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1.0 INTRODUCTION

This report is the final report of the work effort on

u.s4 Army Contract No. DAAKO2-75-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 allow)or completion

of all goals set forth in this ‘~~ st efforts”~~rogram. This

report states what was accomplished, how it was accomplished,

and conclusions and recommendations for further work effort.
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2 .0  SUMMARY

This is a report providing a system overview, a detail

discussion of the technical approach and recommendation and

• conclusions concerning this project.

This report gives a technical analysis of the inverter

system in enough detai1. 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. In fact, it pro-

vides an approximate 67% improvement over the nearest

competition and an improvement of at least 200% over existing V

commercial equipment.
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3.0 TECHNICAL DI SCUSSION

a

3.1 OVERVIEW

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. DAAXO2-75-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.

3 .2 .0  SYSTEM DESCRIPTION

A block diagram of the inverter system is shown in

Figure 3.]. Functionally the inverter consists of an input

section, a boost circuit, a switch section, a filter section, V

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.

—2—
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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-
V 

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 achieve 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 V

phase full wave rectifier bridge, over—voltage protection

circuits, filter inductors, snubber networks and output

filter capacitors.

—4—
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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 L2, 
~ 

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 R1, C2 through a6, C6
across each diode D1 through D6 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 1$ 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.

_ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V _ _ _ _
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It is commonly known that the actual input current

from each phase is:

— .816 1A — 56 Amperes
VG

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)1:

L1 _
~~~

_ R1 henrys (1)

Where: k — 0.0017 for a full wave three phase circuit

R1 is the maximum load

is the frequency of the source in Hz.

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

inductance becomes 110 microhenrys. 
V

After the inductance has been determined the filter

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

7- — (0.0079/L 1C1) (60/f8)
2 (2)

for and f5 of 60 Hz and a ripple factor of .1

C1 — 0.079
— 718 Microfarads (3)

1) Reference data for Radio Engineers, fourth edition,

International Telephone and Telegraph Corporation, 1956.
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Filter capacitance C1, C10, C11 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

suf f ic ien t  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

or 0 . 5 % .

• The f i l ter  inductor L1 has been split into two inductors.

One in the positive bus and one in the negative bus. Diodes

D7 and D8 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 ,  SCR1, R7, R 8 and C, has been incorporated to detect over

voltage. If over voltage is detected SCR1 will be turned on

—8—



clamping the output of the bridge through a 1 ohm 20 watt

resistor R9. This action will most likely cause fuses

F1, F2 and F3 to open. In any event this action will

lower the voltage across the bridge significantly thereby

protecting it and the USAMEROC switch which is rated at

400 volts.

The commutation time of the bridge D1, 2’ 3’ 4’ 5’ 6

could be as long as 2 microseconds. With an input frequency

of 1600 Hz the average current through Resistors Ri , ~ A ~4.~~ ~~~~~~~ ~

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

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
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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 C8 and C9 as shown in Figure 3.2.1-1.

Some of the methods investigated to achieve reliable

voltage boost include:

1. A fixed frequency variable PWN 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 5KW

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 provAde 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 corn-

mutation interval circuits were investigated. These two

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

—11—



Figure 3.2.2-1. shows a variable frequency neutral

reference boost circuit. Boost action starts when SCR1

is turned on causing current flow through inductor L5 and

capacitor and C15. Once capacitor 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 L5. After this commutation action

is complete, SCR2 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. In 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

D9 and D10 as well as snubber networks R10, C13 and R11, C14

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. In 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.

—12—
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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 4 causing a change in its flux which in turn

allows for a change in current eventually causing capacitor

• C18 and ~~~~~~ to charge up. Once C18 and ~~i~! are fully charged
2 2

and no more change in voltage occurs across them , the field

of the inductor collapses causing current flow in the opposite

direction commutating SCR4 off. The second half of the cycle

is accomplished in a similar manner using Sca5, inductor L7,

and capacitor C18 combined with 

~~ 
Continuation of alternate

pulse trains to SCR4 and SCR5 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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3.2.3 SWITCH SECTION

A schematic diagram of the switch section is shown

in Figure 3.2.3-].. The switch section consists of three

USAMERDC Integrated Power Switches manufactu red by T. I . ,

rated at 400 volts and 100 amperes. Th. swi tch operates
• from TTL Signals and will reliabl y operat . at fr.qu.nci.s

up to 10 kilohertz . Fre.wh..ling diode s ~~~ through D20

are connected external to the switches . The purpose of

these diodes is to pro tect the switc h against lar ge reverse

current and voltage spike. . As further protection snubbe r

networks R13C19, R14C20 , R15C 21, R16C22 , R17C23 and R18C24

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 ii

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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3.2.4 FILTER SECTION

The output f i l ter  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

f i l ter  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 fair ly 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 1oop .

Another criteria which must be met is tr~ 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

section of the f i l ter  consists of L12 L6C25 ,  L8L13C27 and

L10C29L14. The purpose of this filter is to reduce the

effects of carrier frequency ripple.

—18—
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The main filter of each filter section consist of

L7C26, L9C28, and L11C30. Typically the corner frequency

of this filter i. set at the third harmonic of the

fundamental. Ideally, this carrier frequency will be set

at 1200Hz which ii 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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Figure 3 .2.4- 1 THE FILTER SECTION FOR THREE PHASES
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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 continue., 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 LSX chip sets are

called “microprocessors” . However , in some cases they are

referred to as microcontroller and microcomputer. These

units which are “computer on a chip ” 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 oi ~~~tem.

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 ROWs. To facilitate development , the RON ’s

wil l be replaced by prograzn~ab1. read only memory (PROM ’S).

A schematic diagram of the microprocessor section ii

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 pul.ewidth 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 H.

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

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

clock signals Ø]~ and
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The memory address allocation in Hexadecimal is as

follows :

1 to 7FF Buffer area

800 to 2FFF Not used

3000 to 30FF Scratch pad area

3100 to 4000 Not used

4000 to 4003 P1k # 1

4004 to 4007 P1k * 2

4008 to 7FF? Not used

8000 to 83FF PROM*1

8400 to 87?? PROM #2

8800 to FFEO Not used

FFEO to F??? Restart and interrupt PROM

The MC6800 is an 8-bit processor system. Its repertoire

of executable instruction s ii 72. These instruction, are
a

executed by the MC6BOO using its two accumulators, its index

V 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

—24—
-- 

~~~~~V V ~~~~~ V V ~~_ __ _ •~~~~~~~~~~~~~~~ V ~~~~~~~~~~~~~~~~~~~~ • _~~V~~~~~~~~~ V _VV_ ~ V~ V V V V V —- ~~ —~~~~~~~~~



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 
~~ 

The processor now

continues to operate based upon the instructions that it

receives. Its 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 opex~ation of the switch atalmost any frequency from almost zero to
approximately 1000 Hz.

3. Provide complete flexibility to the processing
and the control of various feedback par~~~t.r~~

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 i. set up

such that while one memory set is being reed using an eleven

bit ripple counter the other memory set for the selected phase -J

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.
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The output of the memories addressed by the ripple

counter are coupl ed 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

f rom 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 .

—27— 
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3.2.6 FEEDBACK AND CONTROL

3 .2.6 .1  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 t~actor by the polarity

of the sample. The magnitude of the leaä or lag power factor

is determined by the amplitude of the sample wave . Thus ,

the amplitude of the sample is proportional to the degree 
V

of phase shift introduced by the load.

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 VRt4S 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.

— 28—
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In an orderly sequence, 1st 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) V

each pulse in the drive waveform. V

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 ~ S 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, V

and the peak detector.

—29—
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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 C100. 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 V

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 1453 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 ~~~~~
. or 500 K Hz.

The time to determine the digital equivalent of one sampled

signal is 16 microseconds.

—32—
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The microprocessor via the P1k ‘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.O.C.) signal reads the digital

result of the conversion from the PIA ‘B’ registered.

1 — 33—
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3.2.7 CODE EVALUATION AND ANALYSIS

3.2.7.0 INTRODUCTION

The software has been kept as generalized

in structure as possible. This allows for the maximum

V in corporation of new features as they are developed .

Calculations are made to the greatest accuracy the 
V

algorithms and microprocessor can achieve , to minimize

round-of f 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
V 

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 ainewave

integral table.

— 3 5 —
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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 (195) that

V 
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.

—36— 
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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 sinusoidafl.y 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 t V . .4,. 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

bre%k (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 ad~iantage is that switching losses are not 
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changed. Also, switching this output filter corner

frequency involves more inductors, longer current paths,

switches and other hardware.

3.2.7.3 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 viii be “of f”  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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If 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
V 

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.

3.2.7.4 PULSE BIASING

It was soon determined that the purely sinusoidally modu- V

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

— 39 —
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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.

3.2.7.5 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 shif ting the power center of

the pulse sequence within a half-cycle by means of a

single parameter is available in both hardware and soft-

V 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 refersnce

to ground to produce the positive half-cycle of the

sinewave. Similarly, pulses are generated f rom 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 PERFORMANCE ANALYSIS

3.2.7.7.1 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.

Figure 3.2.7.7 60 Hz sinewave into 2 ohm load
using 1st method of PWM

~44~
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3.2.7.7.2 400 HZ OPERATION

Using 15 pulses per half-cycle and a filter break

frequency of 11.00 Hz , an output sinewave of about 1%

total harmonic distortion and less than 1% ripple was

achieved.

I 
_ _

: — ~~~ 
__

Figure 3.2.7.7—2 400Hz sinewave into 2 ohm load
using 1st method of PWM 
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3.2.7.8 RESULTS

The following pictures further document the results

of the work efforts performed using the 1st 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 Ideal sinusoidal distribution, no
bias, no rotation, with approximate1~y
512 of the 2048 total bits on (that is ,
the sum of the on tirnos for all the pulses
of the half-cycle is about 25% of the
total).

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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Figure 3.2.7.8-2 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.

Figure 3.2.7.8-3 The same as above, except that the duty
cycle is about 75%. The intervals near
the center of the pulse sequence are
totally on.

V V T.V . ~~~~.



Figure 3.2.7.8-4 Biased pulse sequence. The width of the
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.

— V

Figure 3.2.7.8-5 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—
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Figure 3.2.7.8-6 Biased pulse sequence. Based on Fibure lc,
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 Ideal sinusoidal distribution, no bias,
no rotation, with about 51.2 of 2048 bits
on (25% duty cycles), with 51 pulses.
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Figure 3.2.7.8—8 Same as above, with a 50% duty cycle.

Figure 3.2.7.8-9 Same as above , with about a 75% duty cycle.

- 

—50- 
..



-
-- —---—

Figure 3.2.7.8-10 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).

V i

Figure 3.2.7.8-11 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 outs ides are apparently
compensating for switching and filter losses.
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Figure 3.2.7.8-12 Biased pulse sequence. Duty cycle at 75%.

Figure 3.2.7.8 13 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.

—52—

V V V

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ V~~~V~~VV VV _ _ _



V ~~~~~~~~ V~~~~~~~~ .~~~V.V. __~ V V V V V . . V

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 5]. pulses per half-
cycle pulse sequence (unfiltered). At 50 liz
(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
about 50 db.

—53—
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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. 
V

Less than 1% distortion.
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Figure 3.2.7.8-19 Frequency spectrum line to line.

iV
i

~

Figure 3.2.7.8—20 Output voltage line to line.
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3.2.7.9 INSTRUCTION FOR AND ASSEMBLY LISTINGS

3.2.7.9.1 INSTRUCTION ON USE

For the main driver program, the program is properly

activated by entering the program at location 2147 
V

(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 phasej2O and three phase 120.
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00041 • THE FOLLOW ING T ABLE CONTAINS THE DATA REG~UIRED
00042 • TO GENERATE 9~ 61, AND 71 PULSES/HALF—CYCLE. EACH
0004.3 • NUMBER REPRESENTS THE PERCENTAGE OF THE TOTAL
00044 • ON TIME PER HALF—CYCLE FOR A SPECIFIC PULSE,
00045 • INDEPENDENT CF THE DUTY CYCLE AND FREQUENCY. THE
00046 • CENTER PULSE IS BIASED TO 65535 AND THE VALUES
00047 • FOR THE OTHER PULSES APE DETERMINED BY THEIR SIZE
00048 • RELAT IVE TO THE CENTER PULSE.
ij tj 049 •
00050 • •~ PULSES (400 HZ OPERATION’) .
0005 1 •
00052 2000 2C74 STABS FDB 11390,32768,50203.615a3

2002 8000 
V

2004 C41B
2006 FO8F

(11J053
00054 • Al PULSES (60 HZ OPERATION ’ .
ij Qrj55 •
IIIJOS6 20(’9 0697 ::rABA 1 FDB 168?,5057.8414~~11?49~ 15053

200A 13C 1
200C 2OD E
20’3E 20E5
20111 3ACV tI

~005 ? 2012 4?8’: Ft’B I8316.2153l~~24688~ 2?781~~30799
2o14 541B
2014 hO?0
2018 6C85
2t’IA 734F

00053 201C 8:3C8 FDB 3373 36584 ,29335~ 41981~~44516
201E 8EE8 V

2020 99A7
20~ 2 A3FtI -
2024 ADE4

“0059 2026 B?55 FDB 4693~~,492~ 5,51387,5:3412,55296
2028 f V f ~49

20~ A COBB
~ r,.: , . [, ‘ IA4

2 (i~ E t18 II ~ V

“ .~~“ t’ECA FDP ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~

I.’32 E4FC
2034 EA92
203’ riF9A V

203~ F3t’E
uOO€. 1 203A F78E FDB 6.3374,64149,64754 ,65187,65448

2(’3’: FA95
2 u:I~~E FCF2
2040 ~EA3
2042 FFA8

I I 1 VI(I~~
V
~~:

• 71 PULSES (50 HZ OPERAT ION) .
•

‘.‘006~. 2044 uSA9 STAB7I FtIB 1449,4346,7234,101u8~~12962
204 ’- fluFFs
204 9 1C42
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-~ I’4A ~ 7?C
20.4 ’ -~~Ac~

(‘o06~ 2u4c ~~~AF Ft’B 1579l,1.8589,&l l~~,4o7 1,26743
20~~IJ 4 Er.’t,
205c 536? V

21)54 5€ 07
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(Iii1i, 7 c I” ~~ ?2P4 I~DP ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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lIIIID” ~ : f l C  • ‘A~ FtIE’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~20~.E fuI.l.r~tu
2070 t’ 6( C V
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u”07u1 dI’7’ E75~ FtIp ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
2078 EBF5

V 

207A F A 1F

21’7’ F 3[I(,
21).’E F706

“071 2(81’ F9C 1 FDB 63937.64511,64958,55278,65470 V

V 2 . ’.~2 F BFF V

2 084 FLiBE V

2(’8’~ FEFE
2 ’:’~ .E ~FP.E
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V r AGE 006 It-IVEPTER

00131 • EXECUT ION BEGINS HERE.
00184 • INITIAL IZE THE PIA AND STACK POINTER.

001:34 2 147 ~E .3701’ IMITL LD:S 81.2700 LOAD THE ~TACk POINTER.
00 135
t’018€. 214A ?F 4001 CLR PIR1AC: SELECT DATA UTRECTION PEG’S..
,:,liI:37 4141’ 7F 4€ ’ 0~ C:LP PIA1BC
00 128 2150 7F 400€’ CLP PIA1AB SET THE H— ::It’E TO INPUTS.
00 189 2153 :36 0? LDA A ~1.7
‘ I” l ’

~~i’ 21~~~ F? 4”~’2 :TA ~ PIA 1VEE’ :ET BITS “—.3 A S OUTPUTS .
0019 1 • BITS 3—7 A~ INPu TS. .
001 2 2154 35 04 LEIR B ~1.4 SELECT PERIPHERAL REGISTERS: .
‘:10193 215A FT 400 1 S:TA B PIA1AC:
‘:0194 21St’ F? 4003 .STA B PIA1BC
O’J195 2 160 ‘:6 35 LDA B ~~ 36 SET CA2 LOW , ENABLE CAl AS
€‘0196 4162 F7 4001 SIR B PIRiAC AN INTERUPT INPUT , ACTIVE
00197 ON A POSITIVE TRANSITION.
(p 11198
1)0199 2145 ‘:E 37FF LOX 81.37FF INITIALIZE :5:NAPSHOT ROUTINE.
002’~’(’ .3158 EF 200€. .TX StIPSHT TOP OF SVIIAPSHOT RECORD R~’EA.
0’.’.3’~’1 216? 8t. FR LOR A 81.FF 128 SNAPSHOTS APE TAKEN.
i,1i4112 2161’ B? .2008 TA A COIitITP

00204 . 50~ 60. AND 400 HZ INITIAL IZAT J DI4. BITS ~ 4.
QIp?IiS • AlIt’ 5 ARE FOR 51j , ~.0, AND 400 HZ, RESPECTIVELY.
I) ,T~ .3 06 V

‘. 0.307 2170 ‘:6 20 LDA B 81.20 CHECK THE ~RE0UENCY SWITCH.
,ifl.30:2 2172 F5 4002 BIT B PIR1BD IS BIT 5 (40(1 HZ) SET?
i,hI4 1,~~ 2 17 5 27 03 BEQ r-40T400 IF :SQ,’S:ET 400 HZ PARAMETERS.
‘T’ ’).3l(’ 2 177 7E 220F fliP FIX4OI)
‘.11 : 1 . 3 1 1

“0212 21?A FE 2124 N0T400 LOX PWP4K INITIAL POWER FACTOR FOP
V 1 1 1 5 1 3  21?t’ FF 2OEF STX POW ER1 50/60 HZ.

‘.,1J414 2 130 FR 20F1 STX POIJER2
00215 2183 FF 20F3 STX PDWER3
I1l l Vl21~~.

;,(l~~17 2186 FE 2116 LOX ROT4K 1 SET—UP 50/6 0 HZ ROTATION
00218 2189 FR 20E6 t:TX ROTAT I FOP LOADING THE 3 DRIVER 

V

00219 • RAMS. 
V

00220 .3I8~: FE 213F LOX TDT4K: BITS/CYCLE.
00221 218F FR 2100 STX TOTAL

•
00223 2192 FE 2145 LOX HALF4K. BITS/ HA LF—CYCLE.
(‘0224 2195 FF 2102 SIX HAFTOT
0(1225 •
O ’i22~ 2193 FE 2 12$ LDX POT4K2
0uj227 219? FR 20E8 VS: T~~~ POTRT2
002 28
00229 219E FE 211A LOX R0T4K3
c’ci230 2IR1 FR 2OEA ROTRT3
00231 •
00232 21A4 5? ASP B
‘:“:233 21A5 F5 4002 BIT B PIRIBI, IS BIT 4 ‘:60 HZ) SET~
‘:‘o234 21R2 a6 :33 BIlE FIX6O IF V5D~ 5:ET 60 HZ PARAMETERS. . V
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PAGE 00? INVERTER

00236 2IAA FE 213B FIX5O LOX PULS?1 INITIALIZE 50 HZ PULSE NUMBER
0023? 21A0 FF 2OFA S:TX PULSNM
00238 •

V 00239 21B1’ ?6 2112 LOR A IMTV7 I INITIAL IZE BITS’ INTVL FOP
00240 21B3 F? 20E2 STA A INTYL 50 HZ.
00241 •
00242 ~1B€. B6 2115 LDA A HALF?1 INITIAL IZE BITS’HRLF INTY
‘3024.3 21B9 B? 20E3 5TH A HALFIN FOP 50 HZ.
00244
00245 21BC B6 2134 LDA A DLT5O SET 50 HZ FEEDBACK DELTA.
00246 21FF B? 20F9 SIR A DELTA
00247
13 0248 21C2 FE 2104 LOX TIMESO SET 50 HZ TIME DELAY.
00249 41C5 FF 200?. SIX TIME
00250
00251 .21C8 FE 410E LOX SINE7I SET 50 HZ SINE TABLE ADDRE~~ .
00252 21€:B FF 20E0 5Th SINROR

V 0025.3
00254 41CE FE 2128 LOX MNP5O SET MINIMUM POWER FOR 50 HZ. V

‘~‘0255 4101 FF 20F5 STX MINPR
‘:10256 •
‘30257 2104 FE .312R LOX MXP5O SET MAXIMUM POWER FOP 50 HZ.
00258 2107 F~ 20F7 SIX MAXPP
00259
00260 21DR ?E 2269 iMP PHASE 1 GENERATE 50 HZ PULSE SEQUENCE -•
00261 •

•
00263 2100 FE 2139 FIX6O LOX PIJLS6 1 SET 60 HZ PULSE NUMBER.
00264 21E0 FF 2OFA :STX PULSNII
00255 •
00265 21E3 B6 2111 LDA A INTV6I SET BITS’INTVL FOR 60 HZ.
00267 21E6 B? 20E2 SIR A INTYL
00268 •
00269 21E9 B6 2114 LOR A HALF61 SET BITS’HALF—INTV FOR 60 HZ.

21EC B? 20E3 STA A HALFIN 
V

(‘0271 •
00272 21EF B6 2135 LDR A OLI6O SET FEEDBACK DELTA FOR 60 HZ.
00273 21F2 B? 20F9 :STA A DELTA
00274

V 00275 21F5 FE 2106 LOX TIME6O SET 60 H? TIME DELAY. V

00275 41F8 FF 20DB 5Th TIME
0027?
00278 2IFB FE 210C LOX 5.INE6I SET 60 HZ -SINE TABLE ADDRESS.
00279 21FE FF 20E0 SIX :SINADR
‘:10280 • V

‘30281 2201 FE 212C LOX MNP6O SET 60 HZ MINIMUM POWER FACTO
00282 2204 FF 20F5 :5Th MINPP V

00283 • V

00284 2207 FE 212E LOX MXP6O SET 60 HZ MAXIMUM POWER FACTO
00285 220A FF 20F7 ITX MRXPR
00286 •
00287 2200 20 SR BRA PHASE 1 GENERATE 60 HZ PULSE SEQUENCE

Ci
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00289
00290 22OF FE 2137 FIX400 LOX P’JL~ 9 SET PULSE NUMBER TO 9 FOR

V 00291 2212 FF .2OFR 
V
~:TX PULSNM 400 HZ.

00292 •
1:10293 .3215 B6 2110 LDA A INTV9 SET BITS’INTVL FOR 400 HZ.
00294 2218 B? 20E2 SIR A INTYL
€10295
€10296 .321B B6 2113 LOR A HALF9 SET BITS/HALF—INN FOR 400 HZ
(1,3297 221E B? 20E 3 TR A HALFIII
1J0298

00299 2221 B6 2136 LDA A DLT4IIO ET FEEDBRC~ t.ELTA FOR 400 HZ
00300 2224 B? 20F9 .STR A DELTA
011301
00302 2227 FE 2llc: LOX ROT2K 1 V_El 2K ROTATION FOR PHASE 1.

• 0031:13 222A FF 20E€ :5:TX POTAT1
ii,33114

00305 2220 FE 21:30 LOX TOI2K BITS’CYCLE.
l ) f l : 3 1l5 42 3 ’:’ FF 2100 SIX TOTAL
c ’i i .707
“o.3’:’3 223:3 FE 2143 LOX HALF2K BITS/HALF—CYCLE.
O’i309 2236 FF 2102 :STX HARlOT
,:I ,:i31 i:, .
0 1:1311 2239 FE 211E LOX POT2K 2 SET 2K ROTATION CQ~ PHASE 2.
‘:Io312 223’: ~~ 2OES STX ROTAT2 -

0031 3 •
‘:‘0314 42V 3F FE 2120 LOX ROT21~:.3 SET 2K ROTATION FOP PHASE 3.
:10315 2242 FF 2cIEA STX ROTAT3
(I(’314
‘:‘031? 2245 ~E 2122 LOX PWP2K 5:ET 401’ H? POWER FACTORS.
1:10313 2248 FR 20EF SV TX POW ERI
‘ :10319 224? FF 2OF 1 Z:TX POWEP2
0’:i320 224E FF 2OF.3 ::Tx POI,1ER3

•
00322 2251 FE 2108 LOX T1M400 SET 400 HZ TIME DELAY.

~.:fi3.3 3 .3.354 ~F 20DB 51X TIME
€1 0324 •
00325 2257 FE 2IOA LOX SIME9 SET 400 HZ SINE TABLE ADDRESS
i:’i:’3.36 225A FF 2OEO TX

•
‘ : ‘0328 445t’ F~~ 2 130 LOX MNP400 SET 400 HZ MIr4 POWER FACTOR .
‘:,0329 3240 F~ 2OFS TX MINPR
i: 3 3 (,

(‘0331 2263 RE 2132 LOX MXP4I’0 SET 400 H~ M~ X POWER FACTOR .
“ :‘33.3 2266 FF 20F7 5:1< MAX PP
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01)334 •
00335 • EXE,::IJTIVE ROUTINE . SEQUENT IAL PHASE UPDATE.
1(0:336
1)0337 2.369 SF PHASE1 CLR B SELECT PHASE 1, MUX 1.
00338 22~.A FE 2OEF LOX POW EPI GET PHASE 1 POWER FACTOR .
1:10339 .3240 FF 2009 5-TX TEMP SAVE TEMPORARILY.
“0340 4270 FE 20E€. LOX ROTAT I GET PHASE 1 ROTAT ION.
00 341 .3.373 :31, 2E BSP FEEDB~ CHECK PHASE I A’D VALUE .

•
‘:1 1:134 3 ~~475 FE 211E0 LOX POWER GET u PDATED POWER FACTOR .
00344 2279. FR 2OEF :ST X POWEP 1 SAVE FOP NEXT PHASE 1 UPIIRTE.

‘:10344 22?? C6 01 PHASE2 LIlA B :11.1 SELECT PHASE 2, MUX 2.
0 1:1347 2271’ RE 20F1 LOX POWER2 GET PHASE 2 POWER FACTOR.
(u ’J348 2280 FR 2009 ~TX TEMP SAVE TEMPORARILY.
‘:“:‘34-~ 2223 FE 20E8 LOX P.OTRT2 GET PHASE 2 ROTATION.
‘.‘(‘3~~0 2286 81’ lB B1.R FEEDBK CHE~:K PHASE 2 A’D VALUE.
003 51 •
(‘0352 2288 FE 20E0 LOX POWER GET UPDATED POWER FACTOR .
(,1135 3 428? FR 20F 1 .5TX POIIIER2 SAVE FOP NEXT PHASE 2 UPDATE.
110354 •
1, 1, 355 228E ‘:6 ‘:2 PHA5E3 LDA B 81.2 SELECT PHASE 3~ MUX 3.
00356 229,, FE 2’3F3 LOX POW EP3 GET PHASE 3 POWER FACTOR .
‘J € 1357 2293 FR 2009 5TX TEMP SAVE TEMPORARILY.
1:1(1353 22% FE 2OEA LOX ROT RT3 GET PHASE 3 ROTATION.
00359 3299 80 08 BSR FEEDBK. CHECK PHASE 3 A/P VALUE. 2

•
V f, ,j

V
~~~3 1  229? FE 20EV LOX POWER GET UPDATED POWER FACTOR .

(1i3 3 ~29E FF 20F3 SIX POI,1ER3 5~ ’~E FOR NEXT PHASE 3 UPDATE.
€l 1j3~ .3
(-0364 22AI 20 C€. BRA PHA SEI CYCLE THRU PHASES AGAIN. 

V

L
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00366 •
00.36? • FEEDBACK CONTROL ROUTINE.
00:368 •
130:369 .32A3 86 FC FEEDBK LDA A 8SFC SELECT A PHASE BUFFER AND MUX
00370 22A5 B4 4002 AND A PIA1BO

V 00371 22A8 lB ABA
013372 22A9 B? 4002 STA A PIR1BD
00373
00374 .32AC FF 20E4 5:TX ROTATE SET ROTATION FOR PHASE OFFSET
00375 .
00:376 22AF BE 4000 CONVPT LDA A PIR1AD CLEAR THE INTERUPT FLAG BIT.
0037? •
00378 22B2 86 3E LDR A #i .3E A POSITIVE TRANSITION ON
00379 42b4 B? 4001 SIR A PIA1RC CR2 STARTS . THE A/B CONVERSION V

00380 22B7 86 36 LDA A ~c36 RESET CR2.
1J€I:38 1 22B9 B7 4001 5TH A PIA 1AC
00382 •
130:333 22BC BE 4001 EOC LOR A PIA1AC: WAIT FOP END OF CONVERSION.

V 003:34 22BF 2A FB BPL EOC CAl IS USED FOP EOC INPUT .
00385

• SNAPSHOT ROUTINE.
0038? •
€‘€‘33$ 22C1 FE 2006 LDX SMPSHT SNAPSHOT MEMORY POINTER.
00389 •
f l f l3~~f, 22C4 B6 20119 LDA A TEMP OBTAIN THE POWER FACTOR FOP
i:’0-391 22C? .36 . PSH A SAVE A TEMPORARILY.
00392 22C8 F6 200A LDR B TEMP+1 THE PHASE BEING UPDATED.
00:39:3 22CB A? 00 STA A 0,X STORE THE CURRENT POWER
(1(1394 22CD 09 DEX. FACTOR IN SNAPSHOT MEMORY.
€1 0395 22CE E? 00 SIR B 0~ X (BOTH BYTES) .

V 

0 1:1396 2200 09 DEX
V 

fl0~ 97 •
V €10398 2201 B6 4000 LOR A PIR1AII GET THE A/ It VALUE .

130399 22D4 A? 00 SIR A 0,X STORE IT IN SNAPSHOT MEMORY.
€10400 22116 09 DEX DECREMENT MEMORY POINTER.
00401 •
€s ’3402 .320? FR 20D6 SIX SNPSHT SAVE SNAPSHOT POINTER.
00403 220A ?R 20D8 DEC COUNTP COUNT THE SNAPSHOT ENTRY .
00404 •
00405 2200 2? 42 BEQ STOP SWI IF SNAPSHOT IS FINISHED.
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00407 .
00408 • FEEDBACK ALGORITHM 16 BIT VEP!IDN) .
00409
‘:10410 22DF P.1 212? UPDATE ~MP A CNTMRX IS A/P VALUE > CNTVL VALUE?
00411 22E2 22 19 BHI DECPMT IF >, DECREMENT POWER FACTOR .
00412
00413 22E4 P.1 2126 CMP A CNTMIN A/El > CONTROL MINIMUM?
00414 22E? 22 36 BHI RETN1 IF SO, A/P WITHIN DEADBAND.
00415
00416 22E9 32 INCPMT PUL A RESTORE A PEG.
00417 22EA P.1 20F? CMP A MRXPP IS POWER ALREADY > MRXPR?
‘30418 .32EB 22 31 BHI RETURN TEST MSB OF PWP VS. MAXPR MSB
00419 22EF 26 05 BNE PhJRIIP

V 
00420 22F 1 Fl 20F8 CMP B MAXPP+1
00421 22F4 22 2R BHI RETURN TEST LSB OF PWR VS. MRXPP LS.B
‘J’3422 22F6 F? 20F9 PWPUF ADD B DELTA ADD VARIABLE POWER INCREMENT .
011423 .32F9 89 00 AD~: A 81.0
1:1 1:1424 2.3FB 20 12 BRA FIXPP POWER FACTOR INCREASED.
‘30425
Ij (’426 22F1’ 32 DECFMT PUL H RESTORE A PEG.
U’:I427 22FE Bi 20F5 CMP A MINPP IS POWER ALREADY < MINPR.
(11:1423 230 1 21’ ID BLT RETURN PWP VALUE MTh < MINPA MSB~‘30429 2303 26 05 BNE PbJPDWN
00430 2305 Fl 20F6 CMP B MINPP+1
01:1431 23(1:3 21’ 16 BLT RETURN PISIR VALUE L B  < MINPP LSB?
004 32 230A FO 20F’? PWRDWN SUB B DELTA SUB VAPIAE~LE POWER INCREMENT.
00433 23110 .34 00 :SBC A fl$Q
0114 34

1:10435 .3V3 1:,F B? 20E0 FIXPP SIR A POWER UPDATE PULSE PROGRAM POWER
1111436 2312 F? 2€’EE S:TR B POWEP+l FACTOR.
(‘0437
,

V
1 04V 38  2315 81’ 0? BV S R PULSE CALCULATE NEW PULSE SEQUENCE.

(10439 •
1111441) ~ 31? FE 201’B LOX TIME TIME IS- THE DELAY VARIABLE.
00441 231A u9 DELAY DEX
‘I’ 044.~ ~~ 1B .3k. F~i BNE DELAY

00444 2311’ 20 01 BRA RETURN
(“445 • 3 ~~~ .3.3 RET NI PUL A ADJUST VS:TA1~

‘i11446 232 0 V3 • ~ RETIJPN PTS- RETURN TO EXEC 1-CAN LOOP.
0044 7
€ 10449 232 1 3F STOP 5:1,11 INTERUPT IN .5:NAPSHOT 15. FULL.
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(10450 •
00451
1)0452 • CA L CI.’LHTIOM OF PULSE DATA BEGINS- HERE.
‘:‘0453
0(1454 1322 7F 20FC PuLSE CLR AC TUAL CLEAR LOCATIONS USED 0IJ~’ING

‘.10455 2325 7F 20F0 CLR ACT IJAL+1 ROUND—OFF ERROR CORRECTION .
‘:‘0456
00457 23.38 ‘:E 2uED LOX 8POIVSIER CALCULATE CURRENT POWER FACTO
01:1458 .332? BE 2141 LDR A PRBIRS
‘:1 1:1459 232E FE 2142 LDR B PPBIRS+1 GET POWER CONVERSION FACTOR.
‘:10460
‘:0461 2331 P.O 2457 JSP DIV16 CALCULATE POWER PEP PULSE
00462 • INTERVAL .
‘:10443 23 34 }~7 4O1’E STA A PRFRCT
01:1444 .3337 F? 200F 5TH B PPFRCT+1 SAVE INTERMEDIATE RESULT.
(‘0465
00446 233A FE 2OFA LOX PULSNM
00447 23311 09 VEX MULTIPLY THE BIASED POWER
0(14~ 2. 23:3E F? 200F LOOPI ADD B PPFAC:T+1 FACTOR BY THE DESIRED
00469 2341 P.9 .300E ABC A PRFRCT NUMBER OF PULSES PER HALF— 

V

‘:10470 2344 u9 BEX CYCLE.
‘30471 .3345 26 F? BME LOOP 1

V f’(1472
V 1,0473 2347 B? .3ODE SIR A PRFRCT STORE CONVERTED POWER FACTOR . V

00474 234A F? 2ODF ST A B PRFACT+1
‘30475 •
00476 2340 FE 2O EO LOX SINRIj P INITIALIZE SINE DATA POINTER.
0047 7 2350 FF 2CIFE VSTX PUL SX
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00479 •
0048(1 • COMPUTE DATA FOR THE ON AND OFF TABLES.
0048 1
00482 2353 P.O 2443 JSR TABLE INITIAL IZE ON AND OFF TABLE
0048:3 2356 20 06 BRA BEGIN POINTERS.
00484 •
00485 2 358 ?C 20FF LOOP2 INC PULSX+1 NEXT SINE TABLE ADDRESS. V

00486 235B 7C 20FF INC PULSX+1 WATCH FOR BYTE BOUNDARY!
00487
01j488 235E P.O 2407 BEGIN JSR STORE CALCULATE AND STORE ON AND
00489 • OFF INTERVALS.
00490 2361 7A 20DB DEC N COUNT THE TABLE ENTRY.
‘:‘0491 2364 26 F2 BNE LODP2 FINISH THE QUARTER CYCLE.
00492 •
‘3 ‘3493 2366 86 FF LDR A 8$FF PUT MAXPUS INTO A & P TO
‘30494 2368 CE FF LDA B 81.FF COMPu TE THE CENTER ON INTERVA
€113495
00496 2 36A P.O 540E J-5p STORE I COMPUTE CENTER UN INTERVAL.
00497
00498 • CORRECT FOR ROUND-OFF ERROR. FIND THE IJIFFERENC V

00499 • BETWEEN THE DESIRED NUMBER OF BITS ~ER HALF—CYCLE
013500 • AND THE SUM OF THE UNCORRECTED ON AND OFF TABLE
00501 • VALUES.
00502
1:10503 2361’ BE 2OFC LIlA A ACTUAL OBTAIN THE UNCORRECTED DATA.
00504 2.370 FE 2OFB LIlA B RCTUAL+I
00505
0050€ . 237:3 EU 00 SUB B 0~ X CORRECT THE ACTUAL ON AND V

005137 2375 82 00 :SBC A #1.0 OFF BIT COUNT FOP THE EXTRA V

V 00508 2377 EQ 00 SUB B 0~ X ON AND OFF INTERVALS ADDED
00509 ~379 82 00 SBC A #1.0 BY THE LAST CALL TO THE
00510 • STORE ROUTINE. XR CONT’S OFF
00511 237B FE 2002 LOX ON
00512 4-37E EQ 00 SUB B 0,X CORRECT FOR EXTRA ON INTERVAL
00513 238is 82 00 .SBC A #1.0
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00515
• CALCULATE THE DIFFERENCE BETWEEN THE DESIRED

(10517 • NUMBER OF BITS PER HALF—CYCLE AND THE ACTUAL
0051~3 • COIJNT .
‘)0519
00520 2334 FO 210:3 3.ll~~ B HAFTOT+1 THE RESUL T IiJILL BE A NEGATIVE
1,1:1521 2395 P.2 2102 SBC H HAFTOT NUMBER OF SMALL MAGNITUDE .
1.10522
011523 • MAKE THE ACTUAL BIT COUNT EQIJAL THE DESIRED
00524 • BIT COUNT BY ADDING BITS TO THE 01-4 iNTERVAL
00525 • OF PULSES~ STARTING WITH THE OUTSIDE PULSE

• INTERVALS.
0052? 3388 ,::5 01 BIT B #1.1 IS CORRECTION FACTOR EVEN
052:3 • OP ODD?

00529 2:3:3A 27 03 BEQ MOPE IF EVEN~ SK IP CENTER PULSE. 
V

‘:‘ ‘:‘5 3 1,
1,~j531 2.38’: EC 00 INC O ,X AltO t TO THE C-ENTER PULSE.
l:1(15-32 $-38E SC INC B CORRECT ERROR DIFFERENCE. 

V

0 0533
‘:‘05-34 .3V33F 3? MOPE PSH B
00535 2390 BtI 2443 J.SP TABLE S-TART AT OUTER PULSES.
uij 5~~~ .~~3~ i:3 V:~~~ PIJL B
€1 0537
1,0538 2394 50 LODPV3 TIT B IS COPRECTIOt-4 FACTOR ZEPO~
(‘0539 2395 2? 12 BEQ LORD IF SO~ LOAD DRIVER RAM.
(“:1540 •
€10541 2:397 FE 2002 LOX OH
‘:0542 2V39A ~C 01 INC 1iX ADD I TO AN ON INTERVAL .
00 543
‘30544 239,: 5C: INC B SUBTRACT ONE FOR EACH SIDE
‘:~O545 .3V3 9

~~~ Sc: INC B FROM THE ERROR DIFFERENCE.
0546 •

00547 239E 7C 2OD :3 INC ON+1 GO TO ME~-:T PULSE INTERVAL.
(“3548
01)549 23A1 7A 2000 DEC N DECREMENT PIJLSE COUNT.

•
00551 23A4 26 EE BNE LOOP3 5-:TEP THPU PUL:SES IN A HALF—
1,0552 • CYCLE.
0055 3 2:3A~. 51’ TIT B TEST THE ERROR COUNT.
‘:“:‘554 2-3A7 2~

. E6 BfIE MOPE IF THE ERROR COUNT ISIRS

‘:‘osss • GREATER THAN THE # OF PULSES
• PEP HALF—c-YCLE, START ADDING

(‘ii557 • FITS AT THE OUTSIDE INTERVALS
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00559 •
00560 • LOAD THE DRIVER RAM.
00561 •
00562 2.3R9 P.O 244:3 LOAD VJ SR TABLE INITIALIZE THE TABLE POINTERS
00563 •
00564 2:3AC ?C 2001’ INC N INCREASE N TO INCLUDE THE
00565 • CENTER PULSE.
00566 2V3AF 20 06 BRA LOOP4 ENTER LOAD LOOP.
00567
00.562 2SBI 7C 2011:3 TDP1 INc: DM+1 GO TO THE NEXT PULSE INTERVAL
00569 23B4 7C 20D5 INC OFF+1
00570
r,Q57~ 23F7 3D 26 LOOP4 BSP Z1Z STORE A PULSE INTERVAL’S
00572 • DATA.
00573 23B9 TA 201’D DEC N COUNT THE INTERVAL .
00574 2:3BC .34 F3 BNE TOP1 LOAD IJPTO THE CENTER PULSE.
00575
‘:‘0576 2.3BE 7A 200.3 DEC OP4+I BACK UP ONE FROM THE CENTER
00577 2B C 1 7A 2005 DEC OFF+1 PIJLSE.
01j578. •
00579 23C-4 Br’ 244F -J:SP COUNT RESET THE PULSE COUNT.
0 058 0 23C7 .30 06 BRA LOOPS LOAD THE 2ND QUARTER CYCLE.
€10581 •

V 

I:’0582 2:3C9 7A 20D3 TOP2 DEC ON+1 GD TO THE NEXT PULSE INTERVAL
00583 23CC 7A 20t15 DEC OFF+1
00584
€10585 23CF .311 OE LOOP5 BSR Z1Z STORE INTERVAL PULSE DATA.
00586 2301 ?A 20DB DEC N COUNT THE PIJLSE INTERVAL.
00587 23D4 .36 F3 BNE TOP2 LOAD u NTIL THE OUTSIDE PULSE.
00588 • - V

013589 • SWITCH TIRIVER RAM BUFFERS FOP THE PHASE V

€s 0590 • Cu RRENTLY BEING UPDATED.
0059 1
00592 2306 BE 4002 SWITCH LIlA A PIA1BO
(“3593 2309 88 04 EOR A :1%4 TOGGLE BIT 2 10 SWITCH BUFFER
00594 23DB B? 4002 SIR A PIAIBD
00595
€10596 231’E -39 RTS FINISHED cURRENT UPDATE.
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00598 •
00599 •
00600 • SUP-ROUTINES.
00601 •
00602
00603 23tlF 4F Z1Z CLR A PUT A ZERO IN ACCUM. A.
0 0604
00605 23EC’ FE 2004 LOX OFF
00606 2.3E3 80 (‘B BSR LORAN LORD AN OFF INTERVAL (ZERO’S)
00607 •
00608 23E5 86 01 LDR A 81.1
006 09 23E? FE 2002 LOX ON LORD AN ON INTERVAL (ONE/S) . V

0061 0 .3:3ER 80 04 BSR LDRRM
00611 •
(‘0612 23EC 4F ‘::Lp A
1)0613 .33Et’ FE 2004 LOX OFF LOAD AN OFF INTERVAL (ZERO’S)
1)0614 •
‘30615 23F 0 E6 01 LEIPAM LIlA B 1~~X OBTAIN P- IT COUNT TO BE LOADEI’
00616 43F2 FE 20E4 LOX ROTATE GET DRIVER PAM POINTER.
€10617
00618 2:3F5 A? 00 LOOPS 5TH A 0 ,X STORE A BIT.
00619 .33F7 :3c: 0000 CPX 81.0 II THE POINTER AT ZERO?
0062’:’ 2:3FA 26 133 BNE TESTB
00621
00622 23FC. FE 2100 LOX TOTAL FOLD AROUND DR IVER RAM At’DP.
(‘0623 •
00624 23FF 09 TES:TB PEX DECREMENT POINTER.
00525 2400 SA DEC B COIJNT THE LOADED BIT.
c’(’626 2401 .36 F2 BME LOUPE LOAD MORE BITS.
0062?
00628 2403 ~F 2€’E4 STX ROTATE SAVE D R IVER RAM POINTE R
‘:10629 .3406 39 RTS FOP NEXT PIJLSE INTERVAL.
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00631 •
• THIS SuJBROUTINE CALCULATES AND ‘~-TOPE5 THE ON AND
• OFF INTERVALS FOP EAC H PULSE INTERVAL PREPAPINI’

34 • FOP LOADING THE PULSE BIT PATTERN.
00635 •
“0435 24o7 FE 20FE STORE LOX PULSX GET THE Pu LSE DATA ADDRESS.
u(,#.~ 37
ijl~~~3:~ 24uA AS 00 LDA A 0, X
fji)~~3-~ 240€: ES ‘;‘i LDA B 1,X GET A SINE TABLE VALUE.

•
“0441 ~40E TC .3(11)3 5:IOPE1 INC ON+1

V”:’~~ -4 2  i411 :: a0t’~ fl-i€: OFF+t INCREMENT OH AND OFF PO INTERS
0(144 -:

.~0444 :414 ~E 2€’DE LOX #PPFACT GET THE CURRENT POWER FACTOR.
‘0~ 4~ c417 Fl’ 4457 JSR DIVIS ,::ALc-,JLATE 01-4 INTERVAL .

‘ i ” ~~.4~~ 24 1A F~ 2OE 3 ADD B HRLFIIV4 ADD 1/2 OF PITS PER INTERVAL .
•

V I0~~~~4 ’~ ~411’ FE 20114 LOX ON GET OH TABLE POINTER . V

i:i,,-.4 -.  343’:’ ~ 7 00 V SV T A  B 0~ X ~:TOPE 01-I INTERVAL .
I l t l P V~~~~II •
.“.‘~~•1 24~ 2 ~~~~~ / ~~~~:._

l 

~ ~~~~ ~~f ’~
’\

~~~~~ ~~~~ ~.t’ •:‘o BS:P ACCUM ) ROD 2X OH INTERVAL TO ERROR
• - - — 

_—‘ SUM .
-“0454 2425 ¶7 _______ DIVIDE OH Ir-ITYL BY 2.
I:”:l65~ 2424 c-” 1-lEG B 2~~~~VS: COMP . THE ON INTERVAL .
“€56 2447 FB 20E2 RIb B IN TYL ROt’ THE 14IJMBEP OF BITS’INTVL.
‘:‘0€_ 57 ~42A ~7 AS P B DIVIDE BY 2 TO GET OFF INTYL . V

•
“6~ 9 ~44 F FE ~ 0D4 LOX OFF

,‘,,4- -Ie 242E E7 ,
:

‘
~~:, 

V
~;TA B o,x STORE THE OFF INTERVAL .

•
‘ ‘:‘5~-2 . 34V~~~,, v~(~ A L  B MULTIPLY OFF INTVL BY 4. V

‘: s €-~ 2431 ~~~ A.SL B
•

~f~’-~--~~ 2432 ~~ ACCIJM P SH A
t i i ~~.44 44:~ :7 PSH B

V ~“V~€ 4 7  44.34 FB 2,:,Fr, ADD B ACTUA L+1 ACCUMULATE THE ACTUAL BITS:
‘i”€-6-5 2437 B9 2OFC ABC A ACTUAL CALCULATED PEP PULSE INTERVAL
“~~~~~ ~4 A  B” -“F’ :TR A ACTUAL
€‘ i’c.?i’ 24~:1l ~ v 20F11 - :T ~ B ACT UAL+1
I) ‘:‘s 7 1 2440 .3 3 PIJL B
“€ 72 2441 32 PIJL A
0’~’673 2442 39 PTS:

•
00675
~06?~ 2443 CE 20A1’ TABLE LOX #OFFTAB—1 INITIAL IZE OFF TABLE POINTE
00677 2444 FF .3(104 STX OFF
:j ’) 47;3 244 ,~ ‘~E 2089 LOX 8ONTA B—1 INITIALIZE ON TABLE POINTER.
‘:~‘:~ -7~ 244C FF 2002 STX on
: I

‘.~“~ 21 244~ ~~~ 20FF ::OJr4T LDR B PULStIM+ 1 GET THE ,::UPPENT PIJLSE NUMBER.
t ( ’ 63 ,-- .345.3 57 A S P B DIVIDE B’-? 3.

(“1453 4453 ~7 2’~’Bt’ - TA B N STORE PIJL-:E:-,HALF—CYCLE.
(‘(‘€ 84 3454 :-;9 P13 (NOT INCLUDING CENTER PULSE ’.
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00686 • 16 BIT UNSIGNED DIVIDE (16 BIT RESULT).
0068? • A. B DIVIDED B’-? ~~~~ (X+1). 

-

00688 • RESIJLT IN R’B. CX ) , CX+ 1) IjNCHAI-IGED. - V
00689 •
00690 2457 37 DIVIE PSH B DIVIDEND TO STACK. - 

V

01)691 24~ 8 ~6 P~ H A -

1:111892 24~ 9 A6 no LOR A X V 
- 

-

006954 245B ES t:’i LIlA B j , X  
- - : - 

-

00694 .345D ~? P3H B , DIVISOR TO STACK.
00695 245E 36 PSH A V

00696 24SF :34 DES LEMVE ROOM FOP COUNT .
0069? 2460 3€, TSX (V) POINTER TO STACKED DATA.
00698 2461 ~~ (‘1 LDA A # 1
00699 2463 SB 01 1ST .,

00700 2465 2B OB BMI V ‘B~~~1~~ 
V -

‘:‘ 0701 -2467 4C DI V i 51 I NC A -

€‘0702 2468 68 02 ASL 2,~ - . 
-

00703 246A 69 01 ROL 1,X V

00704 246C 2B 04 BMI DIV1S3
00705 246E 81 11 CMP A # 17
00706 2470 26 F5 BNE ~IV15i
00707 2472 A? 00 01V153 5TH A ~~~~~~~~~~ 

V

00708 2474 AS 03 LDA A 3,~~ 
‘ 

V

00709 2476 ES 04 LIlA B 4,X
00710 2478 SF 03 CLR 3,X 

V 

V

00711 247A SF 04 CLR 4,X . ,  ,

00712 • V~~~~ V -

00713 24?C E0 02 01V163 SUB B - 
2,)~ 

. - /
00714 247E A2 01 - SBC A . 1,~~
00715 2480 24 0? BCC -~

--DIY-165 ~~~~~~~~~~~~~ - 
- - 

V

00716 2482 EB 02 AD1~ B 2~ X .
~~j VV I S~~R T~~ ~~~~~~~~~(1071? 2484 AS 01 HDc 1-~X R~ 5~ ORE. - -. ., • V~~~~~~~~ ~~~~~

00718 2486 OC - CLC - - - 
‘ . V

00719 2487 20 01 - BRA . , .’ DI~~167 .~~ - 4 VV

~‘07~0 2489 ~D DIV165 SEC ~~ 
-“ 

- 

- 
- , 

V

00721 248A 6~ 04 D1V167 P~J~ 4
0072.3 248L 69 03 ~OL
0072,3 248E 64 01 V L~R ~ .L,$.- - - ADJUST DIVIWR~ - ~ 

- - - V

00724 2490 66 02 V P0 , .2~ X -
. 

-

- 
~
. - - -

~ 
.: V , •~

(‘0725 2492 ER 00’ -
, DEC ,~1 •0,~~ , ..

00726 2494 26 E6 — BNE . - DrV1E3 V~ -

00727 - ‘ • V - 
- . V V 

- - -
V 

00728 2496 -31 - INS~~-~ 
_

V 
- -

00729 2497 3F INS
00730 2498 .31 INS - - 

-

00731 2499 32 ;
V PUL A~ ~. V 

V V

00732 249A 3~3 PUL 1 ‘ 
V 

~
. 

-
,

0073:3 249B 39 RTS V ‘ 
V

00734 END ‘

~ 
-

TOTAL ERRORS 00000 , 
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- 
-
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- 
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3.2.8  MATHEMATICAL ANALYSIS

3 .2 .8 .1  REQUIREMENT S V

V
I 

1

(A  

A 
IB 1

B 1~I

Referencing the above circuit requirements are :

1. V~~ cannot exceed 200VDC

2. The real voltage drop V~ peak across theinductors cannot exceed ~2 volts with all othervoltage 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.

S. Output voltage noainally of 120 volts RMS.

‘ . The mi n Lai value of th. inductor shall be large
.no~qh to h aLt the di/dt to 10 A/microsecond
$~ar1sq a sheit circuit condition.



3 .2 .8 .2  CALCULATIONS

From the above requirements , the output current into

a pure resistive load (Z L = RL )

(4)
41.67 A R M S

VB

and the magnitude of the current for a complex load which

causes a 0.8 lagging power factor is

‘B = (complex) 
= 52.08 A RMS (5)

if the load is

-
~~~

T 0
B ,f “Load V

18L L
t 1BR 

then ‘B (Real) — 41.67 A RMS

‘BL /1B2 — ~ 
2 (6)

11 BR

1BL = 31.25ARMS

R 
= 

V02
Load 2.88 ohms (7)
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To find the inductance needed to cause a 0.8 lagging

power factor first determine XL

VBXL WLA 
— 
— = 3.84 (8)

Thus at 60Hz L
t 10.185 millihenrys

at 50Hz Lout = 12.223 millihenrys

at 400Hz Lout 1.527 millihenrys

As mentioned above in the requirementa section the real

voltage drop across inductor LA and LB 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 
V

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

XL XL + XLS A B : A 
(9)

Thus : L — XLmax S where w —  2 ?i/
w

at 50Hz Linax = 1.188 millihenrys

at 60Hz Lmax = 990 microhenrys

at 400 Hz Lmax = 148 microhenrys
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If indeed XL iø 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.

L ~~i
(10)

to drive

1inin = VDC 4 t (11)

~ ~ _ _ _ _  10 A/microsecond

then: 
_ _ _  1 —6

W x l O

and L — 200 ( 1 —6
mm 10 x 10

— 20 microhenrys

For total size, weight and further reduction of ~ 2.

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 .

First, the impedancies are calculated for a single

section low pass filter. The simplified equivalent V

circuit is shown below:

w~ —~~~--iy~~~~~ V - V ._

Rg~ SLP
1I V

T C P1S 
_ _

Vg1 1gj (Rgi + SLpj + 
V 

- 1
p1S 

~~j 5 ‘g2 (12)

o a-~~~~l

~ js ‘gi + 

~~js + ZL1 12g (13) V

Ig2 = 1g1
l+ZL1 C~1S

zil 
_ _ _ _  L~1 Cpj ZL1 [s

2 + (Lp1+Rg~ Z~ l,Cp~ 
S + 

ZLl+R
~~ 1 (14)L Li. LP1CP1ZL1J

1. + ZL1CP1S

Where Z11 is input impedance
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Next the transfer impedance is found:

First, the output voltage is

Vg0 Ig2 ZL
yielding -

Vg0 1v—i. = 
____________________________________________  (15)

LpjC~ [~
2 

+ (
pl g l LlCpl) 

+ 
ZL1+Rgl V

1 LP1CP1ZL1 LP1CP1ZL1 
V

The output impedance Z22 is now the parallel V

Combination of

I V

~~
Z

L]Rgl _ _ _ _

Solving yields

(S 1
~gl

(16)
~Pl

Z out = ____________________________

C~1 rs2 
+ 
L~1 + ZLlCPlRgl 

+ 
ZL1+Rgl_

- 
-
~~j

[ ZL1CP1LP1 Z~1+CplLp~J j
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V •  -~~~~~~~

Next we need to determine the value of the capacitor

Cr1. The value of the capacitor is easily determined at

the corner frequency . Here it is assumed that the corner
V 

frequency is 1200 hertz (the third harmonic of the 400 Hz

operating frequency).

At the corner frequency the magnitudee of the impedance

of the series elements and the parallel elements (shown below )

must be the same. That is = Z2.

- 

jwL~~ 
-

Zl 
_

Thus the magnitude of the admittance must be the same.

Hence :

Rd - jwL
Y = 1 — (17)1 R9+j wL Rg2+W2L

1 1/2
I Rg 2 wL 2
I~
Rg2+w~

L2 — Rq~+W2L~~
L (18)

—82—
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V _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

and

Y — 12 + jwC 
(19)

V 

I~2I [1) 2 
— w2c21 

1/2 (20)

Setting 
~
Y1
~ 

= ~Y2 1 we get

Rg
)2 — (wL 2 2

V 

Rg2+w L 
Rg2+w2L2 ) (ç— ) - W2C2

or

w2c2 = ( _.L ) 2 
- 

Rg2 - W2L2

(R g2+W2L2 ) 2

C - 
± L 

~~1 ) 2 
- 

(R 2&C:)2  

1/2 

(21)

V 

As a check on the equation if R1 is very large then (
~~~~

_ ) V

V is very small and if Rg is very small will be even smaller
and we are left with

c —  1 (22)
w2L V
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Note here that we only considered a resistive load . V

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 Rg 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

micro farads .

Under no load and a 50 microhenry inductor the

capacitance value is 351 microfarad..
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T~

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° — ( 1  ) 360°
Width of Mth pulse = (J ~ 

SIN a de ) ~ (23 )a 360° — (N—M+l) 360°N V

N = Number of pulses per half-cycle

M = Current pulse (Program Variable)

2. Pul•e center
V 

N-MPulse center location = T - (
~~~~) T - —

~~ CT) a C

3. For pulse width modulation and biasing.

Width of Mth pulse — 
~ (

6 = 360° — ) 360° (23)

V /SIN e de T
J 2 ) 2 + bV a = 360° — (N M+l) 360°
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P = Power factor

w = Bias divisor V

b = Bias factor

H 
~M-l

FCjw) = 
~ 0 (-1) SIN 1/2 w~~ e 

-jw(c) 
(24)

1/2 w ~t

—a 
~~~~~~~~Where 7 = N ~~~

w 
(SIN e de )T

J a = 360° - (N;M+1) 3600 + b

And C = T - (N_M ) T -~~N 2N CT)

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

I .J

—86—
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3.2.8.3 COMPUTER ANALYSIS

A computer analysis of the final filter design is

presented 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 reuqired 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.

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

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

4. 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.

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

6. 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 K1 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 D200, D201, D202, D203, D204, D205 and

D206. 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 I -

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.

—103—

~

- -

~

- -~~~~--~~~~~~~~~~~~~~~~~~~~~~ - -- - —--- --~~~•— - - -~~ ~~~~~~~~~



- - - —~~~~~—--— —---. --- -~~ ---— ----~~~~~— . - •—--- ——-—- . . . . - . • • .

4.0 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 incorporated 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 improve 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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8. The incorporation of an auxiliary power supply
comprising transistor technology instead of SCR.

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

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

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

• 12. 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.

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

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