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1.0

INTRODUCTION

N

This report is the final report of the work effort on
U.S4 Army Contract No. DAAK02-75-C-0101 for the development
of Integrated Power Module Inverter.

This research project was established to provide a cost
effective, reliable and efficient converter using an inte-
grated power switch with pulse width modulation techniques.
Low cost, light weight and efficient converter systems are
highly suitable and offer weight and quality advantages in
portable frequency conversion and power control systems.

This particular program is for the development of a
15KW three phase inverter system which can convert unregu-
lated, poor quality, input power into, good quality, three
phase power at 50, 60 and 400Hz.

Much success has been achieved toward the intended
objectives and the program. However, it must be recognized
that when a radically new technology using techniques which
effectively reduce system weight as much as 67%, some problems
arise which reduce the available time to all:;/;or completion
of all goals set forth in this "best efforts™ program. This
report states what was accomplished, how it was accomplished,

and conclusions and recommendations for further work effort.




2.0 SUMMARY

This is a report providing a system overview, a detail 1
discussion of the technical approach and recommendation and

conclusions concerning this project.

This report gives a technical analysis of the inverter
system in enough detail to assess how each component is an
integral part of the Integrated Power Switch (IPS) power
inverter system.

The report also discusses how the IPS can be controlled

using a microprocessor to provide good quality sinusoidal

output from raw, unregulated, AC power.

While the final packaging of the inverter and its
components has not been made on this unit, calculations
concerning weight indicate that the final weight of such
an inverter can be less than 100 pounds. This is sub-
stantially below all existing equipment. 1In fact, it pro-
vides an approximate 67% improvement over the nearest
competition and an improvement of at least 200% over existing

commercial equipment.
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3.0 TECHNICAL DISCUSSION

3.1 OVERVIEW

3.2.

0

The purpose of the effort is to prove the feasibility
of generating, good quality, AC power using the integrated
power switch and pulse width modulation techniques.

To prove feasibility, a development effort was initiated
by the Army under Contract No. DAAK02-75-C-0101. This effort
is for a 15KW three phase inverter capable of generating
output AC power of 120V RMS at 50, 50 and 400Hz when measured
from line to neutral and 208 VRMS from line to line. The
inverter must be capable of operating into a load that looks
like a power factor of 0.8. Additional objectives of this
program include low cost, light weight, efficiency, relia-

bility and small size.

SYSTEM DESCRIPTION

A block diagram of the inverter system is shown in
Figure 3.1. Functionally the inverter consists of an input
section, a boost circuit, a switch section, a filter section,
a microprocessor section, auxiliary power section and a
feedback and control section.

Other information highlighted separately and shown on
the block diagram as important entities are coding, evaluation

and analysis, mechanical and thermal considerations.
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The poor quality, three phase, input signals are fed
into the input section where they are rectified using a
full wave three phase bridge to produce a split DC voltage
supply. This split voltage is boosted using a boost
circuit to achieve the desired * 175 volts needed to
produce the output power. Power converstion is accomplished
using pulse width modulation (PWM) techniques. Micro-
processor generated PWM signals are fed into USAMERDC
Integrated Power Switch, manufactured by Texas Instruments,

to control its "on time" thereby generating on an output

current waveform which represents a sinewave.
The current sinewave is filtered using a low pass
Tchebycheff filter to achigve a good quality, low

distortion output voltage sinewave.

3.2.1 INPUT SECTION

A schematic diagram of the input section is shown
in Figure 3.2.1. The input section consists of a three
phase full wave rectifier bridge, over-voltage protection
circuits, filter inductors, snubber networks and output

filter capacitors.




Poor quality, unregulated, three phase, raw AC power is
coupled into the input section via the three phase rectifier
bridge producing an output voltage of normally 360 volts
under no load and 280 volts under full load. Both of these
voltages were calculated assuming an input voltage of 208
volts line to line. A 20 microhenry inductor Lyy 3+ 4 has
been incorporated into each,input line to prevent generation
of undue line to line current transients during rectifier
diode commutation. Further protection of the bridge is
achieved using snubber RC network R,, C, through R, CG
across each diode D) through Dg in the bridge. The input
power must be three phase but could be at any frequency from
50 to 1600 Hz. The drain on the output filter capacitors
will be at 50, 60 or 400 Hz.

The average input current Ig Avg has’been calculated to
be 51 amperes and the effective load resistance is 5.5 ohms.
To account for load variations, system losses, etc., an
effective load resistance of 4 ohms has been used for all
calculations. With a 4 ohm load the average current is 70

amperes.




NOILOIS LNdNI JHL

T4 peoT ®A7390333 4«
ITROITD 3Is00H 4

T1°C°¢€ ENOIJ

A1ddns xsmod AxetyTXne 03 l—

ey

—

.

’i_

4 3% %
i

€1q




It is commonly known that the actual input current

from each phase is:

1 = ,8l6 I = 56 Amperes
‘RHS AVG
Henceforth, the worst case RMS input current per phase
could be as high as 56 amperes.
Once the load has been determined the minimum input

inductance can be determined. This inductance is found

by (1)%:

Ly = k
1 _f; R, henrys (1)

Where: k = 0.0017 for a full wave three phase circuit
R; is the maximum load

f is the frequency of the source in Hz.

Assuming a worst case input frequency of 60Hz, the minimum

inductance becomes 110 microhenrys.
After the inductance has been determined the filter

1
capacitor is determined using the ripple factor formula (2) :

> = (0.0079/L)C,) (60/£5)°  (2)

for and f. of 60 Hz and a ripple factor of .1

C; = 0.079
L = 718 Microfarads (3)

1) Reference data for Radio Engineers, fourth edition,

International Telephone and Telegraph Corporation, 1956.
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Filter capacitance Cj, Cjp, C;, of 5400 microfarads

capacitor will be used thereby reducing the ripple factor

to nearly 0.01 or 1%. Six of these capacitors will be use<:
in order to achieve greater ripple current capability. Each
of the 400 volt, 1200 microfarad capacitors has a ripple

current capability of 7 amperes. This means that the total

ripple current is 35 amperes. This current should be

sufficient to smooth the input current ripple.

To enhance system reliability and to further reduce the
ripple factor while providing extended ripple current
capability, Sprague type 32D capacitors of the high energy
type are used in the output filter bank. Each capacitor in
this bank is 7000 microfarads at 100 volts. By using 8
capacitors on each side and using a center tap, the total ?
output capacitance is further increased by 7000 microfarads
thereby reducing the ripple factor ro approximately 0.005 a
or 0.5%.

The filter inductor Lj; has been split into two inductors.
One in the positive bus and one in the negative bus. Diodes
D7 and Dg are used to prevent high voltage spikes associated
with the collapsing fields of these inductors when the input
power is removed. To further protect the bridge and other
system components a crowbar circuit consisting of the MOV,

Rg, SCR;, Ry, Rg and C, has been incorporated to detect over

voltage. If over voltage is detected SCR, will be turned on

. _,,,,__,_J \  :
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clamping the output of the bridge through a 1 ohm 20 watt
resistor Rg. This action will most likely cause fuses
F1, Fy and F3 to open. 1In any event this action will
lower the voltage across the bridge significantly thereby
protecting it and the USAMERDC switch which is rated at
400 volts.

The commutation time of the bridge Dy, 3, 3/ 4/ 5/ ¢
could be as long as 2 microseconds. With an input frequency
of 1600 Hz the average current through Resistors Ry,2,3,4,5,6
could be as high as 0.3 amperes. If these resistors have a
value of 3 ohms the power loss will be .27 watts. The value
of these resistors is 3.3 ohms, one watt carbon resistor.
The series capacitor has a value of a 0.068 microfarad
capacitor. They are low ESR high frequency Sprague orange
drop type capacitors.

In the above calculations no considerations were made
concerning the effects of voltage boost. Voltage boost is

discussed in Section 3.2.2

BOOST CIRCUIT

The raw AC input to the converter can vary + 10% and
-15% when those variations are combined with the losses in-

herent in conversation, it becomes imperative that some sort

of boost circuit be used to maintain the DC voltage at the




DC bus level of * 175 volts. The voltage boost circuit also
reduces input harmonics associated with the raw AC power
source. The boost circuit also supplies substantial high
frequency current pulses to reduce the need for excessive
high ripple current capability of the split capacitor bank
consisting of Cg and Cg as shown in Figure 3.2.1-1.

Some of the methods investigated to achieve reliable
voltage boost include:

1. A fixed frequency variable PWM system.

2. A self-resonant fixed frequency variable
output amplitude.

3. Low frequency (400Hz) combined boost and
auxiliary power use separate boost at high
frequency.

4. A variable frequency load dependent natural
commutation interval.

When a fixed frequency is used with a variable pulse
width modulation scheme, it is extremely difficult to have
zero output from the boost. Zero output is absolutely
essential under no load conditions, thus fixed frequency
variable pulse width modulation was not selected.

A self-resonant fixed frequency variable output ampli-
tude is extremely difficult to accomplish. It is very
expensive and fairly unreliable. Additionally, it does
not lend itself to zero boost. For these reasons a self-

resonant fixed frequency was not selected for the boost

circuit design.

-10-




A low frequency load dependent natural commutation
interval could be used. However, if such a boost circuit
is used the component needed such as inductors, capacitors
and transformers are excessively large when boosting S5KW
to 8KW. Thus, weight and system cost would not be con-
sistent with the objectives of this program.

Additionally, at the power transfer levels required
for this boost circuit, the acoustical noise would be un-
acceptable. When an attempt is made to maintain the oper-
ating frequency at 400 Hz such that the boost circuit can
serve to generate fan motor drive and the auxiliary power,
then a boost conversion of zero volts is not possible.

For these reasons the auxiliary power and boost circuit are
separate. Because of weight and cost requirements, a high
frequency boost circuit was chosen.

A variable frequency load dependent natural commutation
interval was selected as the best approach to meet the
boost circuit requirements. It can provide zero volts
boost which is absolutely essential. It operates at a
high frequency (under load) thus small components are used.
Two types of variable frequency load dependent natural com-
mutation interval circuits were investigated. These two

circuits are shown in Figure 3.2.2-1 and 3.2.2-2.

-11-
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Figure 3.2.2-1 shows a variable frequency neutral
reference boost circuit. Boost action starts when SCR;
is turned on causing current flow through inductor Lg and
capacitor E%E and C;5. Once capacitor 9%2 is charged,
SCR commutates, generating the first half of the output
wave. The second half of the cycle is generated from
the collapsing field of Lg. After this commutation action
is complete, SCRy; is turned on generating a sinewave which
is 180 degrees out of phase with the previous wave generated
by turning on SCR2. The circuit is very efficient and highly
reliable. Using RCA 2N3658's the circuit easily operates
up to 20 KHz. 1In this circuit configuration, twice the
current is needed to produce the required power. This is
true because of the neutral reference. The need for diodes
Dg and D;, as well as snubber networks Rjg, Cy3 and Rjj, Cyg4
are presently in the design as a precautionary measure. Some
of these devices may be eliminated in future designs. This
design is somewhat simpler than that shown in Figure 3.2.2-2.
However, this circuit must handle all of the power, while
in the split capacitor arrangement. A three phase design
can be used thereby providing a method of using low cost
available pot cores. 1In the second case three 2KW trans-
formers would be used while in the circuit shown in Figure

3.2.2-1 a single transformer capable of producing 6KW to

8KW is needed.
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Figure 3.2.2-1 VARIABLE FREQUENCY NEUTRAL REFERENCE
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Figure 3.2.2-2 operates almost the same as that of
3.2.2-1 except that a split capacitor arrangement is used
instead of the neutral reference.

Final circuit design which was breadboarded, tested
and incorporated into the final system is identical to that
of Figure 3.2.2-2. When SCR4 is turned on, voltage is
applied to Lg causing a change in its flux which in turn
allows for a change in current eventually causing capacitor
C18 and Cl1l8 to charge up. Once Cl8 and Q%ﬁ are fully charged
and no moie change in voltage occurs across them, the field
of the inductor collapses causing current flow in the opposite
direction commutating SCRq4 off. The second half of the cycle
is accomplished in a similar manner using SCRg, inductor L,
and capacitor Cl18 combined with 9%2. Continuation of alternate
pulse trains to SCR4 and SCRg allow for the production of a
sinewave at the natural frequency of the tuned circuits. ]
Test results show that this circuit operates satisfactory
over a drive frequency from 1 KHz to 22 KHz. Naturally,
maximum power transfer occurs at 22 KHz while very little
power transfer occurs at 1 KHz. By using a VCO to generate
the alternate pulse train to drive the SCR's regulation is

supplied for the boosted output.

-14-
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SWITCH SECTION

A schematic diagram of the switch section is shown
in Figure 3.2.3-1. The switch section consists of three
USAMERDC Integrated Power Switches manufactured by T.I.,
rated at 400 volts and 100 amperes. The switch operates
from TTL Signals and will reliably operate at frequencies
up to 10 kilohertz. Freewheeling diodes D;; through Dy
are connected external to the switches. The purpose of
these diodes is to protect the switch against large reverse
current and voltage spikes. As further protection snubber
networks Ry3Cgs Ry4Cogr RygCayer RpgC22+ Rp7C23 and Ry gCoy
connected across each switch.

The switch operates best from a low impedance source.
It must also have substantially wide current carrying conductor
to reduce "skin effect". Good high frequency, low ESR,
capacitor must also be used across the voltage bus to suppress
generated noise.

The switching arrangement shown in Figure 3.2.3-1 is
sufficient to generate the required three phase output. In
order to achieve good quality power the switches must be
driven using a suitable and proportional sinewave pulse
width modulated (PWM) signal into the base of each switch.

An analysis and description of the drive pulse train

is provided in Section 3.2.8.

-16-
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FILTER SECTION

The output filter is used to convert the pulse width
modulated waveforem to its fundamental sinewaves. This is
accomplished by stripping out the carrier frequency with a
low pass filter which has a corner frequency far below the

carrier frequency. While the corner frequency of the

filter must be substantially below the carrier frequency,
the corner frequency must not be so low as to cause a
significant alteration of the output voltage sinewave.

Ideally, the output impedance of the filter should
be fairly low to accommodate load variations without
significant variations in the amplitude of the output
voltage sinewave. Small variations are easy to regulate
using feedback to close the loop.

Another criteria which must be met is to minimize the
real voltage drop across this series elements in the filter.
While series drop must be small to prevent undue losses,
the reactive impedance must be large enough to limit the
di/dt of the switch to a reasonable level.

A schematic diagram of the output filter networks is

shown in Figure 3.2.4-1. This schematic shows the filter
required for all three phases. The filter for each phase
uses two low pass filters (Tchebycheff Type). The first i
section of the filter consists of LjjLgCyg: L8L13C27 and

L10C29L14- The purpose of this filter is to reduce the

effects of carrier frequency ripple.

-18-




The main filter of each filter section consist of
L,C26+ LgC2g, and L;;C309. Typically the corner frequency .
of this filter is set at the third harmonic of the i
fundamental. Ideally, this carrier frequency will be set

at 1200Hz which is the third harmonic of the 400Hz

fundamental and the harmonic content of the wave is main-
tained by increasing the pulses per half-cycle.
A detail analysis of the filter section is given in

the mathematical analysis section 3.2.8.

-19-
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3.2.5

THE MICROPROCESSOR SECTION

Several methods avail themself for the control,
analysis processing and generating of signal to the power

section of the converter. These methods include discrete

logic (transistors, resistors, capacitors, etc.), integrated

logic (gates flip flops and small scale logic devices on
chips) and large scale integration (LSI). As the state of
the art in semiconductors continues, the number of devices
on a chip continue to increase from two to four thousand
devices in 1972 to over 10,000 devices in 1976. Evolving
from this large scale integration are sets of chips which
when properly used can substantially reduce discrete and
integrated logic at a reduced cost, smaller size and a
higher reliability. In general, these LSI chip sets are
called "microprocesscrs". However, in some cases they are

referred to as microcontroller and microcomputer. These

units which are "computer on a chiﬁ" are capable of rapidly

processing information, controlling and monitoring devices

and actions and, based upon processed data, generate the

correct output signals to control most any device ox system.

In this research effort an MC6800 microprocessor has been

chosen. Basically the MC6800 microprocessor chip set consists

of a MC6800 processor (MPU), an MC6820 peripheral interface

adapter (PIA), a MC6810 Random Access Memory (RAM) and a

MC6830 read only memory (ROM).

«21=-
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The system used in this effort uses 1 MPU, 2 PIA's.
1 RAM and 2 ROM's. To facilitate development, the ROM's
will be replaced by programmable read only memory (PROM's).

A schematic diagram of the microprocessor section is
shown in Figure 3.2.5-1. When power is turned on the
MPU generates a start vector (at the top address in the
system) which serves to initialize the system. First it
generates all data for the pulsewidth modulation of all
three phases and stores it away in a buffer (not shown in
this figure). Then it monitors all response signals to
determine that enough pulses exist per half cycle to

guarantee a good quality low distortion sinewave at the

desired frequency. Additionally it updates the buffers
as changes occur. The program in the processor (PROM)
has the capability of changing pulses per half cycle, con-
trolling the output frequency, dynamically controlling
the output amplitude and exactly controlling the phase
shift to adapt the system to any load.

The system shown in Figure 3.2.5-1 has fully decoded

addressing restart, interrupt, reset and go/halt capability.

The system uses a 1 megahertz clock to generate the two phase

clock signals ¢g; and ¢2.




The memory address allocation in Hexadecimal is as

follows:

1l to 7FF Buffer area

800 to 2FFF Not used

3000 to 30FF Scratch pad area
3100 to 4000 Not used

4000 to 4003 PIA # 1

4004 to 4007 PIA # 2

4008 to 7FFF Not used

8000 to 83FF PROM # 1

8400 to 87FF PROM $#2

8800 to FFEO Not used
FFE0 to FFFF Restart and interrupt PROM

The MC6800 is an 8-bit processor system. 1Its repertoire
of executable instructions is 72. These instructions are
executed by the MC6800 using its two accumulators, its index
register, its stack pointer and its program counter.

The machine operates as follows:

At start up the processor sends out an address FFFE and
FFFF. The 32x8 Prom at the top address is enabled by this
address thereby causing two bytes of data to be sequentially

placed on the data bus and thus received by the MPU. These




two bytes of data become the 16 bit vector address to tell
the MPU where it should next read data (start execution).
The 16 bit vector address becomes the new program counter
value which is sent out to the address bus as soon as the
processor has stabilized. All execution of external
addressing is sync with clock signal ¢2. The processor now
continues to operate based upon the instructions that it
receives. 1Its operation at this point is much like that
of a mini-computer. Probably, the primary difference
between its operation and that of a mini-computer is that
its execution is accomplished from PROM rather than RAM
or core memory and the fact that most mini's use 12 and
16 bits instruction words.

The final portion of the microprocessor section is
the buffer. A schematic diagram of the buffer (called high
granularity pulse width modulation generator) is shown in |

Figure 3.2.5-2.
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This buffer arrangement was chosen to:

1. Facilitate rapid updating of the code due to
changes in the load.

2. Allow for easy operation of the switch at
almost any frequency from almost zero to
approximately 1000 Hz.

3. Provide complete flexibility to the processing
and the control of various feedback parameters.

4. Allow the potential of programming the desired
output voltage to almost any output level.

5. Provide for output voltage shaping.

The buffer system is the heart of the PWM controller.
It serves as a free running interface between the microprocessor
and the power switches. Actually, the buffer is a double
buffer arrangement where one buffer is working with the power
switch while the other buffer is used to update the PWM
signals due to load variations.Upon command from the processor
and at the proper time in the power interval either buffer can
be selected to operate with the power switch.

The buffer system consist of two distinct sets of memories
per phase. Each memory set is 2048 location long consisting
of two 2102 type, 1024xl, static memory. The buffer is set up
such that while one memory set is being read using an eleven
bit ripple counter the other memory set for the selected phase
is being updated by the microprocessor. As mentioned above the
memory address for this buffer is at zero. A zero address was

selected to enhance coding of the software.

=26~




The output of the memories addressed by the ripple
counter are coupled into an output drive circuit which
through proper gating allow for the selection of the
desired switch to be driven.

Other methods of controlling the output power interface
from the processor to the switch were considered but were
rejected. These methods included direct drive from the
processor which is obviously more desirable. However, it
was felt at the time the computing power necessary to
control system parameter and the need for maximum flexibility
made the described method the most desirable. The present

method is economical, reliable and small in size.
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3.2.6.1

FEEDBACK AND CONTROL

SAMPLING

The determination of the feedback and control inputs
are accomplished using sample and hold techniques. Essen-
tially, the same method is used to determine leading and
lagging power factor, peak voltage, and peak current (power).

At zero degrees of the drive waveform and its resulting

current waveform (using a current transformer at this point)

is sampled for leading and lagging power factor by the polarity

of the sample. The magnitude of the lead or lag power factor
is determined by the amplitude of the sample wave. Thus,

the amplitude of the sample is proportional to the degree

of phase shift introduced by the 1load.

Once the leading or lagging power factor has been
corrected by forcing the current and voltage to be in phase,
then the amplitude of the output voltage is monitored at
ninety degrees of the drive waveform to control the output
voltage to 120 VRMS from line to neutral. It must be recog-
nized that there are inherent delays between the drive
voltage crossing and the generated or measured waveforms.
The inherent delays or phase shifts are system constants

which are easily nulled out.
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In an orderly sequence, lst phase shift is connected,
then output voltage, then power and finally ripple dis-
tortion.

Power will be controlled by determining the current
amplitude at ninety degrees of the drive waveform. Power
correction is accomplished by adjusting (proportionately)
each pulse in the drive waveform.

The ripple distortion can be made by using a high pass
filter with half wave rectification of the passed signal
to obtain a D.C. result proportional to the ripple factor.

When these signals are continuously sampled at the
zero and ninety degree points with hardware decoding, the
processor assesses this information asynchronously, as
required, through peripheral interface adapter (PIA) and a
controlled multiplexer.

The above discussion provides an indication of the
various feedback parameters that are controlled.

A schematic diagram of the feedback section is shown
in Figure 3.2.6-1. Each phase has a voltage detector, a
peak voltage detector and a crossover detector. Monitoring
of the output is accomplished through the use of an optical
coupler which feeds the sample and hold, crossover detector,

and the peak detector.
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The sample and hold is a simple boxcar circuit which
samples upon command the analog input voltage and stores
the sample as a voltage level on capacitor Ci100° A source
follower buffers this output. The output of the source
follower is coupled into the analog to digital converter
where it is converted to a digital word for use by the

processor.
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3.2.6.2

CONVERSION

Conversion is accomplished using an analog to digital
converter. It receives analog input signals and converts
them to digital equivalents for use by the processor. A
schematic diagram of the analog to digital converter is
showin in Figure 3.2.6-2.

The analog to digital used is of the successive approximation
register (SAR) type. This technique uses a digital to analog
converter in a feedback loop to generate a known signal to which
the unknown analog sampled signal is compared, and the compar-
ator output controls the successive approximation register.

At the start of conversion the most significant bit of the
D to A is turned on by the SAR, producing an output equal to
half of the full scale value. This is compared to the sampled
analog output and if the D to A is greater the SAR turns the
MSB off. If it is less the MSB is left on. The next MSB is
compared to the input unknown the same way, and in succession
until the least significant bit is tested.

Since an 8 bit SAR and the clock signal is é% or 500 K Hz.
The time to determine the digital equivalent of one sampled ?

signal is 16 microseconds.




The microprocessor via the PIA 'A' register controls
which of the sampled signals are to be converted, starts
the conversion with an output pulse to the start
conversion (S.C.) input of the SAR, and after receiving
an End of Conversion (E.O0.C.) signal reads the digital

result of the conversion from the PIA 'B' registered.
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3.2.7

3.2.7.0

CODE EVALUATION AND ANALYSIS

INTRODUCTION

The software has been kept as generalized
in structure as possible. This allows for the maximum
in corporation of new features as they are developed.
Calculations are made to the greatest accuracy the
algorithms and microprocessor can achieve, to minimize
round-off error and to retain the greatest number of
significant digits in all resorts. For example, the use of
a multiply function is minimized and eliminated where
possible. Instead of calculating the integral of the sine
function between two angles, a table of data was generated
using a calculator with 14 digit accuracy, which produces
far more accurate results than 16 bit calculations (fixed
point) can produce. An algorithm that the MC6800 could

use to calculate acceptably accurate sinewave intervals

might save about 200 bytes of memory now used in the sinewave

integral table.
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3.2.7.1 PRODUCING SINUSOIDALLY MODULATED PULSES

This effort involves the development of digital hardware
and software to drive an Integrated Power Switch (IPS) that
is connected to a source of D.C. with a sinusoidally
modulated pulse sequence. The output of the IPS is then
low-pass filtered to achieve a low distortion sinewave. The
method of producing a sinusoidally modulated pulse sequence
is accomplished by dividing a half-cycle into an odd number
of intervals. During each interval, a pulse will occur that
is centered in the middle of this interval. The width of
each pulse is proportional to the integral of the sinewave
function from the leading edge of the interval to this trail-
ing edge of the interval. Therefore, an interval near the
zero-crossing of the half-cycle will contain a narrow pulse
and an interval near the maximum amplitude region of the
half-cycle will contain a wider pulse. This method differs
from an ideal sinusoidally modulated pulse sequence in that
the software places the pulse in the center of an interval
rather than centering the pulse at the point in the interval
that divides the area of the integral in half, such that half
the area under the integrated sine segment is on each side
of this pulse center. Using this method, data for 1/4 of a
cycle can be used to generate pulses for an entire cycle.
Centering this pulse in the center of the interval has

provided acceptable performance.
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3.2.7.2

PULSE NUMBER FOR HALF-CYCLE

Due to the time constant of the low-pass output filter,
a ripple voltage occurs on the output. The frequency of
the ripple voltage is primarily determined by the number
of pulses per half-cycle in the sinusoidally modulated
pulse sequence. The ripple voltage can be reduced by two
methods, with each method reducing overall efficiency in
different ways.

The easiest way to reduce the ripple voltage is to
increase the number of pulses per half-cycle, which increases
the frequency of the ripple voltage with respect to the
corner frequency of low-pass output filter. The change in
pulse number per half-cycle is currently accomplished under
program control. Feedback circuitry is being provided that
will allow the magnitude of tiv: i.pple voltage on the output
to determine the number of pulses needed per half-cycle to
keep the ripple within specifications. If the pulse number
increases or decreases, a slight adjustment in the amount
of power being delivered to the load may be necessary to
compensate for the increase or decrease in switching losses.

The second way to reduce the ripple voltage is to move the
break (corner) frequency of the low-pass output filter closer to
the fundamental frequency. This method is very effective in
reducing the ripple voltage, but has a significant disadvant-
age due to the increased attenuation of the fundamental

frequency. And advantage is that switching losses are not
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3.2.7.3

changed. Also, switching this output filter corner
frequency involves more inductors, longer current paths,

switches and other hardware.

PULSE WIDTH MODULATION

In order to change the power delivered to the load
by the sinusoidally modulated pulse sequence, the width of
each of the pulses are multiplied or divided by a constant
value. The software implements a change in power using
divides only to retain accuracy and minimize round-off error.
The length of the current random-access-memory used to store
the data for generating the pulse sequence is 2048 bits.
The number of bits per pulse interval is found by dividing
2048 by the desired pulse number per half-cycle. Any
remainder from this division is added back into the data
by a round off error correction routine. For a given
number of pulses per half-cycle, each interval contains a
relative number of the 2048 bits.

Of the bits in an interval, some in the center will be
"on" bits, and the rest will be "off" bits. As the power
per half-cycle is increased, there will be proportionally
more "on" bits than "off" bits. After all the "on" and "off"
bit distributions for each interval are calculated, then the
round-off error correction routine determines if the data

for all the "on" and "off" bits adds up to exactly 2048.

-38-
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3.2.7.4

1f there is a correction to be made, bits are added to or
subtracted from the "on" part of each pulse interval start-
ing at the outside interval and working towards the center
pulse, starting at the outside again if there are more
correction bits than intervals per half-cycle. When the
correction factor was odd, 1 bit is added to or subtracted
from the center pulses "on" value. In general, the number
of correction bits appear to be between 1 and 1-1/2 times the
number of pulses per half-cycle, which is about one-half

of the number of times that round-off error can occur.
Round-off error correction is important since errors in
pulse widths or pulse locations in the sequence could
introduce hard to eliminate distortion, and could introduce

unwanted phase shifts.

PULSE BIASING

It was soon determined that the purely sinusoidally modu-
lated pulse sequence would not achieve the lowest distortion
sinewave. By experimenting, it was found that the sinusoidal
modulation technique required to achieve low distortion
involved reducing the amplitude of the original sinusoidal
data and adding a constant factor to each table value which

resulted in more of the "on" time per half-cycle being placed
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3.2.7.5

further from the center of the half-cycle. This is probably
necessary due to impedance losses and switching losses in

the output filter, and possibly due to impedance in the
source. That is, as the pulses get narrower going out from
the center pulse, the losses per pulse become a greater
percentage of the pulse's "on" value, which probably reflects

the fact that the power loss per pulse is relatively constant.

PHASE SHIFT CONTROL

In order to provide feed-forward and feed-backward
capability when the load has either leading or lagging
power factor, a means of shifting the power center of
the pulse sequence within a half-cycle by means of a
single parameter is available in both hardware and soft-
ware form.

Phase shift control is accomplished by effectively
rotating the pulse data in the 2048 bit memory. Rotating
displaces the center of the pulse sequence with respect
to the zero crossing points of the half-cycle. Bits that
were on one end of the pulse sequence are shifted to the
other end. The program parameter that controls the
rotating will be generated by circuitry that samples

the phase between the current and voltage in the output.
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3.2.7.6

GENERATED PWM SIGNALS

The ideal pulse width modulation scheme is shown
in Figure 3.2.7.6-1. In this scheme pulses are generated
for the positive half-cycle from the positive reference
to ground to produce the positive half-cycle of the
sinewave. Similarly, pulses are generated from the
negative reference to ground for the negative half-cycle
of the sinewave.

After much testing (as shown in section 3.2.7.7),
it was determined that unless the input impedance was
stabilized then regulation versus load could not easily
be achieved. Consequently a scheme was selected to always
have either one switch or the other switch on. The wave

now generated is diagrammatically shown in Figure 3.2.7.6-2.
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3.2.7.7

3.2.7.7.1

PERFORMANCE ANALYSIS

50 and 60 HZ OPERATION

A waveform that is within the specifications for
ripple and distortion for 50 and 60 Hz frequencies has

been achieved with an output filter with a corner

frequency of 180 Hz. The power delivered to the load

was 1800 watts with 51 pulses per half-cycle.

60 Hz sinewave into 2 ohm load

Figure 3.2.7.7
using 1lst method of PwWM
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3.2.7.7.2

400 HZ OPERATION

Using 15 pulses per half-cycle and a filter break
frequency of 1100 Hz, an output sinewave of about 1%

total harmonic distortion and less than 1% ripple was

achieved.

Figure 3.2.7.7-2 400Hz sinewave into 2 ohm load
using lst method of PWM

-45-
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3.2.7.8 RESULTS

The following pictures further document the results
of the work efforts performed using the lst type of PWM.
This type of modulation is where only one switch is on

per half-cycle. The impedance is high during its off

time.

Figure 3.2.7.8-1 1Ideal sinusoidal distribution, no
bias, no rotation, with approximately
512 of the 2048 total bits on (that is,
the sum of the on times for all the pulses
of the half-cycle is about 25% of the

total).
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Figure 3.2.7.8-2

Figure 3.2.7.8-3

The same as above, but with about a

50% (1024 bits on) duty cycle. Note
that an odd number of pulses places

a pulse in the middle of the half-cycle.

The same as above, except that the duty
cycle is about 75%. The intervals near
the center of the pulse sequence are
totally on.
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Figure 3.2.7.8-4 Biased pulse sequence. The width of the

Figure 3.2.7.8-5

center pulse is the same as in Figure la,
but the pulses on each side of the center
pulse are wider. The pulses still decrease
sinusoidally in width from the center of
the outside.

Biased pulse sequence. The center pulse is
the same width as in Figure lb. This type
of pulse sequence currently produces the
lowest distortion sinewave at the output of
the filter when operating at 400 Hz. The
power factor of Figure 2b is $480 (56%).

~-48~-




Figure 3.2.7.8-6 Biased pulse sequence. Based on Fibure 1lc,
the total on time in the center is greater
than in lc. This type of pulse sequence
could be used to deliver a large amount of
power to the load in a short period of time.

Figure 3.2.7.8-7 1Ideal sinusoidal distribution, no bias,
no rotation, with about 512 of 2048 bits
on (25% duty cycles), with 51 pulses.
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Figure 3.2.7.8-8

Figure 3.2.7.8-9

Same as above, with a 50% duty cycle.

Same as above, with about a 75% duty cycle.
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Figure 3.2.7.8-10

Figure 3.2.7.8-11

Biased pulse sequence. The pulses look
nearly equal but are really decreasing
from the center to the outside (CRT
astigmatism and focus where not uniform
across the CRT face).

Biased pulse sequence. Power factor of
$400 (50%). At Hz operation, the lowest
ripple and distortion was achieved with a
power factor of $500 (63%). The wider
pulses on the outsides are apparently

compensating for switching and filter losses.
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Figure 3.2.7.8-12

Figure 3.2.7.8-13

Biased pulse sequence. Duty cycle at 75%.

A demonstration of the rotation capability of
the software. Notice that the center region
of the pulse sequence (as in Figure 3b) is to
to the left of center in the above photo.

This allows a distortion due to lag in the
filter to be removed, and may allow phase
shift control, with leading and lagging loads.
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Figure 3.2.7.8-14 The same as above, except that the rotation
is to the right of center. Any degree of
rotation can be achieved, with 1 bit in
2048 resolution.

Figure 3.2.7.8-15 A frequency spectrum of 51 pulses per half-
cycle pulse sequence (unfiltered). At 50 Hz
(102 pulses per cycle), the harmonic peak at
5.1K Hz., 10.2K Hz., 15.3K Hz., etc. The |
output filter (break frequency = 180 Hz.). &
Attenuates these high order harmonics by 1
about 50 db.

-53-

———————————




Figure 3.2.7.8-16

A frequency spectrum of 15 pulses per
half-cycle pulse sequence (unfiltered).
At 400 Hz. (30 pulses per cycle), the
harmonics peak at 12KHz., 24KHz.,
36KHz., etc. The output filter (break
frequency at 1100 Hz.) attenuates these
harmonics by at least 50 db.
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Figure 3.2.7.8-17 Three phase 60 Hz full load.

Figure 3.2.7.8-18 Frequency spectrum 60 Hz full load. H
Less than 1% distortion.
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Figure 3.2.7.8-19 Frequency spectrum line to line.

SR

Figure 3.2.7.8-20 Output voltage line to line.
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3.2.7.9

3.2.7.9.1

INSTRUCTION FOR AND ASSEMBLY LISTINGS

INSTRUCTION ON USE

For the main driver program, the program is properly
activated by entering the program at location 2147
(Hexidecimal) . This will initialize the system to a pulse
number based upon switch setting for either 50, 50, or
400 Hz. The processor also automatically initializes
itself to the proper phase relations for single phase

120, single phasei20 and three phase 120.
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3.2.8 MATHEMATICAL ANALYSIS

3.2.8.1 REQUIREMENTS

=
v / F_, AV 5 I
De e 238
- S W
il i
/vA Tiey T ‘z
bl WIS T

Referencing the above circuit requirements are:

1. Vpc cannot exceed 200Vpc

2. The real voltage drop V, peak across the
inductors cannot exceed 92 volts with all other
voltage drop equal to 2 volts.

3. The output power is 5000 watts into a resistive
load and 6250 VA a complex load.

4. Operating frequency of 50, 60 and 400 Hz.
5. Output voltage nominally of 120 volts RMS.
€. The minimum value of the inductor shall be large

enough to limit the di/dt to 10 A/microsecond
during a short circuit condition.




3.2.8.2 CALCULATIONS

From the above requirements, the output current into

a pure resistive load (2;, = Rp)

e 4
Ip= ° = 41.67 A RMS o

Ve

and the magnitude of the current for a complex load which
causes a 0.8 lagging power factor is

P
1= B (3omplex’ = 52.08 A RMS (5)

B

if the load is

—3
IB = b l RLOQd
IBLl Lot 1en ]
o+ "SSESEE R | (BPRE r L--— —== vt
3
g Isr = B (Real) = 41.67 A RMS
Igp, = _\/ Tud 2 (6)
B 1,
I, = 31.25 A RMS
Load P, = 2.88 ohms (7)
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To find the inductance needed to cause a 0.8 lagging

power factor first determine X

X, = w = -
BL
Thus at 60Hz Lbut = 10.185 millihenrys
at 50Hz Lbut = 12.223 millihenrys

at 400Hz L = 1.527 millihenrys

out

As mentioned above in the requirements section the real
voltage drop across inductor Lp and Ly must be less than
22 volts when the output voltage is 105% of rated voltage.

At the same time the inductor must be large enough to limit

the di/dt rise to 10 A/microseconds.

If it is assumed that all of the drop associated with

the resistive load current is real then the maximum value

of the total inductance can be found

\'"/
Iaqz
Thus: L = X
max Ls where
W

= 27F

.3734 (9)

at 50Hz Lmax = 1.188 millihenrys

at 60Hz Lmax =
at 400 Hz Lmax =

-78=-

990 microhenrys

148 microhenrys




If indeed X;, is complex, its real part may be substantially
S
less than 0.3734 ohms and the series inductance can be

somewhat higher than the calculated 148 microhenrys.

The minimum value of the inductance is found using

ampere's low.

Ae = L _pi
At (10)
to drive
Imin = Vpc 4t : (11)
a4% e 2 t = 10 A/microsecond
then: 5k . 1 g
ai io_ x 10
= 1 ’6
and Lmin 200 (—ra- x 10 )
= 20 microhenrys
For total size, weight and further reduction of 4 i

At
a value of 50 microhenrys will be considered as the minimum

series inductance value.
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Now lets look at the input, output and transfer impedance. 4

First, the impedancies are calculated for a single
section low pass filter. The simplified equivalent

circuit is shown below:

- AWV Y R

Rg1 | N : 1

1
Va1 Sap Taa TRy kel T
P1S Cprs g2 (12)
o e
s B s ¢ty Iq? (13)
- Is1
192 g ;
le = Vgl 2
& L,,+Rg12;,C
b R Y SlPaTRL ) oz eRe | (g
Lp1Cr12p) Lp1Cp1 211

Where 211 is input impedance
-80-
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Next the transfer impedance is found:

First, the output voltage is

ng - IgzzL

yielding
v 1
go
= %5 (15)
Lp1Cp ok (Lpl*Rgllecpl) Z Z11*Rg)
: Lp1Cp12y, Lp1Cp121)
The output impedance 2 is now the parallel
22
Combination of
Lpls
g
Rgl {
Solving yields
(s +
-E‘-'—l ) (16)
Pl
Z out =
ey | 25+ Ba * BiCeRyy 2L1*Rg) S
201%m1p1 21 1%Cp1Lp) | :
% i
i
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Next we need to determine the value of the capacitor
CPl' The value of the capacitor is easily determined at
the corner frequency. Heré it is assumed that the corner
frequency is 1200 hertz (the third harmonic of the 400 Hz
operating frequency).

At the corner frequency the magnitudes of the impedance
of the series elements and the parallel elements (shown below)

must be the same. That is zl = 2,.

: Ry WL |
oA ——- Y Y- : , S
z = 1 o St tF ;
[ 1 Y it I
L i 1R 1
' JwC R’
(LS8 L
C - m-w.--w.w.ll T |
| |
s 1
'I z2 %2 A [

Thus the magnitude of the admittance must be the same.

Hence:
R_ - jwL
Y = 1 = g
1 Rg+IvL Rg§+w2L2 ol
e 1/2

|Y | & ( Rg 2 wL 2

1 RgZ*wZLZ Py Rg2+w2L2)

(18)
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and
Y = 1
2 + 3
B A (19)
1/2 (20)
Yy = } <% _ waan
| | ER;_) wlc
Setting lyll = ,¥2| we get
¢
R.2+w2L2 )2 ¥ (!L—z—-—i—T—)z = (l )2 202
= - w
9 Rg“+wL R,
or
2 1 R.2 - war?
w2C = ( - )2 b g
H (Rgzwznz)2
T 1172
C = 1 (_:!.— 2 = Rgz e W2L2
w Ry, s s Py TR (21)
(Rg +w4C*)2

2
As a check on the equation if R) is very large then (Ei_ )

is very small and if Ry is very small Rg2 will be even smaller

and we are left with

C = 1 (22)




Note here that we only considered a resistive load.
The equation becomes somewhat more complicated when a
complex load is considered. The effects of other loads are
being analyzed and will be presented as a supplement to
this status report.

When the output is pure resistive the capacitance
needed to provide a 1200 Hz corner frequency is 321
microfarads.

This value was determined using an R.g source resistance
value of 0.1 ohms, an inductor value of 50 microhenrys and
a load resistance of 2.88 ohms. When a 100 microhenry
inductor is used the required capacitor value is 179 micro-
farads, and for 150 microhenrys the capacitance is 116
microfarads.

Under no load and a 50 microhenry inductor the

capacitance value is 351 microfarads.
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Pulse data needed for the fourier expression:

1. Pulse width

2. Center of the pulse (relative time within a cycle).

Generalized expressions:

1. Pulse width f = frequency (hz.). % = T = Period.

e =360° - (Hﬁﬁ ) 360°

th
Width of M" pulse = ( SIN e de ) o
o =360° - N-M+l S b
(—N——) 360°
N = Number of pulses per half-cycle
M = Current pulse (Program Variable)
2. Pulse center
Pulse center location = T - (E:E) 1
. “ N T-3x(D=c
3. For pulse width modulation and biasing.
o = 360° - (51 ) 360° (23)

width of M*M pulge = =
SIN e de ) T

e ) WS

o = 360° - (NItl) 300
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P = Power factor

Bias divisor

£
"

b = Bias factor

&ﬁ (M‘l)
3 E s E
F 3w ey Vo (1) o SIN1/2 w? . -iwie)

1/2 w7

o = 360° - (M) ..

Where F - P N
» (SINe de ) T G
® = 360° - (%‘}.) 360° 4
N-M
And ¢ = o - (22 vl
N T 5% (1

An interpretation of this data is given in Figure 3.2.8-1
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3.2.8.3 COMPUTER ANALYSIS

A computer analysis of the final filter design is
pPresented in the following section. This analysis was

performed on a UNIVAC computer.
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3.2.9.0

AUXILIARY POWER SECTION

An auxiliary power supply is reugired to generate

all of the logic and bias voltages for the power circuits.

Additionally, it is necessary to provide a 400 Hz AC wave

to drive the fan motors.

In the proposed designe (See Figure 3.2.9-1) all of

these functions are supplied from one power supply module.

The output requirements are:

1.

Three supplies isolated with %6 volts. One of
these supplies is required for each switch
section. The maximum power here is 36 watts.

One +6 volt power source for the logic in the
three IPS modules about 3 watts is required
here.

One +5 volt power source for all other logic.
About 15 watts is needed here.

One -5 volt power source for bias in the feed-
back circuit and for bias on the PROMS in the
microprocessor section. Only 0.5 watts is
needed here.

One +12 volt power source for the PROMS in the
microprocessor section. One watt is required
here.

Two 120 volt RMS 400 Hz power source for the fan
motor. Approximately 200 watts is required here.

The total wattage needed is 255.5 watts. Based on

these figures the power supply front end was designed to

deliver 300 watts.
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The supply receives its input power as soon as the
main power switch is turned on. Almost immediately the
fan motor comes on. After an RC delay relay K; pulls in
causing the main contactor to close. As long as this
relay is closed power and frequency selection on the front
panel is inhibited by an interlock on both switches.

The generated 400 Hz is a square wave caused by
chopping the rectified power supply voltage. Rectification
occurs via diodes D,gq, D201/ Dygp+ Dyg3¢ D204+ D5 and
Dyg¢- A split capacitor arrangement is used to reduce the
voltage across each chopper to a reasonable value to allow
for the use of small inexpensive SCR. Two circuits are
used to improve reliability. Thus even if one circuit

fails power is still supplied to the system.
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3.2.10

MECHANICAL

Mechanically, the inverter is housed in a rectangular
container. This container is constructed using aluminum for
light weight without severe loss of mechanical strength.

A pictoral view showing the front panel configuration
is shown in Figure 3.2.10-1. The system has a power on
switch, a standby switch, and a power output switch. First
the power on switch is switched on, next the standby switch
is connected, and finally the output power switch is con-
nected allowing a contactor to be pulled in to apply power
to the inverter and to physically select the operating modes
via another set of contactors. Once power comes on, both
the frequency switch and the mode switch are disabled.
Three connectors are required to provide the output power.
When the 120 volt single phase output is selected and a
suitable size connector is connected to the power output,
the inverter is capable of producing 120 volts single phase
15 KW of power. When the 240 volt single phase output is
selected, the inverter is capable of producing 240 volts
single phase at 10 KW. When the three phase output is
selected, the system is capable of generating three phase
120 volts, 5 KW per phase, with 4 wire output three phases
plus neutral. For operation as a delta, the neutral is

not used.
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Frequency selection is accomplished using the three
position selector switch. The output of the switch is
connected to the frequency select inputs on the buffer

module.

Input power is connected through the rear panel of
the inverter.

Air inlets are on the rear panel of the inverter.
Exiting air is drawn out of the unit using two Rotron fans

on the rear panel of the inverter.
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CONCLUSIONS AND RECOMMENDATIONS

Based upon the data recorded and measurements made,
the feasibility of a 15 KW inverter was established which
is lighter in weight than those presently being used by
about 200%, and it weighs about 50% of the nearest known
competitive unit. Thus, it must be concluded that the
use of the Texas Instrument 400 volt, 100 ampere integrated
power switch IPS can provide significant savings over
existing SCR designs.

It is also recommended that some improvements in the
system be incorpo;ated in future design. Some of these
improvements include:

1. Use of permalloy powder cores in the output

filter to further reduce weight and improve
switching losses.

2. Incorporation of a controlled "power on" feature
to provide easy on to the input power supply.

3. Reduction of power supply capacitor bank to
further reduce system weight.

4. The incorporation of feedforward and feedback
feature to reduce filter gain effects.

5. The incorporation of a variable carrier frequency
which will further improwe regulation and reduce
harmonics.

6. The use of a higher speed processor such that
the buffer memory can be eliminated and the
transient responses can be further improved.

7. The utilization of aluminum bus bar wherever
possible.
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10.

11.

12.

13.

14.

The incorporation of an auxiliary power supply
comprising transistor technology instead of SCR.

The use of a simplified switch module for voltage
boost instead of the SCR.

The incorporation of digital readout on the front
panel for voltage monitoring.

The protection of the system against catastrophic
failures which could potentially occur under
adverse load conditions.

The incorporation of master/slave technology to
allow for connecting together of more than one
integrated power inverter in a manner which allows
for paralling inverter outputs to achieve higher
wattage.

The incorporation of MPU control of short circuits
on the switch to reduce present switch cost.

A complete computer analysis of the output filters
to provide for output filter optimization.
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