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Abstract

The subject of the research in this article is the measurement of the main characteristics of the electrothermal arcjet
thrusters in the process of the working fluid acceleration during the bench tests. The purpose is to form a bench research
facility to study the characteristics of the electric heating propulsion system for use in a space tugboat, taking into account
the launch dynamics, operating conditions and shutdown dynamics. Tasks: measuring the thrust of the electric propulsion
system as the main characteristic in the established and transient mode; determining the flow rate of the working fluid
correlated with the thrust; measuring the parameters of electrical consumption — currents, voltage, power in static and
dynamic modes; measuring the external conditions of the simulating space environment, namely the vacuum, in the test
chamber. The methods used are: tensometry, differential pressure gauge, four-probe measurement of power supplied to
engine heaters, steam generator and tank of the electric heating system, ionization-thermocouple vacuum measurement. The
following results have been obtained: the composition of the information and control system consisting of the tensometric
sensor used with the electric heating propulsion system, flowmeter of the working body of the electric heating propulsion
system, power meter of the heater, steam generator and the tank of the electric heating propulsion system, ionization-
thermocouple sensors for vacuum determination. The software product for graduation of the tensometric sensor has been
developed. The scientific innovation of the obtained results is as follows: the method of measuring the thrust of the electric
heating propulsion system by means of tensometric sensor has been further developed, the method of measuring the flow of
the working body of the electric heating propulsion system has been further developed, the method of measuring the power
of the engine heater, steam generator, tank of the electric heating propulsion system has been further developed. For the
first time an algorithm for graduation of the tensometric sensor for the electric heating propulsion system was developed
and implemented in the software product.
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Introduction

The current trend in the development of micro-
satellites for near space exploration requires new means
of maneuvering spacecrafts. For this purpose, it is
beneficial to use the electric propulsion engines [1].
One of the solutions of the problem of delivering
the microsatellites to a given orbital position can be
the using of space tugboards with electric propulsion en-
gines as dispensers for “positioning” the satellites con-
stellation. In this regard, it is advantageous to use elec-
tric heating engines based on chemically active working
fluids such as ammonia [2]. Engines of this type were
developed by specialists of Yuzhnoye State Design
Office and allow to provide orbital maneuver with
a thrust of 50 mN and high propulsion cost, which
distinguishes them from plasma propulsion engines.
A quantitative analysis of the implementation of the
propulsion system for a space tugboat and assessment
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of the launch dynamics defined the need of experi-
mental studies of these parameters on the experimental
stand. For studies it was used KhAI experimental base,
where the distinctive feature of obtaining scientific re-
sults was the use of unified tools with methods that
ensure the high accuracy of the results.

Setting the task of experimental studies of electric
heating propulsion system

The main goal of experimental studies of elec-
tric heating propulsion system [3] is to get an array of
data related by the main parameters. It is essential for
estimation of quality of the propulsion system func-
tioning, determination of its propulsion and consump-
tion characteristics, identification of correlation with
power supply characteristics considering the environ-
mental conditions of the test, which are close to the
reality. The main task can be divided into a number
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of subtasks, the solution of which will make it pos-
sible not only to evaluate individual parameters, but
also their relationship both in the static process of the
engine system operation and in the dynamics of launch
and shutdown, which is important for mathematical
modeling of operation and development of functional
algorithms.

Therefore, the experiment setup involves the defi-
nition of tools and methods to include in the infor-
mation and control system of research and testing of
electric heating propulsion system with breakdown into
the following, fundamentally different subtasks:

* measuring the engine thrust as a basic charac-
teristic in steady-state and transient modes;

* determining the consumption of the working
fluid that correlates with the thrust;

* measuring of parameters of electrical consump-
tion — currents, voltage, power in statics and dynamics;

* measuring the environmental conditions of the
space simulation, namely the vacuum in the test cham-
ber.

When solving the listed subtasks, it is necessary
to establish the limiting errors of the experiment and
justify the appropriate choice of sensors and measure-
ment methods.

Thus, the target of the study is the process of
accelerating the working fluid in electric heating en-

gine (EHE) working in a vacuum. The subject of study:
measuring the main characteristics of EHE, in the pro-
cess of accelerating the working fluid at the bench tests.
The objective is to form a test bench for the study of
the main characteristics of the electric heating propul-
sion system (EHPS) for use in a space tugboat, taking
into account the dynamics of the launch, the operating
conditions and the dynamics of shutdown.

Problem solving

We will treat the solution of the main task in
sequence of subtasks. The experimental stand for
measuring the performance of the EHPS includes
the elements that solve the subtasks. The structu-
ral schema is presented in Fig. 1, where “EPS” is
the power supply system of EHPS, “FSSS” is the
storage and supply system of a working fluid, FM is the
flowmeter, TE is the thrust meter of the engine, E is
the engine, VC — vacuum chamber, VS is the vacuum
sensor in the chamber, VP — the vacuum pump, ICS
is the information&control system 1, 2, 3, 4 are the
measurers of the flow of working fluid, of the engine
thrust, of the power supply parameters, of the the
vacuum, which are the part of the information & con-
trol system, PC is the personal computer, the Operator
— the operator of the personal computer supervising
experiment realisation.
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Fig. 1. The structural diagram of the experimental stand

Measuring the thrust of an electric heating engine
has a number of features that distinguish the measuring
process from measurements of plasma engines, where
the thrust levels are tenths of a mN and micro
fluid rocket engines, where the thrust is already the

few N. The thrust range of electric heating engines
is tens of a mN. Thus, thrust meters for EHE may
not contain any complex moving devices with elastic
or quasi-elastic elements with corresponding dampers
[4]. Also for these devices it is not mandatory to use
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powerful strain-gauge units as for liquid rocket engines.
Therefore, the main technical decision was to choose
a tensometric (strain gauge) sensor.

The concept utilizes a method based on a strain
gauge sensor BCL-300GM (Fig. 2).

The sensor switching scheme is based on the
method with the bridge commutation of the sensing
element, which makes it possible to exclude the
influence of variation of voltage of the sensor power

110

supply on the measurement results. This type of
strain gauge sensor belongs to the resistor type, i.e.
it is based on a resistor, whose resistance changes
depending on its deformation [5, 6]. In this case the
strain value is converted into an electrical signal that
is easy to measure. To connect the strain gauge to
the ADC is used a scheme with shielded twisted pair
(Fig. 3), which eliminates the influence of external
electromagnetic interference.
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Fig. 2. Appearance of the sensor
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Fig. 3. Strain gauge switching circuit
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By design, the sensor is mounted inside the
vacuum chamber with a hanger with EHE mounted
on it (Fig. 4).

The EHE thrust is measured at the launch and
shutdown phases of the engine. The strain gauge is
connected to a 16-digit sigma-delta analog-to-digital
converter (ADC) based on AD7705BRZ-REEL [7],
which in turn is connected to the meter.

To obtain the reliable data there are 10
measurements and the average arithmetic value of the
switch-on thrust are calculated.

Table 1 shows the errors of the elements used in
the EHE thrust determining method for obtaining the
instrument error.

Let’s consider the instrumental error as the error
of indirect measurements and determine the method
of error transfer

Ao = JASE® +AADC, 2.

tract

In the percentage equivalent we will get the
instrumental error An,act =1%.

For graduation of the strain gauge sensor, a
software product was created, whose interface is shown
in Fig. 5.

Fig. 4. Strain gauge BCL-300GM with hanger and EHE

Table 1

Ranges of measurements and percentage error of elements

Sensor name

Range of measurements

Percentage error

Strain gauge sensor
BCL-300GM

345...450 Q

+1%

Sigma-delta
ADC AD7705BRZ-REEL

0.1..2V

10.003%
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Fig. 5. Strain gauge graduation software interface
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The graduation of the load cell movement
measuring channel is included:

1. Testing of the displacement channel with a set
of sample weights.

2. Obtaining the current readings of the force
channel by initiating the “USMEPEHUE_P_BbIKJI”
signal.

3. Determining the stable readings by the
reference weights in the required measuring sequence
for a given range in the “CUI'HAJI JATUYMNKA”
window.

4. Generation of the value of the reference weight
value from the “OBPA3IIOBBIM BEC” display.

5. Saving the results in the field “COXPAHUTDb
TOYKY”.

6. Saving the whole range of measurements in the
“COXPAHUTD TABJIMLY” array or its cancellation
“OTMEHUTb COXPAHEHWE” and assigning a
graduation number.

7. Approximation of graduation in “AITITPOK-
CUMALMUA” and further “COXPAHEHME PE-
3YVJIBbTATOB AIITPOKCUMAILIMN”.

The measuring range of the strain gauge sensor
is from 0 to 900 g. The number of averaging points
and the frequency of measurements during graduation
are also set in the program. Reference graduation
weights according to the code MG-10-1100-10, used
in accordance with OIML R 111-1:2008, are used
as standard graduation tools. The appropriate code
corresponding to the level of the input signal received
from the strain gauge sensor is transmitted to the ADC
for further work.

A specific feature of the EHE thrust strain gauge
is the need to measure the transients when the engine
starts and stops. This measurement requires a reduction
of the aperture time of the ADC and the sensor
inertia. The introduced measurement scheme allows
to realize a single countdown in 10 milliseconds, which
on a transient process of 3...4 seconds realizes up to
several hundreds of points of traction dynamics change.

Flow measurement method of working fluid. The
flow rate is a physical variable determined by the
amount of liquid or gas passing through a cross section
in a single time unit. A distinction is made between
volume flow when the quantity of a substance is
measured in volumetric units and mass flow when it is
measured in mass units. The article considers the mass
flow rate. We apply the method of measuring the flow
rate by the pressure drop in the tank. It is based on
gas laws, namely the Mendeleev-Clapeyron equation.

P V. =M_RT

con’ con con ?

where P~ — ammonia pressure, V, ~— volume that
ammonia takes, M — ammonia mass, R — gas
constant, 7~ — gas temperature. Thus, by measuring
the pressure and temperature for two gas states in
a tank, the average volume flow rate of the gas from
the tank can be determined over time and normalized:

Q — Vcon Pconl _ ])con2 1
“" At \RT_. RT ’
conl con2 p egd
where Q =~ — volumetric gas flow, p, — the gas

density under normal conditions (pressure 101325 Pa
and temperature 293 K).

The mass flow i, is related to the volumetric
flow Q_ by function m,, =pQ,,, thus

n'1 _ I/con 1)con 1 I)con 2
. Af R]'::onl RT(':onZ

For this method, a receiver of 111 liters is used
(Fig. 6).

Fig. 6. est bench receiver for determining the flow rate of
the working fluid

Such a large receiver is designed to accumulate
the working fluid and to compensate the pressure
fluctuations, as well as for improving the accuracy
of flow measurement (which can not be achieved on
the standard receiver of the propulsion system — 1.4
liters). To measure the pressure inside the receiver,
the pressure sensor mpx-4250 is used (Fig. 7), and
for temperature measurement, the sensor TMP-36 is
used (Fig. 8).
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Fig. 7. The scheme of pressure sensor mpx-4250
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Fig. 8. The scheme of temperature sensor TMP-36

In this way, the task of measuring the flow rate of elements used in the method of determining the working
working fluid and thrust of electric heating engine canbe  fluid flow in electric heating thruster for determining the
solved completely. Table 2 below presentsthe errorsofthe  instrument-induced error.

Measuring ranges and percentage error of elements Table 2
Sensor name Measurement range Percentage error
Temperature sensor TMP-36 -40...+125 °C +1.2%
Pressure sensor MPX4250 20x10°Pa...250%10° Pa +1%
ADC AD7680BRMZ 0.1.2V +0.001%
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Wire errors (the percentage error is less than
0.01%) can be neglected. Time is considered to be
the computer time cycles of the personal computer
(the percentage error is less than 0.001%), the error
can also be neglected.

Thus, let’s consider the instrumental error as the
error of indirect measurements and determine the
method of error transfer

Aow AP AT

> +AADC, >,

con

In a percentage equivalent we will get an
instrumental error Acon = 1.42%.

Heater

! filter
L 1_ -1
n ADg

Fig. 9. The scheme of the sensor of power supplied to the tank, steam generator, engine

&

Here, the voltage splitter is a two-arm resistor
splitter based on high precision stable resistors. The
upper one, based on C5-35B0 W resistor, is 24 kQ
and the bottom one, based on C5-35B 50 W resistor,
is 2 k2, with a minimum thermal resistance coefficient
(TRC).

The filter represents resistance on the basis of
resistor C5-35B 25 W — 1 kQ and capacity on the
basis of capacitor SMD2220 1 uF with 50 V connected
in sequence. This part of the circuit is designed to

The graduation of the temperature sensor is carried
out according to the data of the standard thermometer
according to OIML 84 2003 in the required work
temperature range from 0 to 40 °C. The graduation of
the pressure sensor, as well as the temperature sensor,
is carried out by the computational method according
to the standard manometer of OIML R 109:2009. The
receiver with the volume of 111 liters is graduated at
the NSC “Institute of Metrology”, Kharkiv, according
to the graduation act code DK 021-2015:71630000-3.

Method for measuring the power supplied to the
heaters of engine, steam generator and EHPS tank.
The scheme of the power sensor is shown in Fig. 9.

j operational
i amplifier

e - —

i ADC

O

reduce the measured voltage from 24 V to the required
ADC sensitivity limit of 2 V. The FL-2 10 A 75 mV
shunt is required to measure the current strength in
the circuit, but its output voltage is 75 mV, which
is insufficient for further transmission to the ADC.
Operating amplifier MCP607 raises the shunt voltage
of 0.75 mV to 2 V — ADC sensitivity zone.

Table 3 below shows the errors of elements used
in the method of measuring the power supplied to the
heaters of the engine, steam generator and EHPS tank.

Measuring ranges and percentage error of elements Table 3
Sensor name Measuring range Percentage error
Resistor C5-35B 50 W — 24 kQ 24 kQ +0.5%
Resistor C5-35B 50 W —2 kQ 2 kQ +0.5%
Resistor C5-35B 25 W — 1 kQ 1 kQ +0.5%
Capacitor SMD2220 1 puF 50 V (X7R) up to 50 V +10%
ADC AD7680BRMZ 0.1.2V +0.001%
Electric shunt FL-2 100 A 75 mV 100 A +1.5%
Operating amplifier MCP607 0.25..2.5V +0.01%
ADC AD7680BRMZ 0.1..2V +0.001%
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Wire errors (the percentage error is less than
0.01%) can be neglected. The error of the capacitor
can also be neglected, as it is installed as a smoothing
filter and does not contribute to the system operation.

Let’s consider the instrumental error as the error
of indirect measurements and determine the method
of error transfer

_ 2 2 2 2
AUload - \/ARup + ARlow + ARﬁlter + AADCUload .

In percentage equivalent we will get an instrument
error AUloqd = 3.47%. .

We will determine the instrumental error for
current by the method of standard deviation

2+ AADC,, 2.

Tload

npl

2
AIload = \/A]shunt + A(Ja

In percentage equivalent we will get an instrument
error AUload = 1.68%.

Vacuum measurement method in the experiment
chamber. To measure the pressure inside the vacuum
chamber of the experimental setup the vacuum gauge
is used, which has been specifically developed for this
purpose, on the basis of the manometric thermocouple
transducer MTC-2, the scheme of connecting to the
experimental facility is shown in Fig. 10, where 1 —

case; 2 — filament; 3 — thermocouple; 4 — power in-
puts; 5 — thermocouple inputs, R, = — shunt, OA —
operational amplifiers on the basis of ATmegal28,
Controller — control part of ATmegal28, PS — power
source on the basis of ATmegal28, Out — output signal
of the developed system.

The principle of operation of MTC-2 is based on
the dependence of molecular heat conductivity of gas
on its pressure. The transfer of heat comes from a thin
metal thread heated by electric current, through thin
gas to the vacuum pump.

In the thermocouple converter MTC-2, in the
glass flask holders are fixed (1), on which the V-shaped
heater made of thin wire (2) is fixed by spot welding,
to the middle point of which the platinum-platinum-
rhodium thermocouple is welded (3).

On a thread of the heater (2) passes a current
of constant value, which heats the junction of the
thermocouple (3), and in its circuit emerges thermo
EME

Since the temperature of the heater depends
on the pressure (density) of gas, its change will
lead to a change in the EMF of the thermocouple,
which through sigma-delta ADC enters the control unit
based on ATmegal28, and the filament current is also
provided through ATmegal28.

ATmegal28

Controller

1
2
3
//
4
- /5
/;7’r
mVE
mA i
______ -—=- 1
i PS i Rshum | i
[ O I - B |
e
|
|
|

___________________________________________

Fig. 10. Scheme of the thermocouple converter based on MTC-2

Table 4

Measuring ranges and percentage element error

Sensor name

Measuring ranges

Percentage error

BCL-300GM detector converter

0.133 Pa...666.6 Pa

+29%

Sigma delta
ADC AD 7705BRZ-REEL

0-10mV..2'V

10.003%
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Table 5
Test results of the thruster for the verification of the consumption and traction characteristics
. Value
Characteristics

1 launch 2 launch 3 launch
Vacuum chamber pressure at start of launch, 1.95% 102 1.95% 102 1.95% 102
mm Hg
Vacuum chamber pressure at the end of launch, mm Hg 1.7%x10! 1.7%x10"! 1.7%10!
Pressure range of the stand receiver during thruster from 1.85 from 1.86 from 1.85
operation, kgf/cm? to 1.66 to 1.69 to 1.68
Thruster temperature control parameters:
— duration, s 200 200 200
— average power consumption, W 205 210 202
Parameters when the thruster is switched on in flow mode:
— duration, s 1140 1140 1140
— average power consumption, W 200 201 198
Average thrust per turn-on, mN 4.95 4.98 4.95
Average cost per turn-on, mg/s 19.35 19.33 19.35
Calculated value of specific impulse per switching on, m/s 2558 2593 2576
Duration of increasing the set value of the thrust to 90%
from the moment the command is given to the electric Less than 1 Less than 1 Less than 1
valve EDI, s
Duration of decreasing the set value of the thrust to 10% Less than 1 Less than 1
from the moment of voltage cut-off at the electric valve, s
Steam generator running time, sec. 1100 1290 1320
Number of times the steam generator heater is turned on 105 100 110

Table 4 shows the error of the elements included
in the vacuum measurement method in the chamber
for the experiment.

Let’s consider the instrumental error as the error
of indirect measurements and determine the method
of error transfer

A uowm = AMTC? + AADC,,, ..

vacuum vacuum

In percentage equivalent we will get an instrument
error Avacuum = 2%.

The principle of graduation of a current of a
heating element of the manometric transducer is that it
is necessary to set such a current of the heating element
that corresponds to thermo EMF of a thermocouple
equal to 10 mV at pressures less than 0.133 Pa. At the
plant manufacturing the MTC-2, the glass cylinder is
vacuumized to the value 0.0133 Pa. At that the current

is in the range of 100...125 mA.

Conclusion

In article the problem of obtaining an array
of data interrelated on the main characteristics to
assess the quality of the propulsion system operation
is considered. For this purpose, the following is
formulated:

+ the method of measuring of the engine thrust
as the main characteristic in the stable and transient
mode;

* the method of determining the flow of the
working fluid, correlated with the thrust;

* the method of measuring the power
consumption parameters — currents, voltage, power
in statics and dynamics;

* the method of measuring the environmental
conditions of space simulation, namely the vacuum in
the test chamber.

The analysis of the elements included in the
sensors is carried out and the instrumental error for
each method is calculated, the limiting errors of the
experiment are obtained.

For graduation of strain gauge sensor a software
product was created and the method of its graduation
was developed.

As a result of the experiments, the arrays of
main data of electric heating engines on the principal
directions were obtained, namely, the experimental
data on thrust, working fluid consumption, power
consumption. For a number of launches of the
propulsion system the data are summarized in Table 5,
which shows the results reduced to 200 W power
consumption.

The data on environmental conditions of space
simulation, namely the vacuum in the test chamber,
were obtained. The obtained experimental data make
possible their further comparison with the data got with
the help of the mathematical model of the electric
heating propulsion system [3].

32
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AHoTais

[IpenMeToM AOCHIITKEHHS € BUMIpIOBAaHHS OCHOBHMX XapaKTepUCTUK €JEKTPOHArPiBHOTO IBUIYHA B MPOLIECi TPUCKO-
PEHHST pOOOYOTO TiJla TIPU CTEHAOBUX BUITPOOYBAaHHSIX. MeTo € (hopMyBaHHSI CTEHIOBUX 3aCO0iB TOCTIMIKEHHS XapaKTepuC-
TUK €JIEKTPOHATPiBHOI PYyXOBOi YCTAHOBKM JJIsSI 3aCTOCYBaHHSI Ha KOCMiYHOMY OYKCHUpi 3 ypaXyBaHHSIM JMHaMiKM 3amycKy,
YMOB eKCILTyaTallii Ta TWHAMiKd BUKJTIOYCHHS. 3aBIAaHHS: BUMIPIOBAHHSI TSITW €JICKTPOHArPiBHOI PYXOBOI YCTAHOBKU SIK
OCHOBHOI XapaKTEPUCTUKU B CTAJIOMY i MEPEXiTHOMY PEeXUMi; BUZHAUEHHSI BUTPATU POOOUYOro Tijia, 1110 KOPEJIOE 3 TArOl0;
BUMIpIOBaHHSI MapaMeTpiB eJIeKTPOCTIOKMBAHHSI — CTPYMiB, HAMpPYTH, MOTY>XKHOCTI B CTaTMLI ¥ OWHAaMIilli; BUMipIOBaHHS
30BHIlIIHIX YMOB iMiTallii KOCMi4YHOTO MPOCTOPY, a caMe BaKyyMy y BUIIPOOYBajibHiii KaMmepi. BUKOpUCTOBYBaHUMU METO-
JaMM €: TEH30METpisl MudepeHIlialbHOTO MaHOMETpa, YOTUPHhOX30HIOBE BUMipIOBAaHHSI TOTYXKHOCTI, SIKa TOMAEThCS Ha
HarpiBaui 1BUTyHa, aporeHepaTopa i 6aka eJeKTpOHArpiBHOI pyXOBOi YCTAHOBKHU, iOHi3allilHO-TEpMOIAPHUIT BaKyyMMETP.

OTpuUMaHO Taki pe3yJabTaTH: BU3HAUEHO CKJal iH(popMaliiiHO-KepyIouoi CUCTEMM, IO CKJIAZAETHCS 3 TEH30METPUY-
HOTO JIaBaya, 3aCTOCOBYBAHOTO 3 €JIEKTPOHArPiBHOIO PYXOBOIO YCTAHOBKOIO, BUTpPATOMipa poOOYOTO Tila eIeKTpPOHArpiB-
HOI pyXOBOI YCTaHOBKM, BUMiploBaya ITOTYXKHOCTiI HarpiBaua ABUTYHa, IaporeHeparopa, 0aka eJIeKTpPOHArpiBHOI pyXOBOIi
YCTAaHOBKH, iOHi3allilfHO-TepMOTIapHUX AaBadyiB BU3HAUEHHS BakyyMy. CTBOpEHO MpPOTpPaMHUU TPOMYKT ST TPAmyIOBaHHS
TEH30METPUYHOro JaBaya. HaykoBa HOBU3HA MOJISITA€ B TOMY, 110 OTPUMAIM MOJAIBIIMA PO3BUTOK TaKi METOIU: METO.
BUMIPIOBaHHS TSITU €JIEKTPOHATPIBHOI PyXOBOi YCTAHOBKU 3a MOTIOMOTOI0 TEH30METPUYHOTO AaBaya, METOI BUMipIOBaHHS
BUTPATHU poOOYOro Tijla eJeKTPOHArPiBHOI PYXOBOi YCTAHOBKHM, METOJ BUMipIOBaHHS MOTYXKHOCTI HarpiBaya JBUTyHa, Mapo-
reHepaTopa, 0aka eJeKTpOHarpiBHOI PyXOBOi1 ycTaHOBKM. Briepiiie po3poGiieHO aaroputM TpaayloBaHHS TEH30METPUYHOTO
JlaBaya 3a JOMOMOTOI0 MPOrpPaMHOTO MPOAYKTY, CTBOPEHOTrO ISl €JeKTPOHArpiBHOI PyXOBOI YCTaHOBKU.

KinrouoBi cioBa: KocMiuyHUIl OyKcUp; €JeKTpOHArpiBHA pyXOBa YCTAHOBKA; €J1EKTPOHArPIBHUIA NBUTYH; METOI BUMIipIO-
BaHHSI TSITW; METOJI BUMIpIOBAaHHSI BUTPATU POOOYOTro Tijla; METOJ BUMIPIOBAHHS MOTYXKHOCTI HarpiBava; MeToJ BUMipIOBaHHS
BaKyyMy y BaKyyMHili Kamepi.
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AHHOTAIMS

[IpenMeToM uccIenOBaHUST SIBSIETCS M3MEPEHME OCHOBHBIX XapaKTePUCTUK 3JIEKTPOHAIPEBHOIO IBUIATeNiss B IPO-
Lecce yCKOpeHUsl pabodyero Teja IpHM CTEHOOBBIX McHbITaHMsIX. Llean: ¢popMupoBaHME CTEHIOBBIX CPEACTB MCCIIEIOBAHUS
XapaKTEePUCTUK 3JIEKTPOHATPEBHOI MBUTATEIbHONM YCTAHOBKM C YY€TOM TWHAMUKHU 3allyCKa W BBHIKJIIOUEHMs. 3amadu: U3-
MEepeHHUe TITU B YCTAHOBMBILEMCS U ITEPEXOMHOM PEXUME; OIpenesieHre pacxoga pabodyero Teja; M3MepeHUe IMapaMeTpoB
3JIEKTPOITOTPEOIEHNST — TOKOB, HaNpPsDKEHWsI, MOIIIHOCTH B CTaTMKE M OWHAMUWKE; M3MEPEHUE BHEIIHUX YCIOBUN WMHTa-
LMY KOCMHMYECKOrO IIPOCTPAHCTBA, a MMEHHO BaKyyMa B MCIIbITATEIbHOI Kamepe. Mcrosb3yemble METOIbBI: TEH30METPUS
I depeHINaTEHOIO MAaHOMETpPa, YETBIPEX30HI0BOE M3MEPEeHNEe MOIIHOCTH IBUTATENs, TTaporeHepaTopa, MOHU3alMOHHO-
TepMoIiapHas Bakyymerpus. OmpezeieH cocTaB MH(MOPMALMOHHO-YIIPABISIONIC CUCTEMbI, COCTOSIIEH M3 TEeH30METPU-
YECKOro JaTuvKa, pacxomoMmepa pabodero Teya, M3MEpPUTENIsT MOITHOCTA HarpeBaTessl ABUTATelsI, TTaporeHepaTopa, JAaTdu-
KOB ompeneieHus: Bakyyma. CoszmaH MPOrpaMMHbBINA MPOLYKT UL TPaayMpOBKM TEH30METPpUYECKOro maTdvka. [lomydmiu
JIaJbHENIIee pa3BUTHC METOABI MU3MEPECHUS TITH C IMOMOIIBI0 TEH30METPUYECKOrO JaTYMKa, U3MEPEHUS pacxoma pabouero
Tesa, M3MepPeHMsI MOIIHOCTY HarpeBaTessl IBUraTelis, maporeHeparopa, 6aka. Pa3zpaGoTaH aJropuT™ IpaayupoOBKU TEH30-
METPHYECKOIO JaTYMKa.
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KimoueBbie ciioBa: KocMUYeCcKrii OYKCUP; 2JIEKTPOHATPEBHAST IBUTATEIbHASI YCTAHOBKA; DJIEKTPOHATPEBHBIN IBUTATENb;
METOIl M3MEpPEHMsI TSATH; METOJ M3MEpEeHMs pacxoia paboyero Teja; METON M3MEPEeHMs MOITHOCTH HarpeBaTessl; METOI
U3MepeHusl BaKyyMa B BaKyyMHOU Kamepe.
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