I _NPOrPAMMHBLIE U AMNMNAPATHbIE CPEACTBA /

UDC 681.586.2
doi:10.31799/1684-8853-2022-4-20-28

Signal processing of capacitive force sensors installed
in the foot of an anthropomorphic robot

K. D. Krestovnikov?, Junior Researcher, orcid.org/0000-0001-6303-0344
A. A. Erashov?, Junior Researcher, orcid.org/0000-0001-8003-3643, erashov.a@iias.spb.su
aSt. Petersburg Federal Research Center of the RAS, 39, 14th Line, 199178, Saint-Petersburg, Russian Federation

Introduction: The force-moment sensing of the functional surfaces in robots based on compact capacitive force sensors can
significantly improve interaction with the environment and humans. Capacitive force sensors provide high measurement accuracy and
speed, but the electromagnetic interference can affect significantly the signal. When processing signals the influence of external noise
must be taken into account, which increases the computation time. Purpose: To apply the developed interface circuit for processing
signals from capacitive primary force transducers in a real-world robot. Results: Experimental verification of the developed solutions
implied simulation of a step of the pedipulator of an anthropomorphic robot with the calculation of the coordinates of the center of
pressure exerted on the foot with the four installed capacitive sensors. Software filtering and measuring capabilities of the microcontroller
made it possible to achieve a signal-to-noise ratio of approximately 62.24 dB, which allows a closed-loop control system to function
correctly. The average time for calculating the coordinates of the center of pressure on the foot with software filtering of the signal on the
on-board computer of the robot was from 3.1 to 6.1 ms and meets the requirements for the sensory system of a walking robot. Practical
relevance: The interface circuit allows to scale the number of connected primary force transducers, while software processing allows to
normalize transducer signals by applying the calculated correction factors. Proposed solutions can be used in different robotic systems
for real-time force measurement.
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Introduction

The implementation of sensor systems of
force-moment sensing into robotic systems makes
it possible to improve their interaction with the
environment and humans, which is currently an
urgent scientific task. Anthropomorphic robots are
one of the rapidly developing areas in robotics that
require force-moment sensing. Implementation of
gait and balance are actual basic tasks of anthro-
pomorphic robotics. Stable gait of walking robots
with constantly maintained balance on uneven
surfaces requires information about the position of
the zero moment point (ZMP) [1], as well as infor-
mation about the distribution of pressure over the
supporting surface of the robot foot. The robot’s
control system receives this information from the
sensor system, which consists of sensors, inter-
face circuits and computing devices. The quality
of maintaining the balance and gait of the robot
depends on the accuracy and processing speed of
the sensor system. Its performance largely depends
on the used communication interfaces, computing
devices and software. The accuracy of the received
data is influenced by the parameters of sensitivity,
static and cyclic drift of the sensors, and the quali-
ty of the interface circuit.

Force-torque sensors for controlling the gait of
robots can be placed in the intermediate joints of
the robot foot [2, 3], as well as on the surface of the

foot, which is in direct contact with the supporting
surface [4, 5].

The first method of installing sensors is used in
[2], where six-axis force sensors were used to control
the gait of the anthropomorphic robot. For high-lev-
el operations on board the robot, an on-board com-
puter is used. The functions of the lower-level con-
trol systems are performed by Infineon C167-CS mi-
crocontrollers. Controllers and on-board computer
communicate via CAN bus. A similar method of in-
stalling force sensors was used in the feet of the an-
thropomorphic robot BHR-2 [3]. To process signals
from the pedipulator sensors, a signal processor
(DSP) is used, one of the ADC inputs of which re-
ceives a signal from a force sensor. CAN bus is used
for communication between control devices. In fur-
ther developments [6], the same method of install-
ing force-torque sensors in the feet of the BHR-5
robot was chosen. Similar to the BHR-2 robot, the
interface circuit of the sensor is installed in each
foot of the pedipulators. RS422 is selected as the
communication inter-face between the measuring
circuit and the sensors, the PCI interface is used to
exchange data with a PC running RTLinux. As the
authors note, the modules of the developed system
communicate in real time with a period of 2 ms.

In the pedipulators of the anthropomorphic
LOLA robot, a cruciform six-axis force-torque
sensor is installed between the foot and ankle [7].
Each beam of the cross contains one strain gauge
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sensor. The lower-level controllers are responsible
for data processing. They are represented by signal
processors that transmit the processed data to the
upper-level controller under the control of the QNX
system. The controllers exchange data via a commu-
nication system Sercos-III based on Ethernet.

In the ankle joints of the pedipulators of robots
KHR-2 [8] and KHR-3 [9] force-torque sensors are
used to determine ZMP while the anthropomorphic
robot is walking. The frequency of sending data
from the sensors is 10 ms, the control cycle of the
servo drives is 1 ms. An on-board computer running
Windows XP with RTX (Real Time eXtension) gen-
erates control signals with a period of 10 ms.

The second method of placing the sensors is
structurally simpler, since it does not require the
installation of an intermediate link in the pedipu-
lator and makes it possible to determine the distri-
bution of contact forces along the foot of the robot.
For walking robot sensing [4], the resistors located
at the corners of the foot of a rectangular shape
are used. The resistance of these sensors changes
depending on the magnitude of the applied exter-
nal force. On the foot of each pedipulator there are
4 such sensors, the signals of which are read by
the ADC of the ATMEGA 128 microcontroller. The
controller also calculates the ZMP of the foot, after
which it transmits the data to the remote computer
using the RS-485 interface. To filter the signals
from the sensors, a third-order Chebyshev low-pass
filter is used. Similarly, force sensors installed in
the feet of the robot are used in [5, 10]. The signals
from the sensors are converted using an ADC with
a 10 ms sampling time. Measurements are per-
formed in real time on a PC running the RTLinux
operating system. As a force sensor for determin-
ing ZMP in [11] a piezoresistive strain gauge is
used. As in the works mentioned above, the four
sensors are installed on each foot of the robot at
its corners.

To calculate the ZMP, a combination of several
methods of measuring the forces applied to the ro-
bot pedipulator is possible. Thus in [12], the authors
combine sensors installed on the surface of the foot
and in the ankle of the robot. As well, in [13], the au-
thors propose a combination of fluid pressure sen-
sors in the drives and force sensors installed at the
corners of the robot’s foot.

In contrast to the works discussed above, the ma-
trix sensor [14] covers the entire foot surface of the
H7 anthropomorphic robot pedipulators. The signal
from the matrix sensor is measured with a period
of 1 ms; an operational amplifier with an ADC is
used as an interface circuit. The digitized data is
transferred via the USB interface to a PC running
RTLinux. A matrix of tensoresistive sensors with a
dimension of 8 x 10 cells, covering the entire surface
of the foot, is also used in [15].

Based on the analysis performed, as well as the
data presented in the works [16-18], the time for ob-
taining data from the sensors and calculating the
center of applied pressure area to the foot should be
in the range of up to 10 ms for the robot’s control
system to respond sufficiently and to create a stable
gait.

Installing force sensors directly on the foot sur-
face, which contacts with the ground makes it pos-
sible to obtain information about the distribution of
forces within the support area of the robot’s feet and
information about the properties of the supporting
surface. Such primary force transducers are thin,
so they do not affect robot’s gait. This solution is
easily scalable and can be effectively used in walk-
ing robots of medium and small size. The analysis
of solutions described above showed that most of
them are based on tensoresistive sensors with a film
structure. The disadvantages of film strain gauges
are high static and cyclic drift and a relatively short
service life. In [19], we proposed a structure of sen-
sor based on the capacitive principle, which do not
have such disadvantages. In this work, we contin-
ue our research towards the use of capacitive force
sensors in the foot of the anthropomorphic robot,
with a focus on processing sensor signals. This work
offers a comprehensive assessment of the practical
application of the proposed sensors of our own de-
sign as part of the robotic system. The advantage of
our work is that we do not consider individual tests
of sensors with potential application in robotics,
but test them on a real robot and process data from
them for further use by the control system.

Circuit solutions of the sensors

In [19], we described in detail the structure of
a capacitive primary transducer of pressure force
and proposed some design ratios and an interface
circuit for converting a signal into a dependence
of voltage on the applied pressure force. The next
stage of research was the development of a matrix of
pressure force sensors based on the proposed sensor
structure. The application of the interface scheme
proposed in [19] for the matrix required a separate
adjustment of each cell, which requires a significant
amount of time. In [20], we proposed an interface
circuit based on an operational amplifier, which re-
quires tuning one matrix cell, and for the rest, the
same component ratings are used. The disadvantage
of the interface scheme described in [20] was that
after adjusting the sensor the output signal from
the interface circuit could change in a small range.
This feature does not allow using the entire range of
ADC values of the microcontroller, which negatively
affects the accuracy of force measurement. In order
to use the full range of ADC values, we have added
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the reactance changes as well. Since C(P) and R,
form a divider, changes in reactance C(P) change
the voltage applied to the noninverting input of the
op-amp. A noninverting amplifier is built on U;. Its
gain is determined by the ratio of B3 and R,. The
output signal from U, smoothed by C, is fed to the
input of a differential amplifier built on U,. The
divider RcR; forms the dead zone U,, thereby ex-
cluding the DC component from the output signal
of the sensor, which corresponds to the level of the
output voltage from U, in the absence of an exter-
nal force applied to the CPFC. Also, with the help
of R4R., it is possible to form a sensor dead zone at
the beginning of the force measurement range. The
amplification factor of the signal difference U, is de-
termined based on the equation

k:R5/R4, (1)

where Ry = Ryand R, = R;.

By changing the gain U,, it is possible to in-
crease the sensor’s sensitivity relative to the value
obtained after adjusting the gain U, and selecting
R,. The process of setting up the interface circuit
without a differential amplifier and the calculated
ratios are presented in detail in [20].

During experiments, four identical sensors were
installed on the foot of the anthropomorphic robot.
A significant interference in their output signals
occurred, induced by servo drives and other robot
electronics. To filter this noise, a capacitor C, was
added to the feedback U,, so the operational am-
plifier began to perform the function of a low-pass

B Fig. 2. Block diagram of the connection of force sen-
sors in the foot of the anthropomorphic robot

filter with a cutoff frequency of 15 Hz. The filter
cutoff frequency was selected based on our experi-
ments on gait simulation and the capabilities of the
robot’s mechanical subsystem. For robots in which
the force applied to the foot can change at a frequen-
cy of more than 15 times per second, a higher cutoff
frequency should be selected. The block diagram of
connecting sensors to the robot’s computing system
is shown in Fig. 2.

The signals from the sensors are read out by
means of a 12-bit microcontroller ADC, and then
the received data is sent via the USB interface to
the on-board computer of the robot for further pro-
cessing.

Software processing of the sensors signals

Experiments with the developed sensor matrix
of a similar design described in [20] showed that the
levels of the output signals of the cells of the sensor
matrix differ from each other. This feature is main-
ly associated with the imperfect manufacturing of
the sensor itself. The deformable spacer may differ
in thickness over the area of the matrix, which leads
to differences in the capacities of the cells. The situ-
ation is similar with individual sensors installed in
the foot of the robot. For correct subsequent calcu-

22 7/ VH®OPMALIMOHHO-YMPABJISIIOLLVE CUCTEMbI

7/ N2 4,2022



\ MPOrPAMMHBIE U AMMNAPATHbIE CPEACTBA \

lations, normalization of sensors signals on primary
signal processing level is required. The introduction
of normalizing coefficients allows obtaining identi-
cal data from each of the sensors. We propose to use
the following approach for this.

Sensors may differ from each other in sensitivity
and in theinitial level of the output signal. In the gen-
eral case, the sensor output signal can be described
by an equation of the straight form y = kx + A.
Thus, in order to bring the signals from each of the
sensors to the same level, it is necessary to derive
two correction factors £ and A. To calculate A it is
necessary to calculate the average level for the out-
put signals £ :

n
Ey =Y E;/n, 2)
=1

where n is the number of force sensor cells; E; is
the level of the output signal from each sensor in
absence of external load.

Next, the correction value A, is calculated for the
output signal of each cell of the matrix:

A =E, —E;. ®)

Then, with a fixed equal force applied to all sen-
sors, the proportional factor &; is calculated for each
sensor:

B =M, @)

where E_, , .., is determined by (2) the average value
of the output signal from the sensors at a fixed
applied force and Eif is the output from the sensor
cell when an external force is applied to it.

The normalized value of the signal from each
sensor is determined by the following expression:

Ei_new = kI,EL + Al . (5)

The introduction of these correction factors im-
proves quality of the high-level software signal pro-
cessing for the developed sensors.

To calculate the coordinates of the center of
pressure (CoP) on the foot, one can use the following
equations derived in [21]:

X, == , 6)

where X, is the abscissa of the point of application
of force to each support of the foot; F; is the force

applied to each support of the foot, and N it is the
number of points to which the force is applied;

N
pRAY
Y, =5 —, (7)
F

where Y is the ordinate of the point where the force
is applied to each support of the foot. The proposed
equations (6), (7) make it possible to calculate CoP
for any number of sensors installed in arbitrary
places on the robot’s foot.

In accordance with the approach described above,
the normalizing coefficients are calibrated accord-
ing to equations (2)-(4), which are then stored in the
memory of the on-board computer of the anthropo-
morphic robot. After that, it is possible to further
receive data on the force from the microcontroller,
normalize signals from each sensor according to
equation (5) and process the obtained values. The
result of applying the proposed approach is the co-
ordinates of the center point of the applied pressure
for each foot of the robot.

Experiments and results

The proposed solutions were implemented on one
pedipulator of a small-sized anthropomorphic robot
with a total mass about 7 kg [22, 23]. The appear-
ance of the prototype’s foots are shown in Fig. 3.

The robot’s foot has four reference points at
each of which a sensor is installed, forming a trap-
ezoid. Like a human foot, the forefoot of the robot
can bend up to 39.5° and it is wider than the heel.
Fig. 4 shows the appearance of the assembled printed
circuit board, which implements the new interface cir-
cuit proposed in this work and two CPFC. These boards
are installed on the toe and heel of the pedipulator foot.

Software for processing data from foot sensors
and visualization CoP were developed. Fig. 5 shows
frames from the video [24], which demonstrates the
movement of the pedipulator’s foot from the state
of full support on the surface to the state of sup-
port on the toe, as a result of which CoP also moves.
In Fig. 5, CoP is shown with a red dot. Video [25]
also demonstrates the CoP displacement to one of
the four foot supports when force is applied to each
sensor cell separately.

In the experiments, the median filter was used
due to its computational simplicity and speed of op-
eration [26], as well as the measurement capabilities
of the ADC of the STM32F103C8T6 microcontroller.

The data for evaluating the noise were obtained as a
result of measuring the signals from the sensors in the
absence of external force and servo drives in the pedip-
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B Fig. 3. The feet of the anthropomorphic robot

B Fig. 4. Sensors used in the foot of the anthropomor-
phic robot

ulator operating in mode of holding the moment. Three
options for processing signals from sensors were consid-
ered: case A is measurements with a combination of in-
creased ADC sampling time and median filter, case B is
the measurements with increased sampling time (ADC
parameter cycles is 7.5), case C is the measurements
without filtering (cycles is 1.5). After the experiments,
more than 100,000 values were obtained for each sen-
sor in the foot. For each case under consideration, the
standard deviations (STD) and average (AVG) values in
the ADC values were calculated (Table).

It follows from Table that the filtering allows to re-
duce the level of noise in the output signals from the
sensors. The use of a median filter with an increased
sampling time of the ADC made it possible to reduce
the noise level by an average of ~ 5.33 times, while the
maximum difference in the signals from the sensors
was ~ 33 %, and for the case without filtration ~ 53 %.

The following series of experiments were carried
out to evaluate the cumulative performance of the
interface circuit computing system and the CPFC.
For robotic control systems, an important parameter

affecting the quality of work is time of receiving and
processing data from the sensor system. The param-
eter of the total time for receiving and processing da-
ta is made up of the following time intervals:

ts = treaction TIM * ttransfer +t processing ®)
where ¢, 1S the sensor response time and delay
time from the operational amplifier; ¢, is the cycle
time of the microcontroller; Lransfer is the time of
data transfer over the communication interface, and
Lprocessing 1S time of data processing: normalization and
calculation of the coordinates of the center of pressure.

Simulation of 10 steps of the pedipulator was
performed with the force of foot pressure on the
surface of 35 N. The process of simulation a step is
shown in Fig. 6 [27].

In these experiments the total run time of each
cycle of the microcontroller was measured using the
built-in Data Watchpoint and Trace unit (DWT).
The average cycle time of the microcontroller was
tyr = 0.105 ms. It is worth noting that increasing the
ADC sampling time does not significantly affect the
overall cycle time of the microcontroller. According
to the formula given in the documentation [28],
measurement time increases from ~ 1.167 us to
~ 1.429 s, with cycles equal 1.5 and 7.5 respectively.

Time of data transfer from the microcontroller
Liransfer Was Obtained by measuring the time for per-
forming the request-response operation on the on-
board computer. The on-board computer sends a
request to the microcontroller to receive a message
with data on the force applied to each sensor. After
receiving a response, the on-board computer records
the time. Thus, ¢,.,,.. is assumed to be equal to
half of the time required for the request-response
operation, and ranges approximately from 2 to 5 ms.
Experiments with determining the point of the
center of pressure of the foot showed that the use
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B Deviations of the sensor signals and the signal to noise ratio

Parameter Case Sensor 1 Sensor 2 Sensor 3 Sensor 4 AVG

A 2 2 3 2 2.25

STD (ADC values) B 6 11 8 8 8.25
C 11 19 9 9 12

) ) A 63.74 63.48 59.09 62.66 62.24

Signal to noise B 57.41 48.49 52.21 53.43 52.89

ratio, dB
C 47.46 42.79 49.37 49.20 47.21

of the median filter had little effect on the signal
processing time on the on-board computer. Using
Python software, average time ¢, ..., fOr each
case was ~ 1 ms. Average time of calcuglating the
coordinates of the center of pressure point ¢, (8),
considering the fact that the response time of each
sensor is much less than the time of measurement
by the microcontroller, as well as data transfer to
the on-board computer and their processing, corre-
sponds to the range from 3.1 to 6.1 ms. According
to the results of the above analysis, the value of the
CoP calculation time interval obtained using the
sensors we proposed meets the requirements for the
sensor system for the implementation of stable gait
algorithms for anthropomorphic robots. The calcu-

lated values of the points of the center of pressure in
the process of simulating the step of the pedipulator
for different cases of signal filtering are shown in
Fig. 7. The points are shown as deviations from the
geometric center of the foot.

To determine the real CoP, 4 special platforms
with tensoresistive sensors were installed in the ex-
perimental stand, on which the pedipulator stepped
in the process of simulating a step (see Fig. 6). The
measured forces in accordance with (6) and (7) were
used to calculate the actual CoP value and are de-
picted by the symbol “x” in Fig. 7. As can be seen
from the graph, the using of the median filter and
the increased sampling time of the ADC allowed us
to obtain CoP values closer to real ones. In this case,
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B Fig. 6. The one step of the pedipulator
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when using a median filter and an increased ADC sam-
pling time

on average, a deviation of ~ 0.016 mm was obtained
for the coordinates along the X-axis and 0.086 mm
for the coordinates along the Y-axis.

The largest deviation between the points of
the center of the applied pressure to the foot cor-
responds to ~ 6.3 mm along the Y-axis, while the
deviation was ~ 4.5 % of the foot length. The scatter
of points is affected by the inaccuracy of the posi-
tioning of the links and their non-rigidity, as well
as backlash in the joints, which is confirmed by the
graph of the simulation of steps in Fig. 8.

The graph in Fig. 8 corresponds to the signal
from one of the sensors on the toe of the foot after
using the median filter and the increased sampling

time of the ADC. It can be seen, that the force ap-
plied to the sensor during the simulation of step was
uneven, which confirms the above assumptions.

Conclusions

The paper presents the implementation of self-de-
veloped capacitive force sensors into the feet of a
small-sized anthropomorphic robot. The offered force
sensors are installed on the surface of the foot and al-
low calculating the center of applied pressure to the
foot. The received data from the sensors can be used
to calculate the ZMP [29]. An approach for primary
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software signal processing has been developed, which
allows reducing the difference in the characteristics of
the sensors, occurring due to imperfections of CPFC
manufacturing. The presented interface circuit with a
differential amplifier allows one to use the entire ADC
range and to increase the CPFC sensitivity.

During the experiments, the noise characteris-
tics of the sensory system of the foot were consid-
ered when implementing various methods of filter-
ing signals. The increase of sampling time of the
ADC of the microcontroller in combination with the
median filter allows obtaining an average signal-to-
noise ratio of ~ 62.24 dB without significant delays
in signal processing.

The fundamental parameter for the correct op-
eration of the system when the robot maintains bal-
ance or the implementation of a stable gait is the du-

ration of the control cycle. This parameter is highly
dependent on the speed of the sensor system. The
average time for obtaining the coordinates of the
center of pressure is in the range from 3.1 to 6.1 ms,
which meets the requirements for cycle time of gait
control systems for walking robots. The computa-
tion time can be reduced by using faster program-
ming languages in the high-level part. In addition,
real-time systems like QNX can achieve 2 ms USB
transfer times without unpredictable delays.

The results obtained in the article show that the
proposed solution can be applied in walking robots,
including anthropomorphic ones for the implemen-
tation of stable gait algorithms. Besides the using of
developed solutions can have significant influence
on development of cyber-physical systems and col-
laborative robotics [30].
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O6paboTKa CHTHATTOB €MKOCTHBIX JATIYNKOB CHJIBI, YCTAHOBJIEHHBIX B CTOILy aHTPOIoMop¢gHOTrOo poGora

K. I. KpecroBHMKOB?, MIIaillIAi HAYIHBIN COTPYAHUE, orcid.org/0000-0001-6303-0344
A. A. Epamros?, mnagiruii HaydHbIH coTpysHEK, orcid.org/0000-0001-8003-3643, erashov.a@iias.spb.su

aCaukT-IlerepOyprexmii Penepanbubiii uccnegosarenbeknii nentp PAH, 14-a muaua B. O., 39, Caukr-IlerepGypr, 199178, PO

BBenenue: ocHOBaHHOE HA KOMIIAKTHBIX EMKOCTHBIX HATYWKAX CHJIBI CHJIIOMOMEHTHOE OYyBCTBIIEHHE (DYHKI[MOHAIBHBIX [IOBEPXHOCTEN
POGOTOB T03BOJISIET CYL[ECTBEHHO YIYYIIUTh UX B3AUMO/EUCTBHE C OKPYIKAIOIIe Cpeoil u moapMu. EMKOCTHBIE TaTYNKH CHIIBI O6ecIieunBa-
IOT BBICOKYIO TOYHOCTHb U CKOPOCTH I/IBMepeHHfI, HO 3JIEKTPOMAarHUuTHBIE IIOMEeXH MOTYT OKa3bIBATh CYILIECTBEHHOE BJIIMAHHWE HA UX BBIXOI[HOﬁ
curnain. [Ipu mocnenyroimei 06paboTKe CHUTHAIOB OJIKHO YIUTHIBATHCSA BIMAHUE BHEIIHHUX IIOMEX, YTO YBEIUYMBAET BPEMS BBHIYKMCIEHUM.
Hens: nprMeHuTh paspaboTaHHYI0 HHTEPQEHCHY0 cxeMy it 00pa00TKH CHUTHAJIOB OT €MKOCTHBIX IIEPBUYHBIX [IPe0bpasoBaTeseil CUlbl B
peanbHOM pobore. PedyabraTel: 9KcIiepuMeHTaNbHAS IPOBEPKA PaspaboTaHHbBIX PelIeHHi 3aKII09aIach B MOAEIUPOBAHUY I11ara [IeUILY -
TOpa aHTPOIIOMOPGHOro poboTa € PaCIeTOM KOOPAUHAT [IEHTPAILHON TOYKH JABJIEHH Ha CTOILY C YCTAHOBIEHHBIMU YE€THIPHMA EMKOCTHBIMA
naraukamu. [Iporpammuas puasTpamnys u u3MepuTeIbHbIe BO3MOKHOCTH MUKPOKOHTPOJLIEPA ITO3BOJIUIH JOOUTHCS OTHOIIIEHUS CHTHA/IIIyM
npumepHo 62,24 1B, uTo MaeT BO3MOKHOCTH 3aMKHYTOU CHCTEMe aBTOMATHIECKOTO PEeryJInpOBaHus KOPPEKTHO (pyHKImoHupoBaTh. CpenHee
BpeMs pacyera KOOPAWHAT IIEHTPA AaBIEHUS Ha CTOILY IIPY IIPOrPAMMHOM (PHUIBTPALMH CUTHAIA HA 60PTOBOM KOMIIBIOTEPE POOOTA COCTABHIIO
or 3,1 1o 6,1 Mc, 4TO COOTBETCTBYET TPEOOBAHUSAM K CEHCOPHOU crcTeMe miaramiero pobora. I[Ipakruueckas sHa4uMOCTh: HHTEpdeicHas
cxeMa uMeeT BO3MOKHOCTh MacIITabupOBaTh KOJIHIECTBO HOJKII0YaeMbIX IEPBHYHBIX IpeodpasoBareseil CHibl, a IporpaMMHas 00paboTka
[103BOJIAET HOPMUPOBATH CHUTHAJBI IIpeobpasoBaTeneil ImyTeM IPUMEHEHU PACCUNTAHHBIX IOIPABOYHBIX KoadduimenTos. [Ipenmaraemsie
PpelleHus MOTYT OBbITh MCIOIB30BAHBI B PA3IMYHBIX POOOTOTEXHUYECKUX CUCTEMaX JJIs H3MEPEHUs CUIIbL B PEJKUMEe PeabHOTO BPEMEHH.

KiroueBbie c10Ba — DATYMKU CHIIbI, EMKOCTHBIE JATYUKH, TYMAHOUIHbBIE POOOTHI, CEHCOPHAs CHCTeMa poboTa, nudposas 06paboTka
CHUTHAJIOB.
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