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APPARATUS FOR DIGITIZING AC SIGNALS
OF UNKNOWN OR CHANGING FREQUENCY

KGR OF THE ON

Field of the Inventio
The present invention relates to apparatus for generating a digital
representation of an analog ac waveform, and more particularly to apparatus for
~ generating a selected number of samples per cycle of ac waveforms of unknown or
5 changing frequency.
ckground of T
Digital equipment which monitors and controls ac signals, require that
the ac signals be digitized for use by the digitai circuitry. In systems in which it can
be assumed..that the frequency of the ac signal remains constant, the signal is digitized
t0 by sampling the ac sig:;al at fixed intervals of time. In some applications, it can not
be assumed that the frequency remains constant. Typically in such cases, the
frequency is periodically calculated by counting the number of zero crossings of the ac
signal within a given time period. In some applications, the sampling interval is
adjusted to accommodate for the change in frequency so that a common number of
15 digitizing samples is taken per cycle of the ac waveform despite changes in the
| ' frequency In other cases, the sampling interval remains fixed, and an accommodation
is made in the software for the change in the number of samples per cycle resulting
from a change in frequency. In U.S. patent applications serial number 08/072,376
filed on June 7, 1993, and 08/249,829 filed on May 26, 1994, the number of zero
20 crossings in a time period set by a predetermined number of samples is used to

determine whether a circuit interrupter is connected to a 50 Hz or 60 Hz source, and
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vary until rotational speed of the generator stabilizes, and even, then may wander about
a nominal value. The transfer switch monitors this frequency, to make sure that the
source that is connected to the load is within prescribed frequency limits. Even where
15 the alternative power sources controlled by a transfer switch are both commercial
sources, the transfer switch must monitor the frequencies to assure that they are within
limits. _.
In applications where the frequency of the source varies, or the
frequencies of mulﬁple sources must be monitored, there is a need for a system for
20 rapidly and accurately determining the frequency. There is a further need in such
applications for a system which accurately and rapidly adjust the sampling rate,
particularly where syncﬁronous sampling is desired.
S Y OF (0)
These and other needs are satisfied by the invention which is directed
25 to apparatus for digitizing an ac signal of unknown or chang{ng frequency. This
apparatus in accordance with the invention includes input circuit means which generates
an input pulse for each cyele of the ac signal. Clock signal generating means generates
a clock signal comprising clock pulses. A counter means gererates a fuhning count
of the clock pulses. Digital means has means responsive to the input circuit means for
30 determining a difference count of clock pulées counted by the counter means between
first and second selected input pulses. Sampling count generating means divides the
difference count by a sampling factor selected to produce a desired number of samples
of the ac signal to be taken per cycle to generate a sampling count. Preferably, the -



-2- the appropriate fixed sanpling |nterval for synchronously
sarrpl ing at the appropriate frequency is selected. In this
situation, it is accepted that the frequency of the connect ed
signal is either 50 Hz of 60 Hz, and the tinme utilized to make the
detefmnation is not critical, as it is assunmed that the source.frequency
Is stable. Inthe 5 exenpl ary enbodiBdents of these systens, the
nunber of zero crossings in about | second is used to determ ne
the frequency 8ifferaeeicomy it genaawwomgxero@nmstam consecutives ipput pulses, and henke tied

| t vhi b
W de-var i at onditereaee cPYRa diviged 65 the kired ey ot AppES P BacK e

swi tches whi Chsﬁﬂﬂfﬁgoint&ﬂﬁﬂ%héﬁﬂn@fm&nk%ﬂeh&sai tsRpRAg \tedkipt signal f8P\&Ech

sources. In many cases, one of the alternative power sources Is an
ener gency sampling count oficlpdupuisss. ihesamiphingrinterrupbsignal s wed byqnragalogite-

the gend? at or - dieksf V4B e0Rysiter 1o grmernte dieirl Sl the b hBbd: R RespBRETY eRon

nomi nal val ue. sﬁﬂ?ﬁln{ ARt signall CWHEROA Q¢ %:ghhmlﬁmﬁcmﬁawhe samplRigeingeiv is
that the source that is connected to the load is wt

prescri bed fregsastrythe AfD: epnvesserfo sagyentially digitize ¢ach P&Pi@%lt%fmﬁy and
sources controll e f ol € bot h commer ci al

sources, the tm&@'&v{la’ﬁéﬁgﬁp%ﬁ%&wor the frequencies to assure that
they are within The!invérition has parucular apphcatlon to appamhrs whichlmailtdms
where t he frequency of the source varjes, eguen C|es

nul ti pll@ sour c@nd/ersentrls mtiple Ae signals apy Ofévhadh@@a chW““a"@'?%? e
rapi dly and acgy gl fleficf'sid aiphing nteRfal hfetQitaisidd seﬂaﬁitay'faracﬁuﬁﬂe% srgaﬁﬁ.

in such

:f'"

The sampling interval calculated for each of the multiple signals is immediately used
to digitize each phase of that signal before the frequency and sampling interval for the
next signal are calculated.

15 In accordance with the invention, the frequency and precise timing
interval for synchronous sampling is determined within one cycle. Hence, the
invention is particularly suitable for applications where the frequency of the ac signals
is varying or where there are multiple signals which are alternatively sampled and may
have different frequencies. '

20 BRIEF DESC F THE DRAWING

A full understandmg of the invention can be gained from the followmg
description of the preferred embodiments when read in conjunction with the
accompanying drawings in which:

Figure 1 is a schematic diagram in block form a prior art transfer switch

25 to which the invention has been applied. -

Figure 2 is a schematic diagrain, partially in block diagram form, of the
transfer switch control which forms part of the transfer switch of Figure 1.

h Figure 3 is a schematic diagram of a timer which forms part-of the

- transfer switch shown in Figure 2.

30 Figure 4 is a diagram illustrating sequencing of sampling in accordance
with the invention.

Figures 5A and 5B illustrate a flow chart of a suitable program utilized

by the transfer switch control of Figures 2 and 3 to implement the invention.



appli‘cations for a system whi ch accurately and rapidly adjust the sanpling
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motor controllers and electrical meters in addition to transfer switches. It:has
particular application to such apparatus where it is desired to sample the ac waveform
10 at an integer number of samples per cycle yet the frequency of the ac. signal is
unknown or varies. Thus, the invention has particular application to the transfer switch
which controls connection of alternative power sources to a load, and wherein at least
one of the sources can be an emergency power unit which must be brought up to
rotating speed to generate the desired frequency of ac power, and wherein the
15 frequency of the power generated can vary with engine speed.
Figure 1 illustrates an electrical system 1 in which electric power from
a normal source 3 or from an emergency source S is provided to a load 7. The normal
source 3 and the alternate source 5 can each be commercial power sources, or can each
be self-contained electrical generators driven by prime movers, or the normal source
20 ‘can be a commercial power source and the alternate power source 5 can be an
emergency power source in the form of a self-contained generator.
| " In any case, a transfer switch 9-controls connection of the load 7 to one
of the power sources. The transfer switch 9 includes a normal switch 11 which
connects the normal source to the load 7, and an alternate switch 13 which connects
25 the alternate source 5 to the load 7. The switches 11 and 13 may be circuit breakers
or can be switches without protection functions. The switches 11 and 13 are controlled
by a transfer switch control 15. The transfer switch control 15 monitors the voltages -
~ generated by the normal source 3 and the alternate source 5 over the leads 17 and 19
respectively. The electrical system 1 can be a single phase system or multi-phase
30 system.
The transfer switch control 15 typically connects the load 7 to a
preferred source, normally the normal source 3. If a failure is detected in the normal

source, or on demand or in response to a program, the load 7 can be switched to the



di f.f erence count is divided by the desired integer number of sanples per
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15 the alternate power source S when it is a self-contained generator with a prime mover
which must be started and brought up to speed.

Figure 2 is a schematic diagram of the transfer switch control 15. The
control 15 utilizes a custom integrated circuit chip 21. The construction and operation
of this integrated circuit chip is disclosed in U.S. patent number 5,270,898 which is

20 hereby incorporated by reference. This integrated circuit (IC) is a monolithic IC
fabricated in CMOS technology and standardized for controlling various types of
electrical equipment, such as circuit breakers, motor controilers, contactors, transfer
switches and the like. The IC 21 includes an on-board microprocessor 23, an analog
to digital (A/D) subsystem 25, and various input/output devices including I/O port 27.

25 - The IC 21 further includes a timer 29 which is described in connection with Figure 3,
and on-board comparators 31 and 33 which may be selectively connected to the timer
29 by switches 35 and 37, respectively.

‘e The three phase voltages from the normal source 3 and from the
alternate source 5 are applied to a multiplexer 39 which sequentially applies them to

30 the A/D converter 25 which in turn digitizes them in a manner to be discussed for
input to the microprocessor 23. The phase A voltages of the normal source 3 and
alternate source 5 are also applied to an input circuit 41. The input circuit 41 includes

input filters 43 each comprising a resistor 45 and capacitor 47 which filter out any -



transfer switch control which forms part of the transfer switch of Figure
1. Figure 3 is a schematic diagramof a tiner
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zero crossings is needed and this can be determined from the square wave signal.

10 Similarly, the filtered phase A voltage of the alternate source 5 is shaped
by clipping diodes 49 and 51 and comparator 33 to generate a square wave having the
fundamental frequency of the phase A voltage of the alternate source. As will be
discussed, the microproéessor 23 controls the switches 35 and 37 to alternately apply
the squared phase A voltage of the normal source 3 and the alternate source $ to the

15 timer 29 through a resistor 54. As will be seen, the timer 29 rapidly and accurately
sets the timing interval for sampling of the voltages of the normal and alternate sources
by the A/D converter 25. The digitized source voltages are utilized by the
microprocessor 23 to generate signals for controlling the normal switch 11 and
emergency switch 13. Commands for operation of the switches 11 and 13 are output

20 through the I/O port 27. Status signals indicating whether the switches 11-and 13 are
opened or closed are received through the 170 port 27. :

The timer 29 is illustrated in Figure 3. The details of the full operation
of this timer are disclosed in patent number 5,270,898 which has been incorporated by
reference herein. Hence, only the aspects of operation of the timer pertinent to the

25 present invention will be discussed. ' |

The key element of the programmable timer 29 is a 16-bit free running
coﬁnter 55 fed by a prescaler 57 which divides the microcontroller internal phase I
clock59 by four. The prescaler 57 gives the timer a resolution of 2.00 ps, assuming
a crystal frequency of 4 MHz. The counter 55 is clocked to incréasing'.'values during

30 the low portion of the internal phase II clock. Because the timer has a 16-bit
architecture, each specific functional capability is rcprésented by two registers. These
registers contain the high and low byte of that function. Generally, accessing the low

byte of a specific timer function allows full control of that function; however, access
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| oad 7 gsin be swapteieedgister 7B3e(having bytes TICH and TICL) to read and store the count in the

free running counter 55. The edge detector 71 also sets an input capture flag (ICF) in

the timer status register 69. Thus, the input capture register 73 saves the count in the
free running counter at each positive going edge of the filtered analog voltige.
As will be discussed below, the microprocessor 23 reads the count in the
20 | input capture register 73 through the internal processor bus 75. As will be discussed
below, the microprocessor calculates from successive counts read from the input
capture register 73a pr-ecise count for an interrupt for generating the next voltage
sample.
“The timer 29 includes a 16-bit primary output compare register 77
25 (TOCH, TOCL), and a secondary output compare register 79 (TSCH, TSCL). The
contents of the compai'e mgisfers 77 and 79 are compared with the contents of the free
running counter 53 in coniparators 81 and 83, respectively. The comparator 81 and
83 set the primary output comparator flag (POCF) and secondary outpixt comparator
flag (SOCF) and the timer status register 69 when the respective compared values are
30 equal. ' |
An interrupt circuit 85 generates an interrupt request in response to the
flags set in' the timer status register 69. However, the interrupt circuit 85 will respond
to the timer status register flags only if the corresponding interrupt is enabled by a
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interrupt enable bit (ICIE). An input edge polarity bit (EDG) determines which level

10 transition of the (TCAP) pin will trigger a free running counter transfer to the input
capture register 73. A one selects the rising edge.

In accordance with the invention, the microprocessor 23 ‘alternately
selects the phase A voltage of the normal and the alternate source for:frequency
calculation and setting of the sampling interval. For example, when phase A of the

15 normal source voltage is selected, the switch 35 (See Figure 2) is closed and the square

| wave generated by the comparator 31 is applied to the timer 29. Once per c)"cle of the

phase A voltage of the non;lal source, taken each time the square wave generated by

the comparator 31 goes positive, the count in the free running counter 55 is captured

in the input capture register 73. As this occurs once per cycle, the difference between

20 successive counts of clock pulses represents the period of the monitored voltage signal;

and of course, the inverse of the period is the frequency. The microprocessor then

divides this count difference by an integer number representing the desired number of

samples of a monitored voltage to be taken per cycle. The quotient represents the

number of counts of clock pulses between samples. This interrupt count is added to

25 the last count stored in the input capture register 73 and the sum is placed in the

secondary output comparator register 79. When the count in the free running counter

‘reaches the count stored in the secondary output comparator register, an interrupt is

genérated. - This interrupt is applied to the A/D converter 25 which samples the normal

source phase A voltage. The interrupt count is again added to the last count and placed

30 in the secondary output comparator register 79 for generating the next sampling
interrupt.

As shown in Figure 4, the frequency in sampling interval for the first

source, for instance, the normal source 3 is determined. As discussed above, this only
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the A/D conversf’gﬂt'cegjgfévﬁ%’c%%i % E’p%ég‘?déﬁg% zo Zs? ‘yﬁg?ﬂol ﬁggml’mnne%tg?‘gﬂ%%m of the

di scussed for frequency and saniplingtinfepval endnihersequentiak sampling. of Bach ph dtecphhse-to-
vol tages of the normal source 3 and q{ter nate source 5 are al so
applied to an phagvoltages Fequires onfy onegysle eachcof fhessource ¢ jwaseform.  After the

Lnput g lters ﬁﬁlpﬁﬂg REGRERELRE Y plase G5! phad vditagel it A fiphR" aséidtBd With the
source 2, which are similar to those associated with source 1, are sampled for input to
the digital processor.

Following this, the frequency in sampling interval for the load is
determined if desired. While the frequency, and therefore the required sampling
15 interval, for the load will be that of the connected source when the load is being
powered, the frequency of the load voltage can be different from that of either of the
sources, and in fact will be changing where the load is a motor which is coasting down
after the interruption of power. Again the phase-to-phase voltages of the foad are
sequentially determined, and then the ac inputs from the load are sampled. This cycie
20 of determining the frequency and sampling rate, and then sampling the phase-to-phase
voltages and the ac inputs for the two sources (and the load if needed) is continuously
repeated. If the load vélmge frequency is to be determined separately, and additional

phase A input circuit for the load voltage would be provided in Figure?
As can be seen from above, the frequency and sampling rate are
25 determined very rapidly, within one cycle. The large input filters 43 eliminate noise
so that the period is accurately determined. As mentioned previously, the large filters
43 result in a large phase shift (approaching 90°) between the zero crossing of the
phase A analog voltage and the square wave that is input to the digital processor for
detérmining the cycles of the analog waveform'. However, it is not necessary to know
30 the precise instant of the zero crossings of the analog waveform in order to have
precise, synchronous sampling of the waveform. The precise sampling interval is
determined rapidly by the invention through the division of the count of clock pulses
per cycle by the integer value of the number of samples per cycle desired. By



-6- ° noi se in the phase A voltages so that essentially the
f'undanment al frequency remains. The filtered phase A vol tage of
the normal source is clipped by diodes 49 and 51 and appl i ed

t hrough an input resistor 53 to the conparator 31 where it is conpared to a
reference voltage, REF. The diodes 49 and 5] jgnd conparator 31 produce a
square 5 wave having a frequency equal to the fundanental frequency
of the nornal s o i kit G&nplihe Snte ARl ks disibIIINGG thepR¥iod
i s phase shi ftegyécg\?%‘%olu\iesaTgh?%elpE)gﬁggaeﬁéwﬂtﬁ ph-EQETI\I/OI tage due to t.he%

| arge input fil tofrthd dyavefovay substadtiallyxexactly sy ant intager.t hRarehy vill the integer be

crossings of the,phase A .vqltage are not required . | f
time between divisibie p“”%‘é"ﬂlﬁ ipfothe coyar; waﬁg%rdé% g’ﬁ%%‘ﬁ? %Fg'gn&b)‘g{ ic/fg%oegl%h Ahay
fromthe square (yeyenaihderat insighificant. The phase of the samplifigitelative 1o thietphase of the

filtered phase A vol tage of the alternate source 5 is shaped by
cl i ppi ng i odes a¢Signalidees sptnattefpar at or 33 to generate a square wave

havi ng t he fun e t A .
alternate source. As wll g‘&&g(jﬁA t“ﬁ(?gg @ﬁgtéﬁége@ﬁv%gé%fgrﬁgg#{gggg%g{u for

control s the swigsghgsthd mierspricesior 28 i cadyingyourrphe jnvention. With théinpat) captend
phase A voltage of the normal _source 3 and the alternate source g'lfﬂ%ﬁlhe 1
[

.15
timer 29 througtinterrupt eaabled GEIE Ait s4t) at 3b detestion by theedge detgctor @ fHng
accurately

accuratey - edeg of (66 el sdulrte SGudrd %w@#or{gogenaml axngxgeé ceaﬂhgrewgig_h%g@a

ernate sources y the A/D coOnv
The di gitg zed so38.Ckn tesponsg estids intertupt] thednicyoprbeessor 23 reads the contentsrof ¢hssinput
23 to generate signals for controlling the normal _switch 11 and .
emer gency swi t chcapBire @egistand3 andrstones ibas §nab?S+ Hiponshe aseurrance of the gext iaput
out put 20 through the 1/O port 27. Status_si gnal s i ndicating, whet her
the switches 11 captire 3nterrupt at 97, the micropreeesson?3 reads the ipput caplues tegisteri3aggin

H qure. 3" The. deAta9 adR0teh e VANe g gy 2§ m Lo diffifends baickn (e Bobiks % abd ¢, is
used to calculate the period of the analog signal at 101. If the period is not within an

15 acceptable range, which represents a frequency from about 40 to 80 Hz, the above

sequence is repeated at 105 and 107. If four retries fail to result in a period within the

acceptable range, a bad frequency i'eading is reported at 109 and the program is exited

at 111.
Normally, the period will be within an acceptable range at 103, and the
20 difference count between ¢, and ¢, is then divided by the desired sampling rate, which

in the exemplary embodiment of the invention is 16 samples per cycle, to determine
the voltage sampling interval count at 113. This sampling count is then added to the

count ¢, and loaded into the secondary output compare register 79 at 115. Next, the

. input capture interrupt is disabled at 117, the frequency is calculated as the inverse of
25 the period at 119, and the retry count is cleared at 121.

The program 89 then enters the loop shown in Figure 5B for sampling
the phase voltages of the selected source. Thus, when the count in the freé running
counter 55 reaches the interrupt count stored in the seconda'i'y output compare register
79, as indicated at 123, the microproéessor 23 reads the running count at 125. As will

30 be recalled, generation of this interrupt will trigger the A/D converter 25 to sample the
selected analog signal. The microprocessor 23 adds the sample count (interval) to the

timer reading to generate the next interrupt time which is loaded into the secondary



of this tinmer are disclosed in patent number 5,270,898 mhich.has!been

| ncor porated by reference herein: Hence, only the aspects of
operation of the tiner pertinent to the 25 present invention will be
di scussed. The key el ement of the progranmabl e
timer 29 is a 16-bit free running counter 55 fed by a prescaler
57 which divides the mcrocontroller internal phase || cl ock 59
by fqur. The prescaler 57 gives the tiner ajqesolution of 2.00 [err]s,
assum ng a crystal frequency of 4 MHz. The counter 55 is cl ocked

to increasing v %oﬂ?ﬁ:‘e”&gé&r 79 1zt7herﬂeom.&e¢s.btedaopfheh hr€ads ﬂh@wbornkaw
Il clock. Because the tiner has a - architecture, each

speci fic functiabrda®, srajeaishe resylts at k?elprsqemw WUQ abli%gl%mséhlsm@mum of
t t th d |
rcaessing the ogied St TS ol jn iculdie The miES VASY B8 salFRE Avelopm.  The

control of thatsangRCaumber i8 m\&ﬁérem%ﬁtéﬂ%i 137, and additional samples are generated until
-7- of the high byte inhibits t hat specific timer function until
the | owSoyte i sléapampleybavebgen gathered at 13%hc Whaw 2 full, cxcle of samplesi haye been

Co L, 2. RS oL R 1 tnflr WL F gl 081, TromMs pRGEL
waveform is then calculated as the -square root of this mean value at:143. The
multiplexer 39 is then set up to connect the A/D converter 25 for input of the next
phase-to-phase voltage measurement at 145 and the registers are cleared at 147 for the

10 new calculation. When all three phase-to-phase voltages have been input at 149, the
program is set up for determinirg the frequency and sampling interval (count), and for
carrying out the sampling of the waveforms for the next source at 151.
While specific embodiments of the invention have been described in
detail, it will be appreciated by those skilled in the art that various modifications and -
15 alternatives to those details could be developed in light of the overall teachings of the
disclosure.. Accordingly, the particular arrangements disclosed are meant to be
illustrative only and not limiting as to the scope of invention which is to be given the-
full breadth of the claims appended and any and all equivalents thereof.



counter register 63 (TARH, TARL). A read sequence contai ni nil cmls/s;asmaaﬁlsca‘EEN )
I : |

a least 5 significant byte of the counter register w I ec EPEACED
counter value at the tine of the read. If the re f

pfmgref—perry
ad O CTT

counter at either location first ‘addrgsfﬁﬁgggéﬁﬁkeﬁﬁﬁn si gni fi cant
lE

byte; it causes the |east si gnific’%‘ ransferred to a buffer
65. The buffer . 65 is acc “H‘“\m“\ I ng t he—eounterregister
(TCRL) or alternate counter registe )

ARL) le ignjficant
byte, and thus conpletes a read sequence of the total c()uﬁi wﬁ Iu l“"l
val ue. The free running counter 55 can not be | oaded or s oy ol

program When the free running counter overflows, an overflow
detector 67 sets a tiner overflow flag in a timer status

regi ster 69. Each positive going edge.of the
square wave generated fromthe noni tored anal og voltage it is
detected by an edge detector 71 which triggers an input 15 capture

regi ster 73 (having bytes TICH and TICL) to read and store the count in the
free running counter 55. The edge detector 71 also sets an input capture
flag (ICF) in the timer status rd@ister 69. Thus, the input
capture register 73 saves the count in the free running counter

at each posi ti Whatds iClaimsbaleispf the filtered anal og vol tage.
As will be discussed below, the mcroprocessqr 23 reads .t ount in.the 20
i nput capture register 73b+t hr YBPRERS Tordigitizing pre e gzl ‘%Eugﬁqlgwn,@ chiapging o

di scussed fre%uencﬁ ﬂi[ﬁnsﬁ@e m croprocessor cal cul ates from successive
counts read fromthe “i'npu - _capture register 73a precise count

for an interrupt for generati nigpateirouitneans|(4 Bogenerating an input pulsp for each cycle

The ti 29 includes a 1G6-bit primry output conpare register 77 25
( TOCH, rT‘%rOCL.), a‘ﬁf@%‘éﬁ‘gﬂ Bry output conpare register 79 (TSCH, TSCL): The

contents of the conpare regi staba(?lznargén&%ﬁﬁgmeﬁ@ma;s%g&&ﬂﬁ%agg&ﬂe&s

of the free . - running counter 55 in conparators 81 an
respectivel y. Tiignat cemprisingrclek pilses; : 83 set the prinmary output

conparator flag (POCF) and seconoglym Uk RSS) 6 Whih A digital clock signal is applied
' to generate a- running count of said clock pulses;

10 digital means (23, 29) having means (73, 91-101) responsive to
said input circuit means (41) for determining a difference count of clock pulses counted
by said counter means (55) between first and second selected input pulses, sampling
count generating means (113) dividing said difference count of clock pulses by a
sampling factor selected to produce a desired number of samples of said ac signal to

15 ~ be taken per cycle of said ac signal to generate a sampling count, and sampling
interrupt generating means (115, 79, 83, 85) for generating a sampling interrupt signal
for each sampling count of clock pulses; and

analog to digital (A/D) converter means (25) generating a digital
sample of said ac signal in response to each sampling interrupt signal.

20 2. The apparatus of Claim 1 wherein said first and second input
pulses-are consecutive input pulses, and said sampling factor is equal to an integer
number of samples to be taken per cycle. '

3. The apparatus of Claim 2 wherein said means (73, 91-101)
responsive to said input means for determining said difference count comprises means

25 (73) storing said running count of clock pulses at each input pulse to generate stored



_ ”’_T HIS SHEET HAS BER)
espect i

flag (SOCF) and the timer status register 69 when the r e COREMSEGED

val ues are 30 . equal . An 1 nterrup

85 generates an i?n';”"u y1 response t o THiESheet Has Been Renlacdg) 295 Set
in the timer statu ummaﬁ'"u’pfever the inte ' Wil |
respond *tofthe tymex status register f;mm,”'m”"lm e
corresponding interrupt is enabled by a -13 -

- 8- timer control register 87. For instance, the interrupt

circuit 85 will valaewofisadd alock pulses and means (914p01) subtractingromséontive stoped watnss
out put conpare f| ag only if it is, enabled . by the primry

out put conpare ?hfﬂ&% Bt gsmrateeade?l?f%&lﬁwm&, a secondary

out put conpare flag (SOCF) W I e ' &t ho : lqn RTelgue

if the 5 secondary gut putlh%owaa?aethﬂﬁggﬁjgt Qeglg le“’jllrog'lai'td %%85@ idsi@léﬁeat.
The i nput capt ugenerating means (11579 83,085)eoniprisey mearE)(1 E5)dbt repetitieahy rendinpsaid
the (I CF) status fLagg. A t'trier overfl ow i nterrugt I S ?en%{ated,
when the’ TOF st BINBNg fougt piclogk pulses o generale.of qurrent rpRme foupt. gpd for adding said
enable bit (TA hifngSPunt Dkaid Rivkent ARININECdunt &) getlfatd &n B

| nput capture Qmﬂﬁl ntitri?terrup%engnabl ege(f)diu{?1 (I%I E)a.t An Fbﬁgi ?g%‘gg’e&% 3,
polarity bit (| EB)Somparingsaiddntenupteount taesaid unning count efreloaki [isesfand [generating

(TCAR) pin W 1§ fling ihteRGipt SiRRa"Iné St Sunhind"Soub of 2tock putdts Squals said

interrupt count. _

10 : 5. The apparatus of Claim 1 wherein said ac signal is a multiphase
ac signal, wherein said A/D converter means (25) generates said desired number of
samples sequentially for each of said multiple phases of said ac signal in response to
said intermpi signal.

6. The apparatus of Claim 5 wherein said sampling count generating

15 means (113) generates said sampling count from the count in said counter means (55)
in response tb two consecutive input pulses and does not change said sampling count
until said desired number of samples have been generated sequentially for each of said
multiple phases. '

7. Apparatus for digitizing ac signals from multiple sources (3, 5)

20 each of which may be of unknown or varying frequency, said épparatus comprising:

selection means (35, 37) for alternatively selecting one of said
multiple ac signals; _

input circuit means (41) generating an input pulse for each cycle
of said one ac signal; |

25 clock signal generating means (§7, 59) generating a digital clock
signal comprising clock pulses;

counter means (55) to which said digital clock signal is applied
to geﬁerate a running count of said clock pulses; '
digital means (23, 29) having means (73, 91-101) responsive to

30 said input circuit means (41) for determining a difference count of clock pulses
generated by said counter means (55) between consecutive input pulses, sampling count
generating means (113) dividing said difference count of clock pulses by a sampling

factor equal to a desired number of samples of said one ac signal to be taken per cycle



{
capture register 73. A one selects-the rising edge. ’
I'n accordance with the invention, the nicroprocessor 23HW
sel ects the phase A voltage of t he normal and the alter € source for
frequency | cal cul ati on and setting of the sanpl i “\lmmmﬁm
exanpl e, when phase A of the 15 nor mal source vol t'amﬁ“; e
the swwtch 35 (See Figure 2) is closed and the square

generated by the conparator 31 is applied tojahe timer 29. Once per cycl e
of the phase A voltage of the normal source, taken each tine the
square wave gengf gi@gndi signal to %eneraté H%gﬂﬁé‘&&h@rsa%hﬁg‘ﬁ&eﬂﬁlﬁ'gkhaﬁmé fidans
count in the free runni ng Count 55 1I's capture i'n the input
capt ure regi st e(115379A83; 85)sfor@enerating acsampling \istesrupt signali for eachrsampliog\oount
20 successt @F ourts of cl ock pul ses represents the period of the
noni t or ed volta 6 and of course, the inverse of the-
period is the frequency. The Maf19piPdigRAILonvERET means (25) gene: ai%g.tmaﬁple

count difference by an integer nunber representing the desjred er of
sanpl es 8f a nonf said e aoisigngkin respense 4@ saclpsampling iatermps signak | ent

ts th nb t |
Thi s interrupt count is afted ddedepaiatis'or ok TR SEsEIEReR R, 5T
i nput capture reammm /seletiChaid vuRiple dcSsighale&saidloidwe signal, and said dsgimmaﬁs/

out put comnpar at or g%lrster 79. When the count in the free running count er
sS

reaches the couf®3 ealcylates (o sepasidn GWMPLIBg: NNt AIHDERNEIAPS Ackpamaty samplin
interrupt is interrupt fo for 8 éifélﬂa?&] mu]_ﬁ%lé ak YgrlafsURlected ﬁps%c*]&% icoslgﬁb?,[ age.

converter 25 Whl e nor source phase A
The int@0rupt count is ag8in adhedpparatusef Ckim 8 wheteirpeath pf saidthultiple ac signals

th d t put t 79 f t
!sgrrpl Ien;econ ary out u con*fﬁmla I hEY stef tgsan%ﬁmera IQ‘RB#%M@E‘%
4, the frequency, %mﬁ&h@&?{ ifér%c%'ﬁﬁiséél S<:h sel oneof%ﬁﬁ&%gn%ﬁ

i nstance, the nor sour ce erm ne cussed above



-9- ¢ requires one cycle of the source waveform The| s SHEEEHAS BEEN
I'nterval is then used to sequentially sanple, for oge cydi@leﬁa}ﬁp,

the source 1 A-B phase voltage, the B-C phase voltagé and-the
C- A phase voltage. Following this, the other ac inputs associated wth
the first source such as breaker open/close and normal /trip status. Next,
ab determ nation i s nade of the frequency and sanphlﬂ}m$mﬁﬂmakmf laced
t he second source. This is then fol |l owed sequent|a

the Source 2 A-B phase voltage, the B-C source voIt

phase voltage of source 2. Again, the defl@rm nation of the

frequency and sanpling interval, and the sequential sanpling of each of the
phase-t o- phase voltages requires only one cycle each of the

source 2 waveform After the 10 sanpling of the source 2

phase-to- phase wprARa9®s t FORAC DIBIFTZINGSOACAt SIGNALB tOF UNKNOWN OR

for |nput to TTTTTTTTT thée~dimgirtal” "processor.

Follow ng this, the frequency in sanpling interval for the load is
determned if desi red. While the frequency, and therefore the required
"sanpling 15 interval, for the |load wll be that f the connected
source when the load is being A TRACT QX EH, Mayency of the | oad

vol tage can be different f rﬂ,é;p L Lh -
in fact wll be changing %re E:éc)f%nggda?x@ ?r‘fﬁt?%‘}ra‘a% sgﬁchrgnoggasixﬁpﬁﬁgfggm
signal of unknown or varying frequency are accurately determined within one cycle by

apparatus including an input circuit (41) which generates a single input pulse for each

5 cycle of the ac signal. The count of clock pulses maintained by a free running counter
(55) is recorded at each input pulse. The frequency of the ac signal is determined from

the period of the ac signal calculated from the difference in the count stored at
consecutive input pulses. This difference in the count is divided by the desired

'sampling rate to generate the sampling interval which is repetitively addegl to the

10 current running count to generaté an interrupt count. A sampling interrupt utilized by
an analog to digital converter (25) to digitize the ac signal is generated when the

running count equals the interrupt count. The same sampling interval is used for each

phase of a multiphase signal; however, a separate samplmg interval is established for

each ac signal in a



“ . il '
after the interruption of power. Again the phase-to-phase voltages of the

| oad are sequentially determ ned, and then the ac inputs from
the | oad are sanpled. This cycle 20 ~ of determning the frequency and
sanpling rate, and then sanpling the phase:-to-phase vol t ages and

the dc inputs for the two sources (and the load if needed) is continuously
repeated. If the |load voltage frequency is to be determ ned separately, and

addi t.i onal phase A input circujt for the |oad voltage would be
provided in Figure? 1 of 8 As can be seen from above, the
frequency and sanpling rate are 25 . determ ned very rapidly, within
one cycle. The large input filters 43 elimnate noi se so t hat
the period is accurately determ ned. As nmentioned previously, the |large
filters 43 result in a |large phase shift (approachirg 90[err])
bet ween the zero crossing of the phase A anal og vol tage and the

square wave that is input to the digital processor for
determ ning the cycles of the anal og waveform However, it is not necessary

to know 30 the precise instant of the zero crossings of %6e anal og
waveformin order to have precjse, synchronous sanpling of the
waveform The precise sanpling interval i det €r m ned raPidIy by

the invention thFWL vision of the count of clock pulSERNATE i
per cycle by theli rf'val ue of the nunber of sanples pégr desi red.
SOURCE " SOURCE |

By
R

l i J | \_19 13

Sy e

NORMAL | _ TRANSFER SW EMERGENCY
, SWITCH . CONTROL SWITCH '

LOAD

FIG. 1

PRIOR_ART



synchronous sanpling, it is neant that the sanpling interval is divisible

into the period of the waveform substantially exactly by an
integer. Rarely will the integer be divisible precisely into the
count; however, the resolution of the count is so high that t he
remairnder is insignificant. The phase of the sanpling relative to the phase
of the 5 ac signal does not matter. Fi gures

SA and 5B illustrate a flow chart of 2 ofré&gram 89 suitable for
use by the m croprocessor 23 in carrying out the invention. Wth the input

capture interrupt enabled (ICIE bit set) at 91, detection by the
edge detector 71 of the rising edge of2the sel ected source
squared waveform generates an input capture inteczupt at 10 93. In

response to this interrugt, the msgroprocessor /Zc—gkr-eads the contents of the
i it as t[err] at 95. Upon

i nput capt ur & egi ster \(3 and stor
the occurrence of the, ,LI_JWY_ ca ge interrupt at 97, the
m croprocessor 23 reads the input capture rlegi st{¢& 73 again at

99 and stores th .e_a.s..t_z_Pt_Qﬂ_ 'Ehe_dth_f_eJ between-t.he. ts
t[err] and t[err| is I the period of thg anal og
E th §

used to cg

signal at 101. en@ fsynot wthi n 5 acceptabl e range,
whi ch represents f ri€quency m about 4d&tlo % he above
sequence i s repeted t 105 anf 107. If fodur refIiPgs fail to resultlin a
peri od W|th|nth ptabl e range, dlbhd -o‘ cy reading is
reported at 109 nd t e prog%w s exited S| Rt Eu .
Normal Iy, the pe e] &t hin an accdptah Ahnige s§F—03)—and |t he

/ = ""\7 %Lg, I~ )

o >

S

—{ 1>—~| H-o—-——l_l-

/ﬁ_‘ JF/SI
15
FIG.2
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20 di fference count between t[err] and t2 is then divided by the
desired sanpling rate, which i n the exenpl ary enbodi nent of
the invention is 16 sanples per cycle, to determ ne t he vol t age
sanpling interval count at 113. This sanpling count is then added to the
count t2 and | oaded into the secondary output conpare register 79 at 115.

Next, the | nput capture interrupt is disabled at 117, the
frequency is calculated as the inversa &f 625 the period at 119, and
the retry count is cleared at 121. The program 89
then enters the Ioop shown I n F| gure 5B for sanpling t he phase

vol t ages of
counter 55 rggaches the |nterrupt ¢

conpar e regi
reads the rum‘ui ng FORIMARYa 125.

A EOt R g
NJLERHALS&R@‘:E&SORFB he secondary out put N
tedjt 128, the mERoprocesgor 23
bej recal y gener atj on of

this interrupf wil{ QUIPWger the A COWBYVarter 25 to %gmqle the  INPUT
sel ected anal pg si JQp@MPARE e(m cr 23 jadds [ hg ganpl e CUAFNRE
(interval) to| thke = i [ O ceﬂe.°tfth Bt
time which is| lloaggg iintct hq [seqgdar yrseL B‘:,‘FE?R = T | o
ya ' A- ®
Y J 79 J
o [ comrR b —" 1| o
"\ | REGISTER f§
N | e | TRl | 4
&
G| TARH | TARL
ALTERNATE PROCESSOR
COUNTER | CLOCK
REGISTER
Ly
A 1 ’
Y - -y 8 ’ 67 o
| _J OVERFLOW |, i |
COMPARE COMPARE DETECT F] G 3
l ' 71
A [
TIMER EDGE
POCF | SOCF | TOF | ICF | staws . | lperect [ LI TN
. ' | Y REGISTER _ INTERRUPT
L L J J 69 85 REQUEST
I ~ 0]
' INTERRUPT -1 -TCMP
" ” CIRCUIT :
& [ A A J
TIMER
ICIE | OCIE | TOIE | SCIE | IEDG | SLYL | CONTROL
¢\ ¢\ i } ; ; REGISTER
¥




oUtput conpare register 79 at 127. The m croprocessor then reads-the A/ d

converter _ at 129, scales the results at 131, squares the val ue at
133 and adds this to the sum of squares at 135 for use in
calculating the RVS val ue of the sanpl edwaveform The sanpl e
nunber is then increnented at 137, and additional sanples are generated
until 5 16 sanpl es have been gétbkBed at 139. Wien a full cycle of
sanpl és have been gat hered, the nean of the sum of squares is
cal cul ated at 141. The RMS val ue of the waveformis then

cal cul ated as the square root of this nean value at 143. The
mul tiplexer 39 is then set up to connect the A/D converter 25 for input of

t he next phase-t o- phase voltage neasurenent at 145 and the
registers are cleared at 14¢ figry the 10 new cal cul ati on. \Wen al
t hree phase-to-phase voltages hg§épbeen i nput at 149, the

programis set up for determijning the frequency and sanpling interval
(count), and for oarrys?g out the sanpling of the waveforns for
t he next source aH<HiAN Wi | e speci fiic enbodi ments
of the invention have been tggdy SAMRLESn detail, it will be
appreciated by t Nge skilldh iln the arf, that varieus nodifigati ons and 15

alternatives to det ai n light dff the over4d|

t eachi ngs .of the ‘ the gqrticul ar

arrangenents di s¢losed stratjijve only and not

limting as to the scop PPEgi ven |tthe ’

full breadth of the clains a : equi vallént s t hereqf .
DETERMINE SOURCE 1 || SOURCE 1 || AC INPUTS™
SOURCE 1 B-C C-A 8 TOTAL

FREQUENCY AND
SAMPLING INTERVAL

f\/ (TR S\ /)
DETERMINE | SQURCE 2 || SOURCE 2 {{ SOURCE 2 || AC INPUTS.

SOURCE 2 A-B B-c Il C-A 8 TOTAL
FREQUENCY AND

SAMPLING INTERVAL

"\ /"Nl
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unknown or changi ng

What is Cained is:

1. Apparatus for digitizing an
conpri si ng:

frequency,

ac signal of

I nput “circuit neans (41) generating an |nput pul se for each cycle 5

of said ac signal;

means (57, 59) generatlng a digital
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signal conprising clock pul ses;"- - ' counter

nmeans (55) to which said dlgltal clock signal is applled to

generate a runni ng count of said clock pulses; 10 - ..

digital nmeans (23, 29) having neans (73, 91-101) responsive to

said input circuit means (41) for determning a di ff.ierence count of clock

pul ses counted by Sald counter means (55) between first and

second sel ected input pul ses, sanphkqg : count generati ng neans

(113) dividing said difference™count of clock pul ses* by a

sanpling factor selected to produce a_desired nunber ‘of sanples of said ac

signal to 15 be taken per ' cyclg said ac signal to generate a

sanpling count, and sanpllng ' |nterrupt generating means (115,

79, 83, 85) for gerne g o . |gnal 2 for each
[

sanpl i ng count of qlock pwi esg .anal og
to digital (A/D) cqnvertle ) Nq amdLgltaI

U &%‘f%‘t -
sanple of said ac dqignalf in re ! p >anpllng interrupt signal. 20

2. The apparatug of @ ai m | wherei gﬁt dnd second i nput

pul ses are consecut]i ve ijnput pulse mpling factor is equal to
an integer nynber of - sa‘: o be taken per cycle.

3. The apparatud of Q ai @-2—w " ? (73 91-101)

responsive to said i nput neénépof‘@mﬁfeﬁwm 'HT &l fference count

conpri ses neans 25 ( 7370 HUER- REARINGS ANDILOAD; Orrﬁdcount of clock pul ses at
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val ues of said clock pul ses and means (91-101) subtracting |t REPLAGEMENT SHEET -

stored val ues | of said clock pulses to generate sjid di f‘fg gﬂq '
signal . 4, The apparatus of C ajj rhake Whe B R R '
sai d sanpli ng I nterrupt generating nmeans (115, 7

conprises neans (115) for repetitively reading said 5 - runni ng
count of clock pulses to generate a current running count, and for adding
sai d sanpling count to said current running count to generate an
i nterrupt count, means (79, 83) conparing said interrupt count
to said running count of clock pul ses andbeheratlng sai d
sanpling interrupt signal when said running count of clock pul ses equal s
sai d _ “interrupt count. 10 5. The

apparatus of Claim1l wherein said ac signal is a nultiphase
signal , wher ei n ApEARAMAIUS CEFOR! DIGITIVING 2HC (SIGNALSs O JUNKNOWN( manber

of S QR ICHANGING: (RREGUBNGLr_ each of said multiple phases of_ said
ac signal in response to said interrupt signal.
6. The apparatus of Caimb5 wherein said sanpling count generating 15

means (113) generates said sanpling count fromthe count in said counter
means (55) I n responi—ﬁw pul ses -and does
not change sai d sanpling count A%é’PRX@I‘ Fred nunber of

sanpl es have been gener at efheSipdjiRAty #hd %rﬁﬂﬁlgqﬂﬁéi‘vzﬂ’i‘oﬁs%&ronous sampling of an ac

mul tipl e phases. Appar atus for di |t|2|n
si gnal s from nulsigngl of wrdmowar(Varyisg fmquency ueaccsmtdydﬁtemmcﬁ vnﬁynpaeoy

el Bt on moans PReska IRRGHE ah tawRRRDH Rl e @%gsbqglwpgtpulseforeach

nul ti pl esac si ggtRof the ac signal. The count of clock pulses maintained by a free running counter

H
-

(55) is recorded at each input pulse. The frequency of the ac signal is determined from
the period of the ac signal calculated from the difference in the count stored at
consecutive input pulses. . This difference in the. count is divided by the desired
sampling rate to generate the sampling interval which is repetitively added to the
10 current running count to generate an interrupt count. A sampling interrupt utlllzed by
an analog to diéital converter (25) to digitize the ac signal is generated when the
running count equals the interrupt count. The same sampling interval is used for each
phase of a multiphase signal; however, a separate sampling interval is established for

each ac signal in a multisignal system.

(Figure 2)



i nputscircuit means (41) generating an input pulse for each 1t yRERLACEMENT SHEET
of vsaid one ac signal; 25 cl och S|gn4I3 AUG 1936
generating means (57, 59) generating a digital clock ) Datgj.grafseeeeesesseeeees
conprising clock pul ses; cotmrter Teans

(55) to which said digital clock signal is applied to generate

a runni ng count of said clock pul ses;
digital neans (23, 29) having neans (73, 91-101) responsive

said input circuit nmeans (41) for determning a differen¢e
pul ses generated by said counter neans (55) beummm m
|vn

I nput- pul ses, .sanpling count generating neans (113

said difference count of clock pulses by a sanpling factor
equal to a desired nunber of sanples of said one ac signal to be taken per
cycle -14 -
of said one ac signal to generate a sanpling count, sanpling interrupt
generati ng nmeans (115, 79, 83, 85) for generating a sanpling

interrupt signal for each sanpling count
-12 -
What is Claimed is:
1. Apparatus for digitizing "?é’r; ac signal of unknown or changing

frequency, comprising:

input circuit means (41) generating an input pulse for each cycie

5 - of said ac signal; '

clock signal generating means (57, 59) generating a digital clock
signal compnsmg clock pulses;

counter means (55) to which said digital clock signal is applied
to generate a running count of said clock pulses;

10 digital means (23, 29) having means (73, 91-101) responsive to
said input circuit means (41) for determining a difference count of clock pulses counted
by said counter means (55) between first and second selected input pulses, sampling
count generating means (113) dividing said difference count of clock pulses by a
sampling factor selected to produce a desired number of | samples of said ac signal to

15 be taken per cycle of said ac signal to generate a sampling count, and sampling
interrupt generating means (115, 79, 83, 85) for generating a sampling interrupt signal
for each sampling count of clock pulses; and |

analog to digital (A/D) converter means (25) generating a digital
sample of said ac signal in response to each sampling interrupt signal.

20 2. The apparatus of Claim 1 wherein said first and second input
pulses-are consecutive input pulsés, and said sampling factor is equal to an integer
number of samples to be taken per cycle. '

3.  The apparatus of Claim 2 wherein said means (73, 91-101)
responsive to said iriput means for determining said difference count comprises means

25 (73) storing said running count of clock pulses at each input pulse to generate stored



of ck ock pul ses; HEPLAD@MENTSHEET

- anal
converter neans: ( digital sanple 5 C%f Saidn0 '
signal in responsamm;mﬂgm Mﬁ%g i nterrupt signal. Date : 13Rﬁﬁm .....
8. m

The apparatus of @ am rein sa sel ection means. 3537
sequentlally selects said nmultiple ac S|gnals as said one ac S|gnal and

aid digital n arate sa count
and gener at esaqge%s‘gpsg}da‘f‘lgcg gﬂlﬁﬁ ﬁ@d "?eg}’s @]I ?Hi)asf?ﬁgrﬁ; ‘?"8?‘:“238 ﬁ%w e
nul t-i pl e ac @ﬂgﬁmbmcs?hasé fflgéreradisaidadiefersnce isighal. . 1
9. The apparatus of Caim8 wherein each of said rruI ttldgl e ac signals

is a nulti-phase signat andThecapprramsaiof Slaimr 2t whereip|spidy samphing iisteomipti by
sai d anal 09 generating meank f1 (4, 9! &, 453 QUL AEART 5 Tor FePeritiiy AR sal

each sel ect one a¢ ‘sl g
5 running count of clock pulses to generate efcurrent running count, and for adding said

sampling count to said current running count to generate an interrupt count, means (79,
83) comparing said interrupt count to said running count of clock pulses and generating
said sampling interrupt signal when said running count of clock pulses equals said
interrupt count.

10 5. The apparatus of Claim 1 wherein said ac signal is a multiphase
ac signal, wherein said A/D converter means (25) generates said desired nuiﬁber of
samples sequentially for each of said multiple phases of said ac signal in response to
said interrupt signal.

6. The apparatus of Claim 5 wherein said sampling count generating

15 means (113) generates said sampling count from the count in said counter means (55)
in response tb two consecutive input pulses and does not change said sampling count
until said desired number of samples have been generated sequentially for each of said
multiple phases. '

7. Apparatus for digitizing ac signals from multiple sources (3, 5)

20 each of which may be of unknown or varying frequency, said apparatus comprising:

selection means (35, 37) for alternatively selecting one of said
multiple ac signals;

input circuit means (41) generating an input pulse for each cycle
of said one ac signal;

25 clock signal generating means (57, 59) generating a digital clock
signal comprising clock pulses;

counter means (55) to which said digital clock signal is applied
“to geﬁerat_e a runﬁing count of said clock pulses;
digital means (23, 29) having means (73, 91-101) responsive to

30 said input circuit means (41) for determining a difference count of clock pulses
generated by said counter means (55) between consecutive input pulses, sampling count
generating means (113) dividing said difference count of clock pulses by a sampling

factor equal to a desired number of samples of said one ac signal to be taken per cycle



