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Mathematical model of capacitance micromechanical
accelerometer in static and dynamic operating modes

Monitoring and early diagnosis systems, on which the protection function of both hydroturbines and auxiliary
power equipment rely, are becoming increasingly relevant. One of the most promising methods-of technical
control and diagnostics of hydo units is the analysis of their vibro-acoustic characteristics. But a significant
technical problem that arises in the construction of such systems is the limited use of known sensors of vibra-
tion velocity and vibration displacement due to the fact that the rotary speed of hydro units is usually below
the lower limit of operation of sensors of this type. One of the promising ways to solve this'problem is using
capacitive micromechanical accelerometers. However, the existing mathematical models describing this type
of accelerometers have low accuracy, which limits their practical using. The mathematical models of the ca-
pacitive micromechanical accelerometer for static and dynamic modes of operation are developed in this arti-
cle. It was established that this accelerometer has a constant sensitivity, therefore its static characteristic is
linear. It is shown that in the dynamic mode of operation of a capacitive micromechanical accelerometer has a
dynamic error component, the cause of which is its own displacéement of the moving part of the sensor, which
is due to the inertial properties of the moving part and elastic properties of stretch marks. The mathematical
dependence of the absolute dynamic error of the capacitive micromechanical accelerometer is obtained, the
removal of which from the measurement results will improve the accuracy of the specified primary measuring
transducer.

Keywords: capacitive micromechanical accelerometer, mathematical model, dynamic mode of operation, stat-
ic mode of operation, dynamic error.

Introduction

As of today, a strong tendency has developed to construct systems for technical inspection and diagnos-
tics of electric power machines based on analysis of their vibroacoustic characteristics. This is due to both a
high informational content of this parameter and with the opportunity to measure the said parameter directly
in electric machine’s operational mode without the need to intervene into its design [1, 2]. However, a signif-
icant technical problem that arises during construction of systems for inspection and diagnostics of low-
speed electric machines (including hydropower units of HPPs and PSPPs) lies in a considerable limitation on
the use of known sensors of vibration velocity and vibration displacement due to the fact that rotary revolu-
tion speed in such.machines is normally lower than the lower boundary of operation for sensors of this type
[3]. One of the approaches to solution of this problems lies in the use of accelerometerers. That said, when
analyzing technical characteristics of known vibration accelerometers [4], one of the most promising ones to
be used in'systems for technical inspection and diagnostics of low-speed electric machines is a capacitance
micromechanical accelerometer. This can be explained by its low inertial mass (of some 0.1 mcg), high over-
load capability(of some 10,000 g without sensor’s breakdown) and a wide frequency range of operation
(from static acceleration to single units of kilohertz). However, it follows from analytical review of accompa-
nying engineering documentation and scientific-and-technical literature [4, 5] that existing mathematical mod-
els deseribing this variety of accelerometers are quite approximate. So, development of mathematical model of
this primary measuring transformer is a relevant research-and-application task of considerable practical signifi-
cance.

Setting the task

The sensing element of micromechanical capacitance accelerometer is conventionally presented as a
structural diagram shown in fig. 1. It represents a differential condenser-type structure with an air dielectric.
Condenser’s electrodes are cut from a flat piece of polysilicon some 2 mem thick. This condenser’s stationary
electrodes are represented by simple cantilever bars situated at the height of some 1.3 mcm from crystal’s
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surface in the air on polysilicon anchor columns welded to the crystal at the molecular level. The sensor’s
design comprises more than 50 such sensing elements (elementary cells). Acceleration sensor’s inertial mass
during the sensor’s accelerated movement becomes displaced in relation to the crystal’s other part. Its finger-
like protrusions form condenser’s movable electrode. Both sides of this structure rest against anchor col-
umns. Stretches that hold the inertial mass play the role of a mechanical spring of constant elasticity that re-
stricts mass motion and ensures its return to the initial position. Displacement of movable part in relation to
the stationary one causes change in capacity of each elementary cell of capacitance micromechanical accel-
erometer, which corresponds to the primary measuring transformation of «acceleration into capacity»
type [6].

Acceleration

]

- -
Fixed cover Y

H Cell )
becncccccas - Inertial mass

Figure 1. Structural diagram of capacitance micromechanical accelerometer’s sensing element

The next measuring transformation being implemented during acceleration measurement using capaci-
tance micromechanical accelerometer is transformation of «capacity into voltage» type, which in sensors of
ADXLxxx series by Analog Devices is implemented by devices located immediately in the sensor’s housing,
in their essence being its component part [7, 8].

The aim of the work is to obtain a high-precision mathematical model that would describe the relation-
ship between the input and output signals of the accelerometer in static and dynamic modes. The need for
such the model is due to the using of the measuring transducer, as part of the technical diagnostic system of
ow-speed electric machines (hydto units); in real time of their operation. Therefore, let us describe the high-
lighted measuring transformations in. mathematical terms.

Analysis of approaches to problem solution

Under acceleration, inertia force may be determined based on Newton’s second law as follows [9]:
F,=m, a, (1)
where m, — the mass of the elementary cell’s movable part; a — the acceleration of the elementary cell’s
movable part
Inertia force is counterbalanced by the spring’s counter force
F,=k-X, @)

where X — mass displacement in relation to the equilibrium position; k — elasticity coefficient of elemen-
tary cell’s stretches.

Having equated the inertia force and spring’s counter force that is present in static mode of operation
(measurement of uniform acceleration), we will obtain

azixzse.)(, €)
m

where S, — sensitivity of capacitance micromechanical accelerometer’s elementary cell
It follows from (3) that sensitivity of capacitance micromechanical accelerometer’s elementary cell is a
constant parameter, the value of which depends on sensor’s structural parameters (k and m,).
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Since displacement of inertial mass takes place in the plane of polysilicon film, the sensor’s sensitivity
axis also lies in this plane and, correspondingly, it is parallel to the plane of printed board, on which the sens-
ing element is situated.

At rest (constant-speed movement), all «fingers» of movable electrode, thanks to stretch’s action, are
located at the same distance from the stationary electrode’s couple of «fingers». At any acceleration, mova-
ble electrodes approach to one of assemblies of stationary electrodes and move away from others. As a re-
sult, relative displacement becomes nonuniform, and capacity between movable electrode and each of mova-
ble electrodes changes in proportion to vibration acceleration. Id est:

AC,=a-X, 4)
where 4C, — the change of capacity of the sensor’s elementary cell.

Since capacitance micromechanical sensor contains n elementary cells being identical by.their structure,
located in the same plane, with their capacities connected between each other in parallel, we can write as fol-
lows:

e=a,=4a,=..=aqa,, (5)
where ¢ — the acceleration measured by the sensor (input physical value).

AC=)AC,, (6)
i=1
where AC — the change in capacity of capacitance micromechanical accelerometer.

m=Ym,, )
i=1

where m — the mass of the movable part of capacitance micromechanical accelerometer.

Such being the case, having assumed the averaged value of elasticity coefficient of stretches of its ele-
mentary cells as the elasticity coefficient of stretches of capacitance micromechanical accelerometer, we will
obtain:

8=£X. )
m

Considering that, according to stated technical characteristics of sensors of ADXLxxx series by Analog
Devices, technical characteristics of which we will use from now on, the time constant of measuring trans-
formers of «capacity into voltage» type is.considerably less than the time constant of inertial mass, and the
change in value of output voltage of the'sensor (after transformers of «capacity into voltage») is proportion-
ate to the change in capacity of sensing element [7, 8], we will obtain:

U=B-AC=B-y-X=MTma, (10)

where f§ — proportionality coefficient of capacity transformation into increase of the sensor’s output voltage;
v — proportionality coefficient of transformation of the sensor’s movable part displacement in relation to
stationary one into capacity increase.

Such being the case, the sensor’s sensitivity may be determined as follows:

g_aU _Bym (11)
de k

The /sensor’s static characteristics for sensitivity of 0.1 V-sq. s/m, which is typical for sensors of
ADXL320 series by Analog Devices [7] is shown in fig. 2

Expression (10) is the mathematical model of capacitance micromechanical accelerometer in the static
mode of operation. However, since static mode of operation is rather an exclusive than a standard mode in
the systems for technical inspection and diagnostics of low-speed electric machines and this sensor was de-
signed to work in slightly other measuring systems, for which only the normalization of the dynamic compo-
nent of the error was sufficient, in order to solve the task set one should obtain the mathematical model that
would take into account dynamic specificities of operation of accelerometers of this type.

As has been noted above, the change in capacity of capacitance micromechanical accelerometer is line-
arly connected with displacement of the sensor’s movable part. Since the sensor’s movable part is cushioned
on stretches, in case of its destabilization own damped oscillations will arise, overlaying the forced dis-
placement of equilibrium point. Id est:

X)) =X, ()+X, ), (12)
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where X(t) — the dependency of general displacement of the sensor’s movable part in relation to the station-
ary one; X,,,(t) — the forced component of general displacement of the sensor’s movable part, which is de-
termined by external influence (sensor’s acceleration); X,(?) — own displacement of the sensor’s movable
part in relation to the stationary one determined by own inertial movement.
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Figure 2. Static characteristics of capacitance micromechanical accelerometer ADXL320

Since forced component of the general displacement of the sensor’s movable part is exclusively deter-
mined by external influence, then in the absence (compensatedness) of gravitation component’s projection
onto the measuring axis, which brings an additive error component into an output signal of capacitance mi-
cromechanical sensor [10], this may be determined as:

X, ()= %S(t). (13)

In its turn, own component of displacement of the sensor’s movable part is determined by presence of
«elastic pendulum» mechanical system. So, under the action of constant i-agitation this may be described by
expression [11]:

$X,(0) | P dX, ()
ar’ m dt
where P — the coefficient of resistance to displacement of the movable part; X,;(z) — displacement of the
sensor’s movable part in relation to equilibrium position from i-agitation.

Then general displacement of the sensor’s movable part in relation to the stationary one under the ac-

tion of constant i-agitation will be described by the following nonuniform differential of second order:
2
dX0)  PAXO) Ky 4™ . (15)
dt m dt m k
Since in real-world sensor the inertial resistance coefficient is fairly minor, while stretches have quite a high
stiffness [8], the following inequation will be implemented:

(fj _4k o, (16)

m m

+£.Xm.(t)=0, (14)
m

and solution of (15) in relation to X;(?) will look as follows:

X (1) = e (A cos(w,t) + B, sin(w,t)) + X, (17)
where 4; and B; — the integration constant determined by initial conditions; X, — the coordinate of equilib-
rium position under resultant of system of forces; w, — the cyclic frequency of own oscillations of the sen-
sor’s movable part; & — the coefficient of proportionality between cyclic frequency of own oscillations and
coefficient of their damping. That said:
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a)oz\/Ea (18)
m

P

- 19
4 Tro (19)

Then own general displacement of the sensor’s movable part, based on its temporal implementation
may approximately be found out as follows:

X (1) = iX(t—i-To), (20)

where T, — the system’s discretization interval.

Expression (20) enables us to evaluate the experimental value of instantaneous displacement of the sen-
sor’s movable part, with application of its interpretations for theoretical analysis of metrological characteris-
tics of capacitance micromechanical sensor being quite complicated. Hence, to solve this problem it is advis-
able to use the transient characteristics of own displacement of the sensor’s movable part in relation to the
stationary one A(?) depending on the sensor’s acceleration, which may quite easily be calculated based on its
passport data. Such being the case, general displacement of the movable part may be‘determined as follows:

X(t)=(0)-h(t)+ jwh(t —7)dr. Q1)

and,

dt

We will obtain a typical transient characteristics of capacitance micromechanical accelerometer for sen-
sor ADXL320 by Analog Devices. It follows from the analysis of its passport data that a typical throughput
capacity of such an accelerometer type does not exceed 2.5 kHz [7]. Hence, the period of mechanical transi-
ent process, with regard to the sampling theorem, may be determined as follows:

t, = ! = ! =0,0002 (c), (22)
2f ... 2-2500
where f,,,. — the sensor’s throughput capacity.

Considering that actual duration of mechanical transient process is linked to its time constant with the
following relationship:

1 1
r=xt,, =——=40 (mxc), (23)
5 ¢,
we will obtain the value of the real part of characteristic equation root that describes the mechanical transient
process of the accelerometer’s'movable part:

10° .

By substituting (18) and (19) into (24), and having performed some mathematical transformations, we
will obtain:

L 25000 (c™. (25)
2m

Considering that the mass of the movable part of capacitance micromechanical accelerometer is some-
what 1.3 mcg [6, 12], the coefficient of resistance to the movable part’s displacement will have the value of
somewhat 65-10—" kg/s. That said, while the elasticity coefficient of elementary cell’s stretches has the value

of some 1,300 N/m [12], then
/13-103 )
w, =, ———~31,6-10" (pao/ c). 26
0 1’3_10—6 (p ) ( )

In order to calculate (17), let us assume independent initial conditions and forced components that cor-
respond to the input signal that varies according to the Heaviside function. Id est, the sensor’s movement
starts at zero speed and zero time moment with the acceleration of 1 m/sq. s, has the direction contrary to
positive displacement of the sensor’s movable part and continues up to final completion of mechanical tran-
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sient process (has an indefinite duration) without changing the direction of movement. Such being the case,
the exciting force to be applied to the sensor’s movable part may be determined according to (1):

ng:m-a=1,3-1076-1=1,3-1076 (H). (27)
That said, the new equilibrium position of the movable part may be calculated as follows:
F, 1,310°
Ly L30T ), (28)

"k 1,310

Since initial zero conditions are linked to the sensor’s previous mode of operation (its zero displacement
and speed), then, according to the conditions set forth above, we have:

Xei(o) =0,
v, (0)=0.

Such being the case, the speed of the sensor’s movable part will be described using the following ex-
pression:

Vei (t) =

Having solved the system that includes (17) and (30) taking into account the initial conditions (29), in
relation to integration constants for time moment t=0, we will obtain:

A=-10",
B~-7,91-10". G

Having substituted the value of forced component of the sensor’s movable part displacement (28) and
integration constants (31 into (17), we will obtain the transient characteristics of capacitance micromechani-
cal sensor ADXL320. Graphic interpretation of this dynamic metrological characteristic is shown in fig. 3.

(29)

% = m,e """ (B, cos(wyt) + A sin(@,t)) — Ewye ™' (4 cos(m,t) + Bysin(@,t)) (30)

X ®,
nm

0 110" 210% ¢ g
Figure 3. Transient characteristic of capacitance micromechanical accelerometer ADXL320

Taking into account (10), we will obtain the voltage variation function at the sensor’s output:
U)y=p-r-X(@. (32)
Or having substituted into (32) dependency (9), which is normally used when establishing the equation
of transformation of capacitance micromechanical accelerometer:
p- 7

U(t)= ﬂy P (pt)+ A (1)) = ﬁy P o)+ 222 4 1), (33)

where ¢(t) — the acceleration Value being measured; 4,(2) — the dynamlc error that arises as a result of own
displacement of the sensor’s movable part in relation to the stationary one, conditioned by its inertia.
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Expression (21) with due regard to (9) for a random temporal variation of measuring acceleration may
be written as follows:

U(t):&k'm £(0)- h() + j de ()h(t o)z |. (34)

In its nature, dependency (34) is the mathematical model of capacitance micromechanical accelerometer
that describes the dynamic mode of its operation.

Having regard to (33) and (34), we will obtain the expression to evaluate the value of the absolute dy-
namic error of capacitance micromechanical accelerometer:

py-m [de) py-m
e EORIOR ! = he=nydr |- S e ()

p-y-m -
. (32)
de(t)

A, =

= £(0)- h(t) + j h(t—7)dr - ().

Conclusions

1. Obtained was the mathematical model of capacitance micromechanical accelerometer in the static
mode of operation, which allows establishing the unambiguous connection between the value of acceleration
of the sensor’s housing and the value of its output voltage. It was established that this accelerometer has con-
stant sensitivity, so its static characteristics is linear.

2. Obtained was the mathematical model of capacitance:imicromechanical accelerometer in the dynamic
mode of operation, which allows establishing the unambiguous connection between the value of acceleration
of the sensor’s housing and the value of its output voltage. It was demonstrated that, in the dynamic mode of
operation, this sensor is characterized by dynamic erfor conditioned by the movable part’s inertial properties
and elasticity of stretches.

3. Obtained was the mathematical dependency of the absolute dynamic error of capacitance microme-
chanical accelerometer, withdrawal of which from measurement results allows raising the precision of the
said primary measuring transformer.
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CraTuKaNbIK KIHE JUHHAMHKAJBIK KYMBIC TOPTIiNTePiHAeri ChIiibIMABLIBIK
MHKPOMEXAHUKAJIBIK aKCeJIePOMETPAiH MATEeMATHKAJIBIK MOJIeJi

Bakpinay sxoHe epTe qUAarHOCTHKaNAy XKYiecl YIKeH ©3eKTilikke ue 0oiyza, ojJapra Cy TypOHHACHI CHAKTHI
KOCAJIKbl KYIUTIK ’kaOAbIKTapabl KOpray (yHKUMACH jkaTaipl. ['uapoarperartapiibl TEXHHKAIBIK Oakbliay
MEH JMarHOCTUKAJIAy/bIH €H MEepPCIeKTUBAIbI diCTepiHiH Oipi onapabIH Aipil — aKyCTHKAJBIK CHIIaTTaMaa-
pbiH Tanmay Oonbin Tabbuiafbl. bipak MyHmail okyidenepai Kypy KesiHae maiiga OonaThiH MaHBI3IBI
TEXHUKAJIBIK MACele, THApOoarperarTapAblH pPOTOPJBIK aifHaly J>KHIMIri ONeTTe OChl THITI CeHcoplap
JKYMBICBIHBIH TOMCHT1 IIETIHEH a3 OONFaHIBIKTAH, TIPii >KbUIIAMIBFBI MCH JIPUIIl BIFBICTHIPYIBIH OeNriii
CEHCOpJIAphIH KOJIAHYJIBIH IIEKTEYiTiri Ooibin TaObuIagbl. Bynm MoceneHi menryziH IepcHeKTHBAIBIK
JKONIAPBIHBIH  Oipi  CHIMBIMIBUIBIK ~ MHKPOMEXAHMKAIBIK ~ aKcelepoMeTpiepil MaimanaHy. _Amnaiina,
aKCeJIepOMETPIIepIiH OCHI TYPIH CHITATTAHTBHIH Ka3ipri MaTeMaTHKAIBIK MOJIENBAEP OJIapAbIH IPAKTHUKAJIBIK
KOJIIaHBLTYBIH IIEKTEHTIH monmiri ge 6ap. JKyMbICTa CTaTHKANBIK jKOHE JMHAMUKAJBIK KYMBIC TOPTINTEpiHe
apHaJIFaH CHIMBIMIBUIBIK MHKPOMEXaHHMKAJIBIK AKCEICPOMETPIIH MaTeMaTHKAJIBIK MOJENbJAEP] 93ipJIeHIEH.
By akcenepoMeTpiiH TypaKThl Ce3iMTal/blFbl 0ap eKeHi aHbIKTAI/bl, COHJBIKTAH OHBIH CTAaTHUKAJIBIK CHIIAT-
TaMachl ChI3BIKTBHIK 00JIbIN Tabbutagbl. ChIABIMABLIBIK MUKPOMEXaHHKAIBIK aKCENePOMETPIiH AUHAMUKAIIBIK
JKYMBIC PEXKUMIH/IC THHAMUKAIIBIK KYpayllbl KaTesiri 6ap, OHbIH maiiaa 6omy ce6ebi JaTYMKTiH sKBIDKBIMAITBI
OeJIiTiHIH ©37IriHEH Ta3apTBUIYBl, OYJI JKBUDKBIMANbl OOJIKTIH WMHEPIMSUIBIK KacHETTepIMEeH. JKoHe
CO3BUTyNMAapABlH  CepHiHAl  KacuerrepiMeH  OaiimaHbICTBL.  CHIMBIMIBUIBIK - MHKPOMEXaHHKAJBIK
aKCeNIePOMETP/IiH a0CONIOTTIK TUHAMHUKAIBIK KATCTITiHIH MaTeMaTHKAIBIK, TOYCSIAIIT] albIHABI, OHBI OJIIICY
HOTIDKECIHEH aly KepCeTireH 0acTankhl oJIIley TYPIeHiprilliHiH IIriH apTThIpyFa MYMKIHAIK Oepei.

Kinm ce30ep: ChIABIMABIIBIK MUKPOMEXaHHKAIIBIK aKCEICPOMETp,. MATEMAaTHKAJIBIK MOJEIb, JUHAMHKAIIBIK
JKYMBIC TOPTIOI, CTATHKAIBIK )KYMBIC TOPTiOi, AMHAMUKAIIBIK KaTeIiK.

B.®. I'pansk, B.B. Kyxapuyk, B.}O. Kyuepyk, C.I11. Kaups, /1.0K. Kapabekosa, A.K. Xacenos

MaremaTuueckasi MOJeJIb EMKOCTHOIO MHKPOMEXAHHYECCKOI'0
aKceJgepoMeTpa B CTATHIECKOM 1 TUHAMNYIECCKOM pPEKUMaxX paﬁoTu

Bce Gonblryro akTyanabHOCTh MPUOOPETAIOT CUCTEMBI KOHTPOJIS M PAHHETO AMarHOCTUPOBAHMUS, Ha KOTOPBIE
nojaraercst QyHKIHS 3alIUThl KaK THAPOTYPOUH, TaK M BCIIOMOTaTEIbHOTO CHIIOBOTO 000pyaoBaHus. OTHUM
u3 Haubojee MEePCIEeKTHUBHBIX METOJ0B TEXHHYECKOTO KOHTPONS M JUArHOCTHKU THIPOArpPEraToB SBIISETCS
aHaIM3 WX BHOPO- M aKyCTHYECKHX XapaKTepUCTHK. Ho CylecTBeHHOH TeXHHYECKOH NpoOieMoii, BO3HH-
KaloIeH PY MMOCTPOSHNUH TaKUX CHCTEM, SBISIETCS OTPAaHHYEHHOCTH NPUMEHEHHS H3BECTHBIX CEHCOPOB BHO-
POCKOPOCTH M BUOPOCMEIICHHS, BCIGACTBUE TOTO, YTO POTOPHASI YaCTOTA BPAICHUS THAPOArperaroB OObId-
HO HIDKE HIDKHETO mpejena padoThl CEHCOpOB AaHHOrO THma. OIXHHM U3 MEePCHEKTHBHBIX ITyTeH penIeHus
3TOH MpoOneMbl ABIAETCS UCIONb30BaHHE €MKOCTHBIX MHUKPOMEXaHHYECKHUX akcenepoMmeTpoB. OpHako cy-
MIECTBYIOIIHE MaTeMaTH4ECKHe MOJEH, OMHMCHIBAIOIINE 3TOT BUJ AKCENIEPOMETPOB, UMEIOT HU3KYIO TOY-
HOCTb, YTO OTPaHHYMBAET UX HPAaKTUUECKOE UCIIOJIb30BaHUe. B paboTe pa3paboTaHbl MaTeMaTHYECKHE MOJIe-
JI1 éMKOCTHOTO' MUKPOMEXaHNYECKOTO aKCeIepOMETpa A CTAaTHUECKOTO U JMHAMHUYECKOTO PEXKUMOB pado-
THI. YCTaHOBJIEHO, YTO JAHHBIH aKCEeJIePOMETpP MMEET MOCTOSHHYIO YyBCTBUTEIBHOCTD, IIO3TOMY €TI0 CTaTH-
Yyeckasl XapaKTepPUCTHKa sBIsieTCsl THEeHHOH. [TokazaHo, 4To B IMHAMHYECKOM peXKMMe PaboOThl eMKOCTHOM
MHKPOMEXaHHIECKIH aKCeIepOMEeTp MMeeT JUHAMUUYECKYIO COCTABIIIIONIYIO ITOTPEITHOCTH, NPUINHON BO3-
HUKHOBEHHSI KOTOPOH SIBIISIETCSI COOCTBEHHOE IepEeMEIleHHe ITOIBIKHON JacTH JaT4ynKa, 9YTOo O0OYCIOBIICHO
MHEPLUOHHBIMM CBOWMCTBAMM MOJBM)KHOM YacTH U yNpPyTrMMH CBOWCTBaMM pacTsbkek. Ilonyuena maremaru-
YecKasl 3aBUCHMOCTb aOCOMIOTHON JUHAMUUYECKOH MOTPENTHOCTH EMKOCTHOTO MUKPOMEXaHHUECKOTO aKcele-
pOMeTpa, U3BATHE KOTOPOH U3 Pe3yNbTaTOB M3MEPEHHS TO3BOJIUT MOBBICUTh TOYHOCTh YKA3aHHOTO MEPBHY-
HOT'0 N3MEPUTENBHOTO MpeoOpa3oBaTes.

Kniouesvle cnosa: eMKOCTHBIN MHKpOMexaHI/I‘IeCKHﬁ AKCCJIEPOMETP, MaTEMaTU4YEeCKasd MOACIb, AWUHAMUYEC-
CKHIA PEXKUM pa60TI>I, CTaTUYECKUAN PEXKUM pa6OTLI, JAMHaMUYCCKas MOTrpelIHOCTb.
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