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The new principles of constructing of the clocked reversible integrating analog-to-digital converters
(ADCs) with pulse-width (PWM) and in-phase amplitude-frequency-pulse modulation (AFPM), as well as
closed integrating ADC with tactless bit-by-bit equilibration is considered. The block diagrams and time dia-
grams of the ADC are reduced. An analysis of their dynamic characteristics is given.

It is shown that the expansion of bandwidth of the ADC with PWM is possible by increasing the number of
cycles of sweep conversion "within" the synchronization interval. In particular, it is proved the ADC with in-
phase AFPM in comparison with the known technical solutions has at least an order higher temperature and
time stability of the characteristics. The bandwidth of the closed integrating ADC with tactless bit-by-bit equili-
bration depends on the time constant of channel integration. Significant expansion of the ADC bandwidth which
purchased due to the reducing of the metrological characteristics is possible in his open-loop structure in the de-

ficiency of channel integration.
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quency of pulses, pulse-width modulation, amplitude-frequency-pulse modulation, tactless bit-by-bit equilibra-

tion, noise immunity, control system.

Introduction

In control systems (CS) with the slave network of
power valve converters (VC) [1-4] limit bandwidth f;,
is determined by the frequency fs and the number "m"
of phase power supply and according to A. Kotelnikov
theorem is f;, < 0,5-m-fs[5]. Under these conditions, the
clock frequency removal of data from analog-to-
digital converters (ADCs) to choose the higher of
those values that are dictated by the discreteness of
VC is not only pointless, but harmful, so as it leads to
a decrease in noise-immunity of control system due to
"entering" of high-frequency pulsation [6] determined
by the properties of the converted analog signal into a
digital code. These coordinates are, for example, the
signals of the current and voltage feedback, and in
some cases, the rate of the actuating mechanism, as
well as external noises, which are often the generator
directly to the elements of the electronic part of the
CS, working in a discrete (pulsed) mode [7]'.

To date, more effective ways to increase the
noise immunity of the ADC than integrating analog-
digital conversion, not invented. The leaders are ADC
with push-pull integration [8, 9], the ADC with inte-
grating pulse-width modulation (PWM) [10] and
number-to-pulse ADC [9].

The basic disadvantage of the ADC with push-
pull integration is interval when the ADC’s input is
disconnected from the source of the converted signal

and the CS is actually loses connection with the
processes that occur in it. The only way to avoid a
similar situation is used in a bundle of two antiphase
running the ADC, which complicates not only the
whole construction of the ADC, but also its setting.

The basis of the ADC with PWM are integrating
sweep converters (SC), which synchronized external
sawtooth or pulse signal. The processes in these ADCs
are aperiodic mode, depending on the parameters of
the synchronization signal and the time constant of
SC’s integration circuit [11] and, as a rule, are rather
inertial, to be used in fast CS.

In the number-pulse ADC are made rigid re-
quirements on the work stability of the converter of
input signal into frequency of pulses, which added
task of supplying the reversibility of the ADC that is
his ability to work with the signals of both positive
and negative polarity.

The overall quality of the referred ADCs is open
character of their structure, which gives to rise the
natural problem of providing a high level of metrolog-
ical characteristics of the converter, and the need for
clock interval of the ADC, after which the command
is issued to permit data reading. Often the clock period
is dictated by the most inertial link of the ADC, which
determines the dynamics of this method of analog-
digital conversion. Usually, when solving the tradi-
tional problems of automation, the fact of the ADC

* PaboTa BBIMOJHAIACH MPH (UHAHCOBOHM mojiepkke MuHHCTEpcTBa 00pa3oBaHus U Hayku Poccuiickoit denepannu B
paMKax KOMIUIEKCHOTO IpoekTa «Co3maHue BBEICOKOTEXHOJIOTHYHOTO MPOM3BOJICTBA MOJEIBHOTO psila SHEProcOeperaroninx
HU3KOTIOJIFHBIX TPaMBaiHBIX BaroHOB MOAYJIBHON KOHCTpYKHUU» 1o noroBopy Ne 02.G36.31.0002 mexmy MuHHCTEpCTBOM
oOpa3oBanus U Hayku Poccuiickoil ®@enepanun u denepanbHbIM rocyJapCTBEHHBIM YHUTApHBIM IpeanpustiueM «locynapcr-
BEHHBIM KOCMUYECKUI Hay4HO-IIPOM3BOJCTBEHHBINA IIeHTp uMeHd M.B. XpyHuueBa» B KooIlepaly ¢ FOJOBHBIM HCHOJIHUTE-
nem HUOKTP — ®enepanbHbIM ToCyaapcTBEHHBIM OOJDKETHBIM 00pa30BaTENbHBIM YUPEKACHHEM BBICIIErO MpodeccnoHab-
Horo oOpazoBanus «lOxHO-YpanbCKuii rOCyIapCTBEHHBIH YHUBEPCUTET) (HAMOHATIBHBIA HCCIIEI0BATENbCKIN YHHBEPCHUTET).
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clock is not negative, in some cases, it is an effective
means of suppressing noise [7]. However, optimiza-
tion of dynamic characteristics of objects with non-
stationary parameters and a high level of external
noise is desirable to have the tactless integrating ADC,
allowing the system to change the sampling frequen-
¢y, depending on its mode.

The purpose of the article is acquaintance of spe-
cialists in the field of information electronics and au-
tomation of technological processes, as well as the
manufacturers of integrated circuits with the develop-
ments in the field of ADCs, which have been made in
recent years in the department of electric driver of
SUSU and are intended for control systems by valve

electric drives and technology automation [12-14],
characterized by high levels of interfering signals.

Clocked ADC with integrating PWM

ADC (Fig. 1 a) contains the SC, the generator of
signal of sawtooth sweep GSS and converter "PWM —
DIGIT".

The SC [11] includes an adder X, an integrator
with a transfer function W(p)=1/T,p, where T; is

time constant and the anhysteresis relay element RE
with symmetric no inverting characteristic, the output
signal which varies discretely within 4.

"Inside" the GSS of a counting circuit (in fig.1 a
isn’t shown) is formed digital reference sawtooth
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Fig. 1. Block diagram (a) and timing diagrams of signals (b — e) of the reverse integrating
analog-to-digital converter with a PWM
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sweep (Fig. 1 b), period T of which is determined by
the external clock pulses corresponding to the sam-
pling interval of the VC.

The discreteness of reference sweep is deter-
mined by the frequency of own generator of counting
pulses and is negligible quantity. With help the sweep

are given numbers N, N,, N, .., N, so that they

followed with a period Ty < T, where Ts/ Typ =n — an
integer. In Fig. 1 b as an example, there are three values

Nl*, N;, N; , which form a discrete front of GSS’s out-

put analog sweep destined for synchronization of SC.

Switching the REs occurs at instant times, when
equal amplitudes of the signals of the master sweep to the
GSS’s output and slave sweep from the output of the
integrator 1. If the input signal X;, is, for example, nega-
tive polarity (Fig. 1 c), then on the time interval # the
signal of the master sweep from the output of the integra-
tor I equal difference of the signal at the output of RE and
the input signal of SC (4 — X;,), and in the interval 4 it
equal add of these signals (-4 — X;,) (Fig. 1 ¢, e).

As a result, #; > t,, and the average value of the
output pulses of REs is proportional to the input signal
X;,. With the positive input signal SC works similarly
with the only difference is that #; < ,.

In general, the SC synchronized of "saw" on the
output of RE is an aperiodic link W (p)=1/(1+Tgp)

[11], where T, ~0,45-T,-T, is the equivalent time
constant of the SC; T, =T, / T is normalized value

of the integrator time constant I referred to the time
constant of the signal of sawtooth sweep Tgss. In gen-
eral, Ty = Tg/ n, where n is the division factor of syn-
chronization interval Tg (Fig. 1 b — e). At that, the
condition 7} > 27ss should comply for reliable syn-
chronization of SC by signal from the output of GSS.
From these relations it is clear that as the period
of the sawtooth sweep signal 7} "inside" synchroniza-
tion interval decreases so speed of SC increases.
Converter "PWM — DIGIT" (Fig. 1 a) contains
two counting channels CC1, CC2 and arithmetic-logic
device ALD. CCl1 converts into a digital code N,
pulses of positive polarity, and CC2 forms a code of
N,, depending on the duration of the output pulses of
negative polarity.
In this case, are the following options of "num-
bering" of the PWM signal from the output of the SC.
In the first case it is assumed that on the interval

Ts (Fig. 1 b) sum of "odd" N, =>"1,,, and "even"
i=1

N, = Z t,; synchronization intervals of SC (Fig. 1 d)
i=1
are converted to "digit" with following calculation of

N, -N
the output code Ngyp = K———=2, where K is the
N+ N,

coefficient of scheme proportionality.
The second option of converting of analog signal
into the code takes into account only the latest in a

series of periods when N, =t,,,, N,=t,, and
N —-N,
N, +N,
formed in ALD by comparing the values of N; and
N,.

’ In Fig. 2 shows the logarithmic amplitude-
frequency characteristics (LAFC) k = F(f) of ADC
with PWM, taken at different values of the division
factor n=Ts /Ty of the synchronization interval T
and the relative integration time constant of SC
T, =2,2 for the first (Fig. 2 a) and the second (Fig. 2 b)
algorithms of "numbering" of the PWM signal are "in-
side" of the synchronization interval Ts. Here, k is a
coefficient of transmission of an integrating ADC;

Noyr =K . In either case, the sign bit is

f= fiv/ fs is normalized frequency fyy of the har-
monic input signal divided by the frequency of clock
pulses fi = (T y"!' (Is= 3,3 ms). LAFC obtained by
modeling of the ADCs in a technical computing soft-
ware MatLab + Simulink.

LAFC analysis showed the following:

— an increase in the number "n" sampling inter-
vals Tj "inside" the synchronization interval T of VC
leads to the expansion of ADC’s bandwidth due to the
to reduce the equivalent time constant of the 7 of SC
(Fig. 2 a). For example, for n = 1 a range of uniform

bandwidth of ADCs frequency is at the level f ~0,17
and for n =8 is fz0,4;

— slight difference between the LAFCs for n =4
and n = 8 shows that the rational value of the coeffi-
cient "n" be considered as n = 4, when a compromise
is possible between the dynamics and noise-immunity
of the ADC;

— "numbering" of the PWM signal from a finite
sampling interval a series of SC’s output pulses
(Fig. 2 b) can increase the bandwidth of the ADC as
compared to the initial method of converting of PWM
signal into a digital code (Fig. 2 a). For example, if the
"numbering" is not a series of pulses, but only a finite
sampling interval (period), then for n = 4 bandwidth of
the ADC (Fig. 2 a) increases almost to the limit value
f =05 (Fig. 2 b).

This is explained as follows. So under the influ-
ence of the input step waveform (Fig. 3 a), SC goes on
the desired trajectory to exponentially when each of
the sampling intervals Ty, ... T, (Fig. 3 b) contains the
error Ay ... A, (Fig. 3 ¢). Obviously, the error of the
last of a series of sampling intervals will be the lowest
in comparison, for example, with an average resulting
error of the SC [8 = (ZA,)/n] > A, for the entire sam-
pling interval 75 of VC.

Clocked ADC with in-phase amplitude-

frequency-pulse modulation (AFPM)

This class of ADCs [15] is advisable to apply in
cases where a wide dynamic range of the converted
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with PWM in different ways of ‘numbering’ of PWM signal (a, b) and LAFC of ADC with in-phase AFPM
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Fig. 3. The timing diagrams of signals to the analysis of the error of ADC with PWM

signal must be combined with high temperature stabil-
ity characteristics of the analog-digital converter.

ADC (Fig. 4 a) contains two identical on his ac-
tion integrating a voltage converter into frequency of
pulses VCF1 and VCF2 [16, 17], containing ampli-
tude modulators AM1, AM2, adders X1, X2, integra-
tors I1, I2 and relay elements RE1, RE2.

Each of the VCF is intended for work with the
signal of a certain polarity. So VCF1 transforms the
input voltage of positive polarity into frequency of
pulses, and VCF2 transforms input signal of negative
polarity.

In the absence of a signal X;y on the ADC’s in-
formation input (Fig. 4 b), the output voltage of AM1
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and AM2 are zero, so the blocks X1, 11, RE1 and X2,
12, RE2 operate in a free-running mode when the out-
puts of RE1 (Fig. 4 d) and RE2 (Fig. 4 ) are formed

bipolar pulses with frequency f, = (7, Y. If links

characteristics of channels VCF1, VCF2 are identity,
then its work with an equal value of the initial fre-
quency fo.

A possible phase shift between output signals of
VCF1 and VCF2 principle does not matter, since it
might ultimately lead to a conversion error only to one
significant digit of binary code.

The output signals of the integrators 11, 12 are
symmetric sawtooth wave shape and are limited in
amplitude of switching thresholds £b of RE1 and RE2
(Fig. 4 d, e).

When applied to the ADC input signal is positive
(Fig. 4 b) then at the input of AM1 appears positive
sign voltage, which is then converted into frequency
of output pulses of RE1, which increases in proportion
to the amplitude of the Xy due to in-phase of output

pulses of AM1 and RE1 (in-phase AFPM) (Fig. 4 c,
d). At the same time VCF2 works in a free-running
mode with an initial frequency equal f,, acting as a
channel of the reference frequency.

In general relations (1) are valid for VCF1 and
VCF2.

by =ty = 05Ty [(1+ Xy );

Ty, = byt +1a, = 05Ty [(1+ X )

Iy = Tu,n\X,N:o = 457};70UT = TO/TO,n :1+)?1N;
b=b/A; Xy =|Xp/4;n=12,3, ...

M

where ]70UT — the normalized frequency of the output

pulses of VCF1 and VCF2 respectively; X, , b — the
normalized value of the ADC input signal and switch-
ing thresholds +b of REIl, RE2, respectively;

T; — time constant of the integrators 11, 12; £4 — the
amplitude of the output pulses of RE1, RE2. At the

same time » < 1,0 and the value of X, can be arbi-
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Fig. 4. Block diagram (a) and timing diagrams of signals (b — e) of the reverse integrating ADC with in-phase AFPM
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trarily large from the theoretical positions, as well as
the frequency of the output pulses of VCF.

Further transformation of impulses frequency in-
to a digital code is done wusing the channel
"FREQUENCY - DIGIT" (Fig. 4 a), where CCl
forms the number of N1, proportional to the frequen-
cy of the output pulses of VCF1 and CC2 forms the
number of N2, depending on the frequency of the out-
put signal of VCF2.

The resulting code of ALU
Nour = K-(N; — N,) is passed to output buses of the

ADC at time of formation of the synchronization pulse
and saved on them until the end of the next conversion
cycle. Sign bit is also obtained by comparing the val-
ues of N and N,.

Analysis of dynamic characteristics of the ADC
with AFPM showed that the determining factor here is
the frequency of synchronization pulses, and from the
frequency of self-oscillations of VCF1, VCF2 depends
only on the ADC's digit, that is, the sampling error on
the level of the converted signal.

Logarithmic amplitude-frequency characteristics
of the ADC with AFPM is shown in Fig. 2 a, which
was read at an initial frequency of the output pulses of
VCF1, VCF2 equal to f; = 10 kHz. The results show
that the dynamic property, this class of the ADC, oc-
cupies an intermediate position between the ADC-
PWM with an integer division of the sampling interval
(Fig. 2 a) and ADC-PWM, where the "numbering" is
made on the last sampling interval of SC (Fig. 2 b).

The using of VCF with in-phase AFPM can sig-
nificantly improve the temporal and thermal stability
of characteristics of the ADC.

So in the case drift of "zero" signal Aey of I or

AM, for example, positive polarity (relations (2)), the
interval ¢,, , (Fig. 2) of the output pulses of REI is

reduced, and the interval ¢,, is increasing. In this case
the resulting error AfOUT of the frequency of output
pulses is proportional to AEZZ , while for the traditional
structures of VCF [10] is Af =Ae '

] 2T, ] 2bT;
t2nfl:l = — by == —;
+ Xy —Aes 1+ Xy +Aes
1+X A&?
Sour =W +15,)" =—= IN'{l— — }
! ! 40T, (1+XIN)2
8 e _1 fOeUT _ AEZZ . (2)
o =1- -t
Joures=0)  (1+X )
Aes| — |b X
Aey =|—={; b=|—; ==
s A y

The system of equations (2) except for the pre-
viously adopted the following notation: Aey is norma-

lized value of the resulting drift of "zero" signal of the
integrator 11 (I2) and the amplitude modulator AM1
(AM2) is provided to input of the adder X1 (X2) (Fig.

4 a); dfSyr is the relative error of the frequency of
output pulses of VCF in the presence of signal Aey .

Given that Ae; <<1,0, considered the VCF has

the temperature and time stability of characteristics of
the at least one order of magnitude greater than the
known technical solutions.

As shown by experimental research, when the
channels VCF1 and VCF2 based on the same hard-
ware components of a series then their resulting drift
of the "zero" is the almost identical in sign and magni-
tude. Then each of the codes N, and N, contain the
same component of the error of “zero” AN, which in
practice provides a partial self-correction result of the
conversion N; — N,.

Closed integrating ADC

with tactless bit-by-bit equilibration

The integrating ADC with tactless bit-by-bit
equilibration [18-20] with a built in its closed circuit
digital-to-analog converter (hereinafter "ADC -
DAC") (Fig. 5) contains adders Xy, X, | ... X3,.3 and
Your, integrator I, relay elements RE1 ... REn and
proportional links P1 ... Pn. When considering the
principle of the ADC-DAC is limited to four digits
"n" of binary code.

Links ZIN) 22}1719 ey 22,1,3, I, RE1 ... RExn combine
to form the ADC. Functions of the DAC operates the
proportional links P1 ... Pn and Xyy7. Adders Xy, 25,
... Zp,_3 have a unit coefficient of transmission for each
of the inputs and produce the subtraction of input sig-
nals. The relay elements RE1 ... REn generally have
symmetrical with respect to "zero" hysteresis loop,
and their output signal changes discretely within +4.

The adder Xppr has "n" number of inputs with a
unit coefficient of transmission for each of them and
makes a summation of the signals. Number of inputs
the adder is chosen equal to the number of digits "n"
of the converted binary code.

Proportional links P1 ... Pn are implemented with
coefficient of transmission, which are varied accord-
ing to bit’s weight of the converted code in the general
case with arbitrary base, but more often, as taken here,
with a binary code which is the proportional to series
271 272 ., 2° The largest coefficient of proportional
link 2" corresponds to the weight of high-order bit of
binary code, and the lowest 2° corresponds to the
weight of lower order bit.

Further in the text use the following notation: Y;
is the output signal of the integrator I, Yo7 is the out-
put signal of the adder Zoyz; £4:2"", #4272, +4.2",
..., ¥#4:2° are the maximum levels of output signals of
proportional links P1 ... Pn, respectively; +b are

switching thresholds of RE1 ... REn, with |b| < |A| ;x4

is the amplitude of the output pulses of the relay ele-
ments RE1 ... REn, and believe that the level "+A4"
corresponds to a logical "1", and the level "-4" cor-
responds to a logical "0"; O,_1, O,», Ons, ..., Qy are
bits of digital output code at the outputs of the REI ...
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Fig. 5. The block diagram of closed-integrating ADC with tactless bit-by-bit equilibration

REn; N, is digital code at the output of the RE1 ...
REn.
For ADC — DAC input signal can be represented

in the form of expression X,y =+A(k+0,5m), where
A=2A,,/Npx =2 A is the weight of the unit of

max
lower-order bit of the converted code in analog form;

max

i=n-1
_ i _ An : :
Npax = 2, 2/ =2"—1 is the maximum value of a
i=0

binary digital code in decimal, which is formed at the
outputs of RE1 ... Rn; A=4,,, /N is the pulse’s

max

+A. Then the amplitude on the output of proportional
link P1 is 4-2""". For the equality Xy = Your, all the
rest RE2 ... REn in the system are forced to switch to
the "negative" position when the summary output sig-

nal Xour is Your =A(2"_] —R —20) =4.

The condition that X;y = Yopr is impossible for the
case X;y = 0, so that the signal at the output of the in-
tegrator I will fall under the action of voltage —4 from
the output X,, and where the equality Y;=-b is
achieved then first RE1 goes into "negative" state, and
RE2 ... REn go in "+4". As a result, the summary out-

amplitude at the output of relay elements RE1 ... put signal Sour  corresponds a  value
REn, Ap.x is the maximum amplitude of the output Voo a4 o2 on3 20\ = _ 4
signal of the DAC k=0,1,2, ..., (N, —1)/2 are our = A(-2"1 #2722 420 = a.

whole numbers, corresponding decimal numbers of
the converted code; m is coefficient taking into ac-
count changes of the input signal in the interval A
(-,0<m<1,0).

Consider the operation of the device, provided
X;nv=0, when numbers £ =0 and m = 0.

We assume that the relay element RE1, which
forms the high-order bit of the converted code is in the

Thus, for X;y = 0 ADC — DAC is always in the
mode switch of all relay elements with carrier oscilla-
tion frequency f, = 1/(4Z7T, ) , where b = |b/A| is the
normalized value of switching threshold of RE1 ...
REn; T;is time constant of integration.

As a result with Xy = 0 at the output of RE1 ...
REn periodically formed two values of shifted binary
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code N;, which are equal to: (N, +1)/2 and
(N,

max —1) /2 . To bring it to the standard form neces-
sary from the code value N; subtract the value

Ny =(Npayx +1)/2 . The latter is implemented by the

max
device of subtracting codes (in Fig. 5 is not shown to
simplify the circuit ADC — DAC). Then, for X;y = 0
the output code of converter N3 = N; — N, in decimal
form will be equal zero or minus one. As a result, the
output of the ADC is formed by a static error which is
equal to one lower order bit. With a large number of
digits of ADC — DAC (n > 8) the error is almost no
noticeable effect on the accuracy of his work and can
be neglected.

For other values of k= 0 and m = 0, ADC — DAC
works similar to the case with numbers k= 0 and m =
0. In this case at least one of the relay elements RE1 ...
REn is necessarily in a mode of switching with a car-
rier frequency f, = 1/ (4b7;).

Consider the work of the converter for other val-
ues of m, different from zero and changing the range
-1,0<m<1,0 and £k = 0 when X,, =£4-m. For
these values the device goes into a frequency-pulse-
width modulation (FPWM), in which the switching
frequency of RE1 ... REn reduced in accordance with

the expression f = f; ~(l—m2). The condition code

N, on the output of REL... REn remains the same as
for the case k=0 and m = 0.

For m = 1 and any other integer values of k& the
switching frequency of RE1 ... REn becomes equal
zero and there is an established process in the conver-
ter, when X,y = Your. For example, for X, =4
(k= 0) the relay element RE1 is switched to "positive"
state, and RE2 ... REn are switched in the "negative"
position. As a result, the summary signal at the output

of the DAC is ¥,,; = A(2”’1 L —20) =4

and is balanced by the input signal X, = 4. The out-
put voltage of the integrator I reaches a steady-state
value Y, (t)=b so as to constantly keep the REI in a
"positive" state. Offset digital code NV, at the output of
REI ... REn is equal value (N, +1)/2, and the
code N; = 0.

Similarly, ADC — DAC operates at other values
of k and m = 1. For example, the maximum possible

value k = (N —1)/2 will correspond the maximum

max *

input signal level X, = iA(N‘T_l +%j =%4-N,

If X;y=4 Ny,
state +4.
As a result, the summary output signal X,pr is

cqual to Ypur =A(27 4224274, 1, +2°) = 4 Ny,

then RE1 ... REn switched to a

and is balanced of input signal X,, =4-N,,, . The

output voltage of the integrator I reaches a steady-state
value Y, (1) = (N —1)+b so as to constantly keep

RE1 ... REn in "positive" state, which corresponds to
the minimum value of the code N, = 0. When you sub-

tract from the code N to code N, = (N, +1)/2 we
getacode N3 =(Ny,, +1)/2 on the converter output.

max

max

For X,y =-4-N
REn are switched in "negative" state, when the output
voltage X,yr changes sign and becomes, equal

Your = —A(Z”‘] DL L N +2°) Y

max ?

conversely all the RE1 ...

max ?

which corresponds to the minimum value of the code
N; = 0. When you subtract from code N; to code
Ny =(Npax +1)/2 we get a code Ny =—(Ny,, +1)/2
on the converter output.

The considered ADC — DAC is a closed system,
so the steady-state mode the signal level Xjy at the
input of ADC must always be balanced by voltage
output Your of the DAC. When the digit capacity of
DAC does not provide the desired accuracy (discrete)
of transformation between levels, then between these
levels starting mode of frequency-pulse-width mod-
ulation. However, the averaged integral accuracy is
always ensured because of the integrator in the direct
regulation channel.

In Fig. 6 shows the oscillograms of the four-digit
integrating ADC — DAC, obtained on the basis of
computer modeling in the program MatLab + Simu-
link, when exposed to its input the dynamic signal
Xu(t) = A,-sin(2nf'f), where 4, f are the amplitude
and the frequency of the harmonic input signal, re-
spectively.

Modeling was performed with the following pa-
rameters: the maximum amplitude at the output of the
DAC is equal to 4., = 15 V, the weight of the unit of
lower bit order of converted code in analog form is
equal to A = 24,,,,/(2" — 1) =2 V, the amplitude of the
pulses at the output of relay elements RE1 ... RE4 are
equal to 4 = A, /(2" — 1) = 1, normalized switching
thresholds of relay elements RE1 ... RE4 are equal to

max

b= |b/ A|= 0,5, integration time constant of the inte-
grator is equal to 7; = 0,1 ms, the carrier oscillation
frequency f; = 1/ (4b_T,) of converter by Xy = 0 is

equal to 5 kHz.

From the oscillograms at the Fig. 6 can be seen
that the output signal at the output of the DAC is di-
vided into 15 modulation zones (Z = 2" — 1) according
to the digit "»" of binary code. Within each modula-
tion zone converter operates in the mode of FPWM, as
a result, the average output signal Yy(¢) of DAC with
high accuracy reproduces the harmonic input wave-
shape Xy(f) (Fig. 6 a, b). With increasing frequency f
of input signal the mode of FPWM within each mod-
ulation zone disappears and at the device output is
formed by a discrete signal (Fig. 6 c, d).
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Fig. 6. Oscillograms of the four-digit integrating ADC — DAC with tactless bit-by-bit equilibration
with A, =15 V: f =20 Hz (a, b) and f = 500 Hz (c, d)

In Fig. 7 shows the logarithmic amplitude-
frequency characteristics (LAFC) k= F(f) for the
eight-digit integrating ADC — DAC, where k = Apyr /
A,, is transfer constant of the ADC — DAC; Apyr is the
amplitude of the output signal of the DAC; f is the
frequency of the input harmonic signal Xj(7).

Analysis of the results showed that:

— the uniform bandpass f;, of converter "Analog
— digit — analog" in which the transmission coefficient
k decreases in /2 times depends only on the integra-
tion time constant 7; and does not depend on the level
of the input harmonic signal Xj(¢), the switching thre-
sholds "6" of REI ... RErn and bit "n" of the conver-
ter;

— for the chosen value of the normalized switch-

ing threshold of REI ... REn b :|b/A| =0,5 the rela-

tive bandwidth of the converter f, = f,/f, is ap-

proximately 0,32 for all values of the integration time
constant 7; (Fig. 7), so that the normalized value of

switching thresholds of RE1 ... REn b =|b/4| should
be chosen as close as possible to the unit, but don’t not
equal to it. For example, if 5 = 0,9 and all values of T}
the relative bandwidth reaches a value f, ~ 0,57 that

goes beyond the theoretically justified for pulsed sys-
tems the extent to which the interface between the
frequency range of reliable and delayed sample is de-
termined from Theorem of V.A. Kotelnikov and

amounts f, <0,5. The results obtained are valid not

only for the eight-bit ADC, but also for the converters
with any other digit.

In cases where the priority is the speed of the
ADC, but not his noise immunity the integrator I
should be replaced by a proportional amplifier (repea-
ter) and the feedback from the output of the DAC to
the input of the ADC should be removed.

Findings:

1. At control systems with the slave chain of
power valve converters the clock period of integrating
ADC with PWM and AFPM advisable to choose a
discrete set to VC, which is determined by the number
of phase voltage and the configuration of its power
circuit.

2. Expanding bandpass of ADC with PWM,
clocked synchronization signal of VC, is possible by
increasing the number of cycles of the sweeping con-
version "inside" of the synchronization interval. In this
case the best result gives a method in which the "digi-
tization" is not subject to the amount, and the last of a
series of intervals of the sweeping conversion of the
ADC on the discretization interval of the VC.

3. ADC with in-phase AFPM has a practically
unlimited allowable range of input signal and in-
creased thermal and temporal stability of the characte-
ristics of more than similar solutions for at least an
order of magnitude. The dynamic characteristics of
this class ADC are determined by sampling interval of
VC (cycle transformation).

4. First proposed a closed integrating ADCs
with tactless bit-by-bit equilibration and bandwidth
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Fig. 7. The logarithmic amplitude-frequency characteristics of the eight-digit integrating ADC — DAC with tactless
bit-by-bit equilibration with 4, = |Am /Amax| =1,0 (Amax = 12,75V, A=0,1 B, A= 50 mV, b =25 mV, Z = 255)

depends only on the time constant of channel integra-
tion, which can be used in particular in control sys-
tems with variable cycle data collection and
processing.

5. Increase speed the tactless ADCs is possible
by changing the channel of integration to the propor-
tional amplifier, with simultaneous breaking the feed-
back loop, which achieved at the cost of noise immun-
ity and accuracy of the ADC.
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YOK 62 — 83:681.51(075.8)

O AMHAMUKE HEKOTOPbIX CNNOCOBOB UHTEIMPUPYIOLLEITO
NMPEOBPA3OBAHUA AHAITIOITOBOIO CUHAJIA B LU®POBOU KO

J1.U. Ubimoeu4, M.M. flyOkuH, C.I1. Jloxoe, O.I". BpbinuHa

PaccmoTpeHB!l HOBBIE NPHHIUIBI IIOCTPOCHHS TAKTHPYEMBIX PEBEPCHBHBIX MHTEIPHPYIOIIUX aHAJIOIo-
uudpossix npeodpasosatenecii (ALII) ¢ mmporHO-ummynbcHO# (ILIMM), cuH(pa3HOW aMIUTUTYJHO-4aCTOTHO-
HMITyTIbcHON Monyssinueit (AUMM), a Takke 3amMkHyTOro HHTerpupyromero ALIIT ¢ 6ecTakToBBIM mMopa3psIHbIM
ypaBHoBeluBaHueM. [IpuBeneHs! CTpyKTypHbIE CXeMBbI M BpeMeHHble quarpammsl curdanos ALIL, nan aHanmus ux

JAUHAMUYECKUX XapaKTCPHUCTUK.

IToxa3zano, uro pacmupenue nojocs! npomyckanus ALIT ¢ M Bo3MOXHO 3a cYeT yBEJIMUYCHHUS YUCIa
IIMKJIOB Pa3BEePTHIBAIOILIETO IPe0Opa30BaHus «BHYTPH» MHTEpBala CHHXPOHU3ALMU. B 4acTHOCTH, JOKa3aHO, 4TO
AUII ¢ curgasznoit AUMM 1o cpaBHEHHIO ¢ M3BECTHBIMH TEXHMUYECKUMHU PEUICHUSIMH UMEET He MEHee, 4eM Ha
TIOPSIIOK OoJiee BHICOKYIO TEMIIEPaTypHYIO B BPEMEHHYIO CTaOMIBHOCTh XapakTepUCTHK. [looca npormyckaHus B
3aMKHYTOM HHTerpupytomeM ALl ¢ 6ecTakToBEIM MOPa3psITHBIM YPABHOBEIIMBAHNEM 3aBHCHT TOIBKO OT HOCTO-
SHHOW BpEMEHH KaHaJa HHTErPHUPOBAaHMS. 3HAUUTENBHOE paciIupeHue monockl npomyckanns AL, mproGperae-
MOT0 IICHOI CHI)KEHUS METPOJIOTMYECKUX XapaKTEePUCTHK, BO3MOXKHO B €r0 Pa30MKHYTOH CTPYKType IpU OTCYT-

CTBUH KaHaJla UHTCIPUPOBaHUA.

Kntouesvle cnosa: unmespupyrowuil aHano2o-yu@dposou npeodpasosameinv, UHMePUPYIOWUL PDA36EPIbl-
sarowuli npeodpazosamenv, NPeodOPA308aMeNb HANPANCEHUsL 8 HACHOMY UMNYIbCOS, WUPOMHO-UMNYIbCHASL MO-
OVIAYUSL, AMIIAUMYOHO-YACMOMHO-UMNRYIIbCHASL MOOYSIYUSs, OeCmaKmosoe nopaspsioHoe ypasHoGeuUsanue, nomMe-

xoycmoﬁqueocm b, cucmema ynpaejlenus.
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