
to peak is about the same or slightly less than the input modulation. The
amount of output modulation is a function of the regulation of the unit, If this
unit had a better regulation loop or required better regulation then the output

modulation would decrease as a function of the improvement in regulation.

Figure 83 illustrates the circuit used to modulate the input line.
Inspection of this circuit shows that the source impedance is fairly high
during modulation.due to the modulator, The high-frequency noise on

the input line is noise generated by the inverter and reflecied to the source,.
Use of an input filter as illustrated in the proposad design roduces this noise

to the required level.




Figure 80 illustrates the affect of a step load (0-150 VA) on the inverter
when the input is being modulated at a 5-Hz rate. The only change is a drop
in output voltage at the point of the application of the load. It is felt that the
high input impedance & ffected the output regulations somewhat. The effect
of the sameload isillustrated in Figure 81 at a slower sweep rate aid without
the input modulator in the circuit. The point of load application is hard to
locate on the trace since it only appears as a bump in part of a quarter of
a cycle. The picture illustrated has two traces as the first sweep did nct

catch the load change.

Figure 82 illustrates the starting ability of the 250-VA inverter. The
sweep illustrated shows the inverter starting a 1/4-inch (Ramp) Black and
Decker Drill.

Figures 72 through 76 illustrate the 250-VA, 400-Hz operation while
Figures 77 through 82 illustrate its operation at 60 Hz. Additional tests
and data have been taken from this design as well as the other designs and
applied to this program. Any additional design data generated will be
used in the prototype design of Phase II.
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FIGURE 72
OUTPUT VOLTAGE

115 VOLTS RMS
50 VOLTS/CM

1.0 M SEC/CM
NO LOAD

FIGURE 73
OUTPUT VOLTAGE

115 VOLTS RMS
50 VOLTS/CM

0.5 M SEC/CM
NO LOAD

FIGURE 74

UNFILTERED DEMODULATED

VOLTAGE

200 VOLTS/CM
0.5 M SEC/CM




FIGURE 75

TOP: OUTPUT VOLTAGE
115 VOLTS RMS
100 VOLTS/CM
0.5 M SEC/CM

BOTTOM: OUTPUT CURRENT
I.1 AMPERE RMS
|.0 AMPERE/CM
0.5 M SEC/CM

FIGURE 76

OUTPUT CURRENWT

2.0 AMPERES RMS
.0 AMPERE/CM
0.5 M SEC/CM
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FIGURE 77
UPPER TRACE:

INPUT MGDULATED D.C.
VOLTAGE

MODULATING FREQ - IH;
SCALE -5 V/¢p

LOWER TRACE:

OUTPUT A.C. VOLTAGE
SCALE -10 V/p

SWEEP:
200 M sec/qqp

FIGURE 78

UPPER TRACE:

INPUT MODULATED D.C.
VOLTAGE

MODULAT ING FREQ -5H;
SCALE -5 V/.p

LOWER TRACE:
OUTPUT A.C. VOLTAGE
SCALE -10 V/.q

SWEEP :
50 M sec/ cm

FIGURE 79

UPPER TRACE:

INPUT MODULATED D.C.
VOLTAGE

MODULATING FREQ -I0Hz
LOWER TRACE:
OUTPUT A.C. VOLTAGE

SWEEP:
20 M sec/.py




o (LLOAD CHANGE)

FIGURE 80
NO LOAD TO 150 VA LOAD

UPPER TRACE:

INPUT MODULATED D.C.
VOLTAGE

MODULATING FREQ -5Hy
SCALE _5 V/¢p

|
t

,g:ﬂg;””{tuhﬂfT&Q“, TT— i LOWER TRACE:

et T E wl"f!l!'_'. AT

OUTPUT A.C. VOLTAGE
SCALE -10 V/¢p

SWEEP:
100 M sec/

FIGURE 8l

115 VOLTS RMS
0-150 VA LOAD CHANGE

VERTICAL SCALE: 50 V/_.,
SWEEP: 20 M sec/.p

ni ‘,ﬁﬁﬂ@ﬁﬁhﬁfﬁpﬁﬁ

AARARAL T

FIGURE 82

OUTPUT: STARTING CURRENT

LOAD: BLACK & DECKER
I/4 (2 AMP) DRILL

VERTICAL: 2 AMP/cm
SWEEP: .2 sec/.p

o —
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H. LAB VARO
MOD 5204 MOD 4367
POWER 250 VA
SUPPLY — INVERTER
e 5
FIGURE 83

MODULATIOK CIRCUIT
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APPENDIX C

DETAILED PARTS LIST

SECTION Al
PART VALUE TOLERANCE
]l 3,9 3 W * 5%
R2 100 3 W * 5%
R3 6.2K 3 W X 5%
R4 100 3 W X 5%
R5 500 3 W Potentiometer ok
R6 1.62K 3 W X 1%
R7 620 3 W e -
c1 47 afd 50 WVDC H10%
C3 - 60 ufd 35 WVDC Ho%
c4 22 ufd 35 WVIC 0%
c5 22 ufd 20 WVDC X109
L1 4 mhy * 1%
CR1 UTR11
CR2 CL1702
CR3 1N968
CR4 1N2929
CR5 INT544
CR6 IN758
CR7 1N750A
Q1,Q5 S2N930
Q2 2N696
Q3 2N3879

U4 S52N2034A
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PART

Rl

R2
R3,R20
R4,R25
R5,R16
R6,R17
R7, R13
R8
R9,R10
R11

R12

R14

R15
R18,R21
R19

R22

R23

R24

c1
c2

C3

C4

C5

cé

c7

c8
€9,C10
c1l
12

CR1
CR2
CR3,CR4
Ql,Q2,Q3
Q4
Q5,Q7,@8
Q6

21,722,23,725 '
z4

SECTION A2
VALUE

52K 4 W Potentiometer
68.8K 3 W

2.TK 3 W

2.2k 5 W

390 iw

100 3 W

10K % W Potentiometer
68K, 5 W

51 ohm & W

620 ohm 3 W

ATK 3 W

33K 2 W

10K 1 W Potentiometer
7.96K 3 W

39K 3 W

K 3 W

33K 3 W

15K £ W

47 ufd 20 WVIC
.01 ufd 20 WVIC
.33 ufd 35 WVDC
10 ufd 20 WVDC
390 uufd 35 WVDC
5000 uufd 35 WVDC
.005 ufd 35 WVIC
.1 ufd 35 WVIC
.01 ufd 35 WVDC
.005 ufd 35 WVIC
39 ufd 10 WVDC

1N914
INT746
1N4001

S2N697
S2N2412
S2N930
S2N491
CD2203
NAT02

TOLERANCE
0%

1%

I+I+I+I+I+u|+|+l+l+l+|jl+l+l+l+
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* 1%

s
&8

* 1%
310%
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CORE

TURNS

SIZE

WEIGHT

CURRENT SENSING TRANSFORMER

A2 - T1

JE.

6T-5340-D1

Ni.2 30T #35 H.F.
N3.4 32T #35 H.F.
3/4" X 3/4" X 1/2

.1 1bs.

c-3
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PART

Rl
R2
R3
R4
R5
R6

R7,R15,R16,R17,R18

R8
R9

R10

R11

R12

R13
R14

R19

R20
R21,R33
R22,R30
R23
R24,R28
R25,R29
R26

R27
R31,R34
R32

c1
c2,C3
c4

C5

cé

cT

c8

c9, C10

CR1,CR3,CR5,CR6,CRT

CR2,CR4

21
22,723%

Ql1,Q3,Q9,Q10

Q2
Q4

Q5,Q6,Q7,Q8

SECTION A3

otentiometer

470 g W
10K 5 W Potentiometer
10K 5 W
330 g W
2.7K %
220 £ W

=

i

W
R&
l-20|
= =

=
(o))
=
wj=
=

0| 20f-20]H20j-20]H
== = = =

CRRRR

[N O OR e e e
o ﬁ (@] =

b s o

e ===

.TK

uufd 20 WVDC
120 uufd 50 WVDC
10 ufd 15 WVDC
.0068 uf 20 WVIC
5 ufd 20 wWvDC
55 ufd 20 wWvDC
.015 ufd 50 WVDC
10 ufd 15 wvDC

H OB NDOWOVHEOU DU O

S1N916B
1N2929

CA3000
CDz203

S2N697
S2N1132
2N3250
S2N930

TOLERANCE

{41+ 1+ |+ 1+ 1+ 1+
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PART

R1,R3,R5
R2,R4,R6
R7,R9
R10,R12
R13,R15,R17
R14,R16,R18
R19,R21,R20
R22,R24,R26
R23,R25,R27

c1,02,C3

CR2, CR3
CR1

Ql,Q2,Q2
Q4,85,Q¢€
Q7,Q8,Q5
Q10,Q11,Q12
Ql3,014,Ql15
€16,Q17,01€

SECTION A4

VAIUE

7.5k 3 W
2.TK 3 W

1.8K 3 W
100 1W

27 2 W

10 uf, 20 WVDC
1¥4001

1821

S2N9 30

258697

283897

TOLERANCE

* 5%
5%

t 5%
t 5%

+ 5%

0%
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SUB DRIVE TRANSFORMER

Core

Weight

Size

Core

Turns

Weight

Size

A4 - T1

- 6T7-5958-D2

- Nj_p - 1957
Np-3 - 195T
Ng-5 = 31T
N5-6 - 31T
N7-8

- 025 1bs.

#30 H.F.

Bifilar
#30 H.F. g
#21 H.F.

Bifilar
#21 H.F.

1-1/2 X 1-1/2 X 3/4

6T-5958-D2

Ni-p - 195T
N2-3 - 1957
Ng-5 - 31T
N5-g - 31T
«25 1bs.

A4 - T2, A4 - T3

#30 H.F.

Bifilar
#350 H.F.
f#21 H.F.

Bifilar
#21 H.F.

1-1/2 X 1-1/2 X 3/4
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PART

R1,R2,R3
R4,R5,R6
R7,R8,R9,R10
R11,R12,R13,R14
R15,R16,R17,R18
R19,R20,R21,R22
R23,R24,R25
R26,R27,R28

c9
c1,02,012,C15
c3,C4,C5,C6

¢7,08,010,C11
€13,C14

SECTION A5
VALUE TOLERANCE
75 5W 1%
330 g W 5%
100 3 W 5%
1 5W 1%
.025 ohm 10 W ’ 1%
100 ufd 100 V 10%
.005 ufd 3 KV disc. ceramic 10%
1000 uufd feedthrough 1.5%
Erie 2499-003
5000 uufd feedthrough 1.5%

Erie 2499-003




POWER STAGE DRIVE TRANSFORMER
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A5 - T1
Core - 67-5504-D2 Torpid
Turns - Nj-2 - 159T #22 H.F. ; Bifilar
No-3 - 159T #22 H.F.
N4—5 o~ IBT #17 H.FO
Bifilar
N5-6 > 18T #17 H.F.
Size - 1-1/2 X 1-1/2 X 3/4
A5 - T2, A5 - T3
Core - 6T-5958-D2
Turns - Nij—2 - 195T #31 )
. Bifilar
No-3 - 195T #31
Ng-5 = 3177 #25 H.F.
Bifilar
N7-8 - 3177 #25 H.F.)
Ns-¢ = 317T #40 H.F.)
Bifilar
Ng-9 - 317T #40 H.F.)
Size - 1-1/2 X 1-1/2 X 3/4
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CURRENT TRANSFORMER

Core

TN

Weight

Size

Core

T Lj

1
l Turns

Weight

Size

A5 = T49T5’T6yT7

A206068-2 (Arnold) Toroid

Ni_p 100 #22 H.F.
N3-4 5 #20 H.F.
1 oz.
1.00" X .450"

A5 - T8

2 ea. 50001-2A Toroid

Ni-2 - 9T #12

Bifilar
N2-3 - 9T #12
N4-5 - 70T #13 Single
z-1/4 1lbs.

2-1/2 X 3-1/2 X 3-1/2
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ISOLATION TRANSFORMER

.93 CORE
1 B
\ l g_oq TURNS
l \
| (:~4)S
l (-66
2 P >
e
SIZE
| ~0 3
== 1l CORE
=1
<1 TURNS
< ||
2 o |1 Co 4
WEIGHT
SIZE

A5 - T9
EE-24-25
Ni-o- 2 tarns #16 H.F.
N3_y- 50 turns #35 H.F.
N4-5- 50 turns #35 H.F.

Ng-7- 30 turns #35 H.Ff.
1"!'. x 1" x l"

A5 - T10

- E1-375 - Silicon

- Nl_’d - 900T #40 H-Fo

N3-4 - 50T #35 H.F.

- .25 lbs.

- 1-1/2 X 1-1/2 X 1-1/2

Bifilar




INPUT FILTER
A5 - FIL1

L L2 L3

S

3J_

¢ ___F z_r
o O

Ll

Core - 55252-A2

Turns - 10T #10

Weight - .5 lbs.

Size - 1-3/4 X 1-3/4 X 3/4
L2

Core - 55583-p2

Turns - 5T #0

Weight - .25 lbs.

Size - 1-1/2 X 1-1/2 X 3/4
L3

Core - 55583-A2

Turns - 4T #10

Weight - .25 lbs.

Size - 1-1/2 X 1-1/2 X 3/4
C1

2350 mfd. Tantalum wet slug

Similar to GE CL55CN441MP3
Special package to achieve weight reduction

C2

1775 mfd. ( Packaged with C;)

C3 142C mfd. ( Packaged with Cj)

c-11




OUTPUT FILTER

A5 - P
Lnk
C| '
il
2
= B
Lis
Lia, InB
Core - 55928-A2 - Toroid
Turns - 61T #16 H.F.
Weight - .3 lbs.
Size = K e At
Lo
Core - 55508-A2 - Toroid
Turns - 59T #18 H.F.
Weight - .25 lbs.
Size - 1.5X1.5X .75

Metallized Mylar

Size: 1.68" X .73" X .92"

2 mfd. Dg-205
Metallized Mylar

Size: 1.68" X .84" X 1.06"
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