DEPARTMENT OF THE NAVY
NAVAL UNDERSEA WARFARE CENTER
DIVISION NEWPORT
OFFICE OF COUNSEL (PATENTS)
1176 HOWELL STREET
BUILDING 112T, CODE 000C
NEWPORT, RHODE ISLAND 02841-1708

PHONE: 401 8324736 FAX: 401 832-1231
DSN: 4324736 DSN: 432-1231

Attorney Docket No. 96276
Date: 3 November 2005

The below identified patent application is available for licensing. Requests for
information should be addressed to:

PATENT COUNSEL

NAVAL UNDERSEA WARFARE CENTER
1176 HOWELL ST.

CODE 000C, BLDG. 112T

NEWPORT, RI 02841

Serial Number 11/217,846 :
DISTRIBUTION STATEMENTA

Filing Date 24 August 2005 Approved for Public Release
Distribution Unlimited

Inventor Jeremy R. O’Neal

If you have any questions please contact James M. Kasischke, Supervisory Patent
Counsel, at 401-832-4230.

20051108 009




10

11 .

12

13

14

15

| 16
.17
18
19

20

21

22

23

24

- Attorney Docket No. 96276

DELAY LOOP CORRECTION FOR PROGRAMMABLE CONTROLLERS

STATEMENT OF GOVERNMENTAINTEREST
" The invention described herein may be manufactured and
used by‘br for the Government of the United States‘of'America
fbr Go&ernméntal purﬁoses without the péyment of any réyalties

thereon or therefore.

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The present invention generally relates to programmable

controllers and more specifically to correcting delay time

‘errors caused by temperature and voltage changes.

(2) Description of the Prior Art
TElectrohic systems derive their functionality from

programmable controllers such as miéropfocéssors, FPGAs, CPLDs,

- or ASICs. The heart of any programmable system is the clock or

oscillator because it telis'the sYsteﬁ when to execute itsT
instructions.

MQstTQsciilatofs exhibit non-uniform fréquencies throughout
their temperature range. Thié-means that'the speed'in which an-

electronic system operates will vary depending on its
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' temperature. This is an undesirable condition which causes

synchronization and/or other timing errors. FIG. 1A shows the
frequency excursion from the normal operating frequency versus

temperature. Curve 10 shows the excursion when the temperature

is declining, and curve 12 shows the excursion when the

temperature is increasing. As evident from FIG. 1A, these
oscillators not only exhibit freénenc? variabilitylwith respect
to temperature, chey also'dispiay hyéteresis when_subjected'to
ascending‘or descending temperatufes. | |

These curves were obtained utilizing a tempefacure
concrolled Cscillator (TCXO) such as the>566Y49§5 oscillator
manufactured by Vection International whose nominal opeiating
frequency is stated tc be 27 MHz plns_or minns 5 parts per
miliion (ppﬁ). The temperature daﬁa'was gachered frcm~a'Da11as
Semiconduccor temperature chibrmounted‘néxt to,the.oscillacor on
a.princcd circuit board.(PCB)J FIG. 1B sncws_the tempefature
Qersus tima profile giving these recults.

It is also well known tnat<oscillators‘exhibit timing
variance basedvon input vcltage. Simiiar graphs could be
obtained by‘Subjecting an oscillator to a time Varying input
voltage.

Therefore, any electrcnic’syscem ucing this oscillator'
wculd exhibit‘timing Variance depending cn its environmént.

This variance is compounded as timing‘offsets tend to be
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cumulative. For example, if a system designed-to be‘
synchronized to a referenced one second time period is off by

one millisecond per second, after ten seconds, the

" synchronization will be off by ten milliseconds, and after one

minute the synchronization will be bff'by 60 millisedonds.

Processors and_programmable controllérs use loops and/or
timers to cfeate delays in electronic systems. A loopiis simply
a large»number of instruction cycles that the controller must
execute béfore movingbon to its next portion of code. A timer
can aiso be. used to achieve this by dounting to certain preset .
nﬁmber before moving on. If the clock or oscillator is not
operating at the.¢orfect'frequgncyj thesebdelays will either bé
too long or too short.

To solve this problem; instruétidn cycles can be added or

subtracted from the delays depending on the temperature of the

‘oscillator. For example, if the clock frequency is 10 hertz too
‘slow at some temperature, a calculated number of instruction

_cycles can be subtracted from the current code so as to speed up

the execution time by 10 hertz. The net frequency difference

~ would therefore be 0 hertz resulting in no error. The number of

instruction cycles needed to remove the frequency error can be

- calculated from the fdllowing:

Adjustment _Val (temp) = [fCLK (temp)x délay(s)] - [Number of cycles in délayJ (1)

where fox is the frequency of the oscillator,
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temp is the temperéture of the oscillatqr,
 deiay ié the désired.timeAdelay‘of the software loop, and
‘NUmber of cycles in delay is'thé calculated nﬁhbér df

w instruction cycles needed ﬁo create the delay (assuming -

"perfect clock frequéncy).

The prior art acknowledges thatvoscillators and clock chips
have‘problems with maintainihg a stable frequency under chanQing
teﬁperature conditions. Riéhards ét al., U.S. Patent No.
4,684,897 teach a ffequency cérrection apparafus having a de1ay
1ige‘fed'by an input signal, the frequency of such signal being ‘

corrected a»predetérmined amount, As. The delay line has a

plurality of output taps fegﬁlarly disposed along the line. The

output taps produce a plurality of successively time—delayed

signals each one having the frequency of the input signal. A

switching network is included for shccessively‘coupling each one

of the pluraiity of time—delayed signals to an output terminal
of a predeterminéd cOuéling change.ratejreiated to Af, to
produce, at such outpﬁt terminal, an'output sigﬁél having a
frequency-shifted from the frequency of the input éiénal the

predetermined amount required for the desired frequency

correction. When the taps are successively coupled to the output

terminal in a direction along the delay line away from the input
to such line, thé frequency of the output signal is equal to the

frequency of the input shift shifted lower in frequency the
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amount As. On the other haﬁd; when the tapsbare'successively'V

AcoUpled,in a direction towards the line input, the frequency of

the output signal is shifted higher in frequency the amount Af 

Moller et al., U.S. Patent No. 5,644,271 teach a

temperature compensation system includes a first oscillator to

generate a number of pulses whiéh vary from a desired frequency
as a function of temperature”of the first.oscillaﬁof.‘The system
also includes-a seéond oscillator to generate digital pulses at
é corréctive‘frequency-whiéh is gfeater than the desired
frequency. A Sensorprovideé a temperature}signai for the first
osCiilator._A_digiﬁal memory has a digital error table
addreésablé.by a signal corresponding to the temperature signal
to providé é'numbér of pulse errors éorresponding to témperaturé

error for each of the number of pulses. Each pulse error is a

function of the corrective frequency and a temperature versus

fiequency charééteristic of the first oscillator. An accumulator
receives>each pulse error to generate a cumulative error:
cqrresponding to.one of the number of.puléés. A variable délay .
device counts a quantity of corrective pulses from second
oscillator to provide a delayed output pulse in aécordance with
the desired fféquency. The quantity of corrective pulsés is a
function .of the cumuiativé error signal receivéd from the
accumulétor. The cohverter, memory, accumulator and.delay device

may be part of a microcohtroller.
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While these patents teach corrective actions for oscillator
éxcursion caused by‘témperature:variations, they do not teach
correcting for hysteresis or for correcting delay times by

adding instruction cycles.

 SUMMARY OF THE INVENTION
Therefore, it is an object of the present invention to

provide a system that computes delay cycles for a processor

. based on a parameter.

It is a further object of the pfesent invention to compute
delay cycles fdrva pfbcessor whénzthe oscillator variation is
subject to hysterésis.

It isVYet another objectbofvthe present invehtion to
compute delay cycles when'a fractidnal_deiéy cycle is required;

Accordingly, the current inVentionbprovides an apparétus

computing a correction value for a processor delay. At least

‘one parameter sensor measures a system parameter influencing the

oscillator. A lookup table determines a Cycle adjustment value
based on the system parameter.- A processor joinéd to the
oscillator implements the‘dycle adjustment'value'to_correét for
oscillator variation. Cycle adjustmeht.vélues can be computed
in both whole_cycles and partiai cycles throﬁgh.accumulatéd
error thresholding. Thé parameter sensor can be artemperature.

sensor, a voltége sensor or both kinds of sensors. The lookup
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table and processor can have additional terms to account for

hysteresis;in the oscillator.

BRIEF DESCRIPTION OF THE DRAWINGS

The appended claims particularly point out and distinctly

~¢laim the subject matter of this invention. The‘vérious objects

advantages and novel features of this invention will be more

fully apparent from a reading of the following detailed

 description in conjunction with the accompanying drawings in

which like referenceinumerals refet to like parts, and in which:

FIG. 1A is a'graph'sﬁowing frequency excUrsien &ersus
temperature f0r‘an oscillator subjected to increasing and
decreaeingutemperetures;_ | |

.FIG; 1B is. a greph ehowing the temperature versus time test

prefile for obtaining the-graph §f FIG. 1A;

FIG. 2‘is a block diagram of an embodiment of the invention
correcting for'temperature veriatiens;

FIG. 3 is a block diagram of an embodiment of the invention

‘correcting for power supply voltage variations;

FIG. 4 is a block diagram of an embodiment of the invention

correcting for both temperature and power supply voltage

variations;
FIG. 5 is pseudo code for a first order embodiment of the

current invention;’




10

‘11

12
13

14

15

16
17
18
19
20
21
.22
23

24

FIG. 6 is a'gfaph shdwing fhe'results of a simuiation of
error versﬁs delay loops;‘

FIG. 7 is a graph of a test comparing the-erfér with
accumulated‘errbr'thresholding, the maximum error énd error
Without using acdumulated»errqr thresholding;

FIG. 8 is pSeudo code fqr a_sgCond order embodiment of the
current invention; aﬁd

| FIG. 9 is a graph of a simulation.comparing the error with
second order accumulated error thresholding, the méximum error

and error without using accumulated error thresholding.

DESCRIPTION OF THE PREFERRED EMBODIMENT

FIG. 2 shows a first embodiment of a generic system

- utilizing this invention to adjust delay times in a processor

20. While proéessor 20 can be a programmable controller, a
digital signal processor, a field programmable gate array or any‘
other digital processor, these~devices are generically called a
“processbr" for purposes of describing this system.' Processor

20 is in communication with non-volatile memory 22. In the

-pfaétiéal application discussed below, the proceséor 20 is a .

TMS320c31 digital signal_procéssor manufactured by Texas
Instruments. Ndnfvolatile memory 22 is integral memory located
on the processor chip. Processor 20 is also joined to an

oscillator 24 providing a clock signal. A temperature sensor 26
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' temperature output to processor 20. Temperature sensor 26 can

be any sensor capable of providing a digital indication of the
temperature near oscillator 24. In the practicel application
discussed'ﬁelow, this sensor 26 can.be a Dellas Semiconduetor
DS1620. eSensor 26 could also be a thermal voltage sensor
coupled to an ahaloé to digital converter. Nonevelatile memory

22 can be preprogrammed with a look up table correlating

" temperature with clock cjcles as described hereinafter.

FIG. 3_shows en aiternate embodiment of ‘the generic system
utilizing.this invention to adjust aela? times in a processor 30
when'the_oscillator 32.is squected to varying voltages_from a .
power supply 34. - A voltage eensor 36‘is joined to moniter the
voltage output (v to ground) of the pewer supply. This shduld :
be the eame power sﬁpply 34 that influences oscillator 32.
Voltage sensor 36 can be any voltage sensorAcepable'of proViding
a digital indicatien of the voltage received by>osei11ator 32,
Voltage sensdr 36>can‘be a specialized voltage sensor, an analog
to digitalvcoﬁverter or analog ranging circﬁitry jeined to an
analog to digital cenverter.- As above, a nen—voletile memory 38

is joined to processor 30. Non-volatile memory 38 can be

preprogrammed with a look up table correlating'voitage with

clock cycles as described hereinafter.
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FIG. 4 shows yet another alternate embodiment having
adjustments for both temperature and voltage. Temperature

sensor 26 and voltage sensor 36 are joined to processor 40 as in

'FIGS. 2 and 3. A non-volatile memory 42 is joined to processor

40. Non-volatile memory 42 can be preprogramﬁed with a look up
table correiating voltagé ahd temperature with‘ciock‘cycles as
described hereinafter. | |

The nature and accuracy of-the timing required dictates the
structure of théblookup table stored ih memory. In the éimplestv
case, the lookup table can coﬁtain a sensor‘outpﬁﬁ éorrelated

with the clock adjustment values for all possible values of the

sensor that’affect the oscillator. ~The size of the lodkup table

depends bn the resolu;ion of the sensor and the rangé of
variation in question, The presence of hysteresis can increase
the amount of data required up to twice fhat ofvthé_simple éasé,
5ecause data_mﬁst.be stored to accouﬁt fqr:hysteresis both
upwardly mo&ing sensor values and downwardly moving sensor
valués. Hysteresis has been shown for femperature &ariations’
but it'may noﬁ.be_significant for other parameter vafiations
such as voltage.

A lookup table hés been developed for a system‘like that
shown in FIG; 2. The test results are shown in FiG. 1A.  Ih
phié test, a Dallas Semiconductor DSléZO temperature cﬁip_is

used as sensor 26. This sensor 26 has a resolution of 0.5°

10




Celsiusf 'For a temperatUre range_of 20’td 29° C(‘there would be
twenty rdws in thg lookup table storéd'in ﬁemdry-22. Table 1 -
‘shéws.the adjustment values corresponding to the déta in FIG.
1A; In order to account for hysteresis, this table has sepérate
adjustmeht values for increasihg temperatures and decfeasing
temperatures._ There are three‘optiohs for steady state
conditions: utilizing the previous adjusﬁment, utilizing the 
incréasing temperature value, or utilizing.the decreasing
:temﬁerature ﬁalue. Systém-conétraints and the nature of the

data dictate the proper option.

Table 1
Memory Offset (Arbitrary) Adjustment Value - UP/Steady Adjustment Value - DOWN
40,41 - -20.0 : -15.3
42,43 - -20.0 -15.3
44,45 -20.0 -16.0
46,47 ) -20.0 ' -16.0
48,49 -20.0 _ -16.0
50,51 -20.4 -16.0
52,53 - -20.3 -16.0
54,55 ' -20.2 : - ' -16.0
56,57 -20.0 ' -15.8
58,59 E -20.0 -15.0
60,61. -20.0 -15.0

12
13

14
15

16

The corrections obtained by this table are limited because only

integer values of counts can be added or subtracted from the

current number of instruction cycles in a delay loop.

Therefore, the 1ookup'table’s'adjustment valués must be rounded

11
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Table 2

Memory Offset (Arbitrary) Adjustment Value - UP/Steady Adjustment Value - DOWN
40.41 - -20 - 15
42,43 : -20 » .15
44,45 -20 . -16
46,47 -20 . -16
48,49 ’ : ) -20 : -16
50,51 -20 -16
52,53 =20 - . -16
54,55 =20 -16
56,57 : -20 -16
58,59 -20 -15
60,61 - . 20 -15

The adjustment values aré indgxed'by an.arbitrary memory.offsét
value that is directly related to the sensor output. This
offset can also Se dependent on processor microcbde.v

As an example-assumé-that.at 20° Celéius wiﬁh a decreasing

temperature a delay loop is calculated to be 15.3 counts too

slow for a one second deléy interval as shown in Table 1, row 1,

‘column 3. Due to the fact_thatvonly integer values can be added

or subtracted fifteen instruétion cycles, rather than 15.3; willn
be subtracted from thevloop. While subtrécting,ls cycles will
improve the overall ffequency error, it will only do so to a
resolution of 3/10 of a.count during thé ong‘secbnd delay
ihterval. Equation 2,‘below,“can,be;used ﬁo calculate the

accumulated error:

12
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A_ccumulated Erfor = {

Rounding Error
. delay(s) =

xTP;CL‘K:|xLength of Run(s) - (2)

In the system discussed above, each instruction cycle is

1/27,000,000 or 37.04 ns. If the error is 3/10 of a count each

© time through the one second repetitibn interval, after one

minute of operation the accumulated error of the system will be:

3/105< ! sec |x 60sec = 667ns . o - (3)
1sec 27,000,000 o -

This may'be‘sufficient for some applications; hbwéver,
additional processing,and stqrage'can be utilizéd to provide
greater accuracy. | |

The accumulated error thresholdingvtechnique'stores the
remainder of the édjustmenf valué] rather than rounding it off,
and uses the remainder to.improVe the accuracy of the system.
Rather than letting the error gréw, this techniQue iﬁposes:

thresholds on the accumulated error. If the accumulated error

exceeds the thresholds, the adjustment value is change by one

count (plus or minus depending on the sign of the error), and

the 10’s complement of the remainder is added to the accumulated

error. Tablé_ 3 shows the accumulated error thresholding lookup

table for the data in FIG. 1A. FIG. 5 provides pseudo code for

one embodiment of the accumulated error thresholding technique

- that couid reference table 3.

- 13
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The lookup table values are calculated using the following
equations:

'>Adjustment Value = round (Adjustment. Value,O) o : - (4)

Remainder Value' = [round (Adjustment Value,l)— round (Adjustmenf Value,O)]x 10 (5)

Table 3
- Memor_y Offset A %:ﬁ':fnt Rt‘e;;l'a‘::cier Adjustment Value - Rem_ainder Value -
(Arbitrary) UP/Steady ' | UP/Steady DOWN DOWN
40,41,42 43 -20 -0 -15 -3
44.,45,46 47 -20 0 -15 -3
48,49,50,51 -20 0 -16 0
52,53,54,55 -20 0 -16 0
56,57,58,59 - =20 . 0 -16 0
60,61,62,63 -20 -4 -16 0
64,65,66,67 -20 -3 -16 0
68,69,70,71 =20 ’ 2 -16 0
72,73,74,75 ) -20 0 -16 2
76,77,78,79 -20 0 -15 0
80,81,82,83 - -20 0 -15 )

The code shown in FIG. 5 repeats each time the processor goes

through its delay loop. Each time through, the adjustment value

is added to the number of instruction cycles in the loop to

offset the frequency error to zero.

Using the same'example described above where the

temperature is 20° and decreasing, the accumulated error

- threshold method with a threshold of -6 will be used with the

adjustment value -15.3 to show operatioh of the method. After
the first time thfoﬁgh the delay, the system will be 3/10 of a

count too slow.. After the second, it will be 6/10 too slow.

14




10
11
12

13

14

15

The accumulated.error of -6 has now reached the threéhold."So;“
the next'ﬁime»through'the'delay theiadjustment value Qill be
décrementéd by oné and the ten’s cqmplement of its'remainder
will be added to the accumﬁlated error. The éutput of the

accumulated error after the third delay is therefore -6 -+ (10 +

(-3)) = 1. Table 4 shows this in tabular form and the output of

the process is shown in FIG. 6.

Table 4

_ DESIRED ADJUST VALUE = -15.3

- DELAY ADJUST VALUE REMAINDER |  ACCUMULATED THRESHOLD
LOOP USED VALUE USED| = - ERROR EXCEEDED
1 -15 ‘ -3 . -3 ‘ NO
2 15 -3 . 6 YES

-3 -15-1=-16 | -3+10=7 - 1 NO
4 -15 . 3 2 "NO -
5 -15 ' 3 ’ 5 NO
6 -15 . -3 _ ) - YES
7 -15-1 =-16 3+10=7 | -1 .~ NO
8 -15 | - -3 -4 NO
9 15 3 -7 YES
10 -15-1=-16 -3+10=7 0 __No
AVG. -15.3 SUM 0

This technique uﬁilizés integer math rather than floating
point math in order to:achieve pseudo floating point adjﬁstments.
in én environment that dictates the_use.bf integer nuﬁbers,‘i.e.
a digital processor delay loop or counter/time:.

In“thedry, accumulated error threshoiding.prbves that

repetition interval errors will reside within the bounds of 1/20

15
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of a count which is negligible chpared to no-adcumuiated errof :
thresholding\cofrection. FIG. 7 proviaes a graph 6f‘a test
showing érror with cydle time correction but no aCdumuléted
errér-thresholding, identified as 70; the positiﬁe and negaﬁive'
acceptable error limits, errér within one couﬁt, are identifiéd
as 722 and 72B;land error.with accuﬁulated error threshqlding;
identified as 74. FIG. 7 was developed utilizing the
accumulated error thresholding technique with a one second
repetitibn iﬁterval'produéed by a Texas-Instfuménts'TMS 5320c¢c31
digital SignélvprocéSSOr chip ﬁsing.the.oscillatorfiﬁ FIG. 1A
(divided by four) and the éame‘model DailaS’SemiconduCtor
temperature chip ih a temperature‘varying environmeﬁt? As shown
in FiG.'7, the accumulated error of acdumulated;error
fhresholding_74 did not excéed'ﬁhe maXimum acceptable error

bound of curves 72A and 72B. Error 74 slightly exceeded the

- maximum expected error for a theQrétical system because of the

practicalities of the implémentation.' This test proves thét
accumulated error thresholdiﬁg is effective in’improving the
performance_of\a timing system,‘ |

Using more digits after the decimal point can extend thé

precision of accumulated error thresholding. Sd’faf,

- accumulated error thrésholding has been introduced as only using

‘the tenths wvalue of the_adjustment value which has a resolution

of 1/20 of a count. If accumulated error thresholding were to

16
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: [round(Adjustment Value,l)— round(Adjustment Value,O)]xlO

use both the tenths and hundredths values, the resolution would
become a factor of 10 better -or 1/200 of a count: CIf all digits

up to the thousandths value were used, the resolution would be

_ 1/2'000 of a count. This method could be extended in a like

manner to any order of resolution desired. This manuscript will

‘refer to first order as vaccumulated error thresholding to the

tenths, second ordér ésvaccumulatéd“error:thresholding to the
hundredths, and'third Qrder as accumulated errbr threshblding to
the thousandthé. |

| Equations for calculating higher order adjustment values

are shown below:

Adjustment Value' = round(Adjustment Value,O) , (4

Remainder Value,, =

(5)

Remainder Value,,, =

[round (Adjustment Valde,Z) - rouﬁd (Adjusirhent Value,i)]x 100- e)

As can be seen equations 4' and 5' are very similar to equé.tiohs
4 and 5.  Pseudo code for the higher order algorithm is given in
FIG. 8.

‘As an example to show how second order accumulated error

‘thresholding woj:ks, assume 15.34 cycles need to be subtra_cted

from the current code to offs’et' the frequency error to zero.

After the first delay, the tenths value will be 3/10 too slow

‘and the hundredths value will be 4/10 too slow. After the

17




second delay, the tenths value will be 6/10 too slow and the

hundredthslvalue will be 8/10 too slow. Both of these have now

reached the threshold and need to be adjusted. When the

hundredths accumulated error reaches the threshold, 1 is

subtracted from the tenths remainder. When the tenths value

reaches its threshold, 1 is subtracted from the adjustment

value. _Table 5 shows this for each delay loop.
Table 5
Delay Adjust Remain_10 Remain_100 Acc_10 Acc_100 | Thres_10 Thres_100
Loop Value Used Used Used ) .
) 1 -15 -3 . -4 -3 -4 | no no
2 -15 =3 -4 -6 -8 | yes yes
3 -15-1=-16 -3+10-1=6 ~4+10=6 0 -2 | no no
4 -15 -3 . -4 -3 6 | no yes
5 -15 -3-1=4 -4+10=6 -7 0 | yes no
6 -15-1=-16 -3+10=7 -4 0 4 | no no
7 -15 -3 © -4 -3 -8 | no yes
8 -15 -3-1=-4 -4+10=6 -7 -2 | yes no
9 -15-1=-16 -3+10=7 -4 0 -6 | no yes
10 ) -15 -3-1=4 -4+10=6 4 0| no no
11 | -15 -3 -4 -7 -4 | yes no
12 ~15-1=-16 -3+10=7 -4 0 -8.| no yes
13 -15 -3-1=-4 -4+10=6 -4 -2 | no no
14 -15 -3 -4 -7 -6 | yes yes
15 -15-1=-16 -3+10-1=6 -4+10=6 -1 0 | no no
16 -15 -3 -4 -4 -4 | no no
17 -15 ~3 -4 -7 -8 | yes yes
18 -15-1=-16 -3+10-1=6 -4+10=6 -1 -2 | no no
19 -15 -3 ) -4 -4 -6 | no yes
20 <15 -3-1=4 -4+10=6 -8 0| yes no
21 -15-1=-16 -3+10=7 -4 -1 -4 | no no
22 -15 -3 -4 -4 -8 | no yes
‘23 -15 -3-1=4 - -4+10=6 -8 -2 | yes no
24 -15-1=-16 -3+10=7 -4 -1 -6 | no yes
25 -15 -3-1=-4 -4+10=6 -5 0 | no no
26 -15 -3 -4 -8 -4 | yes no
27 -15-1=-16 -3+10=7 -4 -1 -8 | no yes
- 28 -15 -3-1=4 -4+10=6 -5 - =21 no no
29 -15 -3 -4 -8 -6 | yes’ yes
30 -15-1=-16 -3+10-1=6 -4+10=6 -2 0| no no
31 15 -3 -4 = -4 | no no
32 -15 | . -3 -4 -8 -8 | yes yes
33 -15-1=-16 -3+10-1=6 -4+10=6 -2 -2 | no no
34 -15 o -3 -4 -5 6 | no yes
35 -15 -3-1=-4 -4+10=6 -9 0 | yes no
36 -15-1=-16 -3+10=7 -4 -2 -4 | no no
37 -15 -3 -4 -5 -8 | no yes
38 ) -15 -3-1=4 -4+10=6 -9 -2 | yes no
39 -15-1=-16 =3+10=7 -4 -2 -6 | no yes
40 -15 -3-1=4 4+10=6 | -6 0 | yes no
41 -15-1=-16 -3+10=7 -4 1 -4 | no no
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42 -15 . -3 - -4 -2 -8 | no yes
43 -15 -3-1=4 -4+10=6 { -6 -2 | yes no
44 -15-1=-16 -3+10=7 | - -4 1 -6 | no yes
45 -15 . -3-1=-4 -4+10=6 -3 0|no - no
46 -15° -3 -4 -6 4| yes no
47 | - -15-1=-16 _-3+10=7 -4 1 -8 | no yes
48 - -15 -3-1=4 -4+10=6 -3 -2 | no no
49 -15 -3 -4 -6 6| yes - yes
50 -15-1=-16 -3+10-1=6 -4+10=6 0 01! no no
average -15.34

To prove the functidnality of second order accumulated error
thresholding, a simulation was run using second order

accumulated error thresholding, and its results are shown in

FIG. 9. The curve without accumulated error thresholding is

shown as 90. The positive and negative maximum acceptable error
curves are 92A and 92B. This is error to within one count of

the processor. The second order accumulated error thresholding'

- curve is shown at 94. As can be seen, curve 94 is

indistinguishable from the zero error axis at this scale. This

simulation demonstrates that second order accumulated error

: thfesholding staYS'withih the predicted bounds and produces vefy

precise results.

Higher orders of accumulated error thresholding can be

péerformed up to the accuracy réquirements of the system. The

error using first order accumulated error thresholding is
bounded at plus or minus 1/20 of a count. The theoretical error

in counts using an n-th order accumulated error threshold is

'bounded at:
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As discussed above, in relatidn.to FIG.'7, actual error may be

greater than |e| because of the practicalities of implementation.

In any case, the theoretical error can'give a measure of the

order of accumulated error'threshdlding required to give a-
desired accuracy.
When implementing accumulated error thresholding in a

system, the first step is cdllecting the ffequency_vs. sensoxr

- data. For temperature variation, this is accomplished using an

‘environmental température chamber. The temperature profile

should be a steadily increaéing/decreasing temperature at a rate

1the system might see in the projected application. (This can be

similar to that of FIG. 1B).
Using the environmental chamber progiammed with the desired -
profile, the frequency and temperature are measured and

recorded. Those meésurements are then used to calculate thé

adjustment values and remainders, which are stored in the'lookup

table. The lookup table is then programmed in the systems non-

volatile memory and the above pseudo code is implemented into

the processor’s firmware.

Due to the aging effect of oscillators, this procéss will

'heed to be repeated periodically, dependent on the spéed of the

20




aging and the desired accuracy éf the system. Tyéically, ﬁhis
.period can be séveral mpnths t6 severgl years. H
It will‘bé.understbod that various éhanges in the detail,
steps‘and atrangement of‘pafts, whichlhave been hérein described
and iilustrated in drder to ekplain the ﬁature of thé invention,
may be made to those skilled in the art.with the principle and -

scope of the invention as expressed in the independent claims.
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Attorney Docket No. 96276
- DELAY LOOE CORRECTION FOR PROGRAMMABLE CONTROLLERS

ABSTRACTAOF THE DISCLOSURE
An apparatus provides a correction &alﬁe for an oscillator.
At leést ono paréméter'sensor measures a system parameter
influencing the oscillator. A lookup table determines a cycle
adjustment value_baSed‘on the system pafameter. A processor

joined to the oscillator implements the cycle adjustment value

‘to correct for oscillator variation. Cycle adjustment values

can be computed in both whole cycles and partialvcyclesAthrough

accumulated error thresholding. The parameter sensor can be a
temperature sensor, a voltage sensor or both kinds of sensors.

The lookup table and processor can have additional terms to

-account for hysteresis in the oscillator.
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Temp = Chip Temp

IF Temp >= PreVIous Temp THEN
Adjustment Value = Base Table Address + [Offset(Temp)]
Remainder = Base Table Address + [Offset(Temp) +1]
ELSE IF Temp < Previous Temp THEN
Adjustment Value = Base Table Address + [Offset(Temp) + 2]
| Remainder = Base Table Address + [Offset(Temp + 3]
END IF | o

'IF Accumulated Error > Threshold THEN
Adjustment Value = Adjustment Value + 1.
Remainder = Remainder - 10 »

ELSE IF Accumulator Error < Threshold THEN
~ Adjustment Value = Adjustment Value — 1
Remainder = 10 + Remainder
ELSE

Adjustment Value = Adjustment Value |
Remainder = Remainder
END IF

~ Accumulated Error = Accumulated Error + Remainder

- Previous Temp = Temp

FIG. 5
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' Temp = ChipTemp |

IF Temp >= Previous Temp THEN
Adjustment Value = Base Table Address + [Offset(Temp)]
Remainder_10 = Base Table Address + [Offset(Temp) + 1]
Remainder_100 = Base Table Address + [Offset(Temp) + 2]
ELSE IF Temp < Previous Temp THEN
~ Adjustment Value = Base Table Address + [Offset(Temp) + 3]
Remainder_10 = Base Table Address + [Offset(Temp) + 4]

Remainder_100 = Base Table Address + [Offset(Temp) + 5]
END IF |

~ IF Accumulated Error_100 > Threshold THEN =
Remainder_10 = Remamder 10 + 1
Remainder_100 = Remainder_100 - 10
 ELSE IF Accumulator Error < Threshold THEN
Remainder_10 = Remainder_10-1 «
: Remainder_100 = 10 + Remainder_100
ELSE .
Remainder_10 = Remainder_10
Remainder_100 = Remamder 100
' END IF

IF Accumulated Error_10 > Threshold THEN
Adjustment Value = Adjustment Value + 1
Remainder_10 = Remainder_10-10

ELSE IF Accumulator Error_10 < Threshold THEN
Adjustment Value = Adjustment Value — 1
Remainder_10 = 10 + Remainder_10

ELSE
Adjustment Value = Adjustment Value

| Remainder_10 = Remainder_10

END IF |

~Accumulated Error_10 = Ac-cumu.lated Error_10 + Remainder_ 10

Accumulated Error_100 = Accumulated Error_100 + Remalnder 100
 Previous Temp = Temp

FIG. 8
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