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Abstract

The paper presents the description of developed hardware, algorithms and software of the system for measuring of radial
clearances between stator and blade tips in the compressor of gas-turbine engine. The measuring system implements the method with
self-compensation of temperature effects on the eddy-current single-coil sensor with a sensitive element in the form of a conductor
segment. Due to the self-compensation the number of used sensors and related mounting holes in the power plant stator was reduced.
The core operations of the self-compensation are realized in real time on hardware-and-software level. This makes it possible to
use the system for the detection of dangerous states of gas-turbine engines during power plants operation. The previously unexplored
phenomenon of "not-complete compensation” of temperature effects is considered. The phenomenon is related to the special features
of the conversion of the single-coil eddy-current sensor’s informative parameter in the measuring circuit. It manifests in the difference
of conversion functions of the system’s measuring channels under normal and nominal temperatures. The paper provides the way of
the effect elimination by means of program correction. The results of experimental researches of the working model of the measuring
system are given. They characterize the metrological appropriateness and efficiency of the system. The experimentally obtained
calibration characteristic approximated by polynomial function was used to determine the systematic part of the error as a difference
between the given and the calculated radial clearance. The random error was evaluated by the deviation of measured codes from an
average value in the sample that was obtained at the specified value of radial clearance for the fixed blade’s position relatively to the
sensor’s sensitive element. The efficiency of the working model was evaluated on the laboratory equipment during the rotation of the
electrically driven compressor wheel. The quantitative estimates of speed and accuracy of the working model of the measuring system
were obtained during experimental researches. They confirmed the possibility of using the system for the detection of dangerous states
of gas-turbine engines applied in the electrical power industry.

Keywords: gas-turbine engine, radial clearances, measuring system, hardware, algorithm and software, self-compensation of
temperature effects, real-time processing, detection of dangerous states, systematic and random errors, efficiency
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MHCTMTYT npobnem ynpaBneHns CNoXHbIMKU cuctemamu Poccuinckon akageMmm Hayk —
obocobrneHHoe nogpasaeneHue PefepanbHOro rocyaapcTBEHHOMO OIAXKETHOrO yyYpexaeHne Hayku
Camapckoro eaepansHOro nccnegoBatensckoro LeHTpa Poccuiickon akagemum Hayk, r. Camapa, Poccus
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Cucrtema uamepeHus pagmarnbHbIX 3a30pOB B ra3oTypoMHHOM ABUrarerne
C caMOKOMIMeHcauueun TemnepaTypHbIX BO3AENCTBUN HA AaTUYUK

Ilpueodumcs onucanue paspabomMaHHbIX MeXHUUECKUX CPeOCmE, aA20pUmMOo8 QYHKUUOHUPOBAHUS U NPOPAMMHO20
obecnevenus cucmembsl U3meperus paoudibHblX 3a30p06 Meyucdy CMamopHol 000404KO0U U Mopyamu 10namok paboueeo Koieca
Komnpeccopa 2a30mypOuHHo20 0gueamens, 8 KOMOPoU peaiu3oean Memod usmMepeHus ¢ CaMoOKOMNEeHCayuel memnepamypHsix
6030elicmeull Ha 00HOBUMKOBbLI BUXPEMOKO0BbLI 0AMUUK C 4YECMBUMENbHBIM AeMEeHMOM 6 eude ompe3ka nposodHuka. baa-
200apsi NPUMEHEHUI0 MeXAHU3MA CAMOKOMNEHCAyuU y0aioch MUHUMUSUPOBAMb YUCAO UCNOAbIYeMbIX 0AMYUKO8 U COOMEem-
CMEYHUUX YCMAHOBOUHBLX OMEEPCMULL 8 CMAMOPHOU 000404Ke CUL080l ycmaHoeKku. OCHO8HbIe Onepayuu, npedycmompeHHble
CamMoKoMneHcayuei, 0OCywecmeasilomes 8 peaibHom 6pemMeHl Ha ANNAPAMHO-APOPAMMHOM YPoeHe. DMo OmKpbieaem 603MOoHc-
HOCMb NPUMEHEeHUs CUCMeMbl 045 OUASHOCMUKU ONACHbIX COCMOSAHUL 2a30MYPOUHHbIX 08ueameneli 8 npoyecce IKCHAYaAMayuu
CcUn08bIX ycmauno8ox. Paccmampusaemces parHee He uszyyerHulll dppexm "Hedokomnencayuu" memnepamypHoix 6030elcmeull.
Dphexkm ces3an ¢ ocobeHHOCMAMU NPeoOPA308AHUS UHPOPMAMUBHO20 NAPAMEMPA 00HOBUMKOB020 BUXPEMOK08020 0amMUYUKa
6 U3MepUmMenbHOU yenu U nposeasiemcs 8 HecO8nadeHuu YHKYUl npeo6pas08anus U3mMepumenbHolX KAHAA08 cUcmeMbl npu
HOPMAAbHOU U HOMUHAAbHOU memnepamypax. B cmamoe npedarazaemcs cnocod ycmpanenus 8AUsHUS YKA3AHHO020 3pdexma
nymem npoepammHoi koppekuyuu. [lpueodsmcs pe3yibmamol SKCHePUMEHMAAbHBIX UCCAC008AHUL Oelicmeyoueco mMaKema
cucmembl U3MepeHUsl, XapaKkmepusyujue e2o Mempoi02uteckyro cCoCmosimeabHocms U pabomocnocobnocme. Jlas onpedesenus
cucmemMamu4eckoi cocmasasioueli no2peuHocmu 0elicmeyoueco MaKkema cucmemsl KaKk pasHocmu 3a0AHH020 U 6bIHUCACH-
H020 paduanbHo20 3a30pa UCHOAb308ANACH IKCNEPUMEHMANLHO CHAMAS 2Pa0yUpOBOYHAs XaAPAKmMepucmuKa, annpokcumupo-
8aHHAS NOAUHOMUANbHOU yHKyueld. CayuaiiHas noepeuHoCms OYeHU8alach N0 OMKAOHEHUAM K0O08 Om CpeOHUX 3Ha4eHull
6 6blOOpKe 045 PUKCUPOBAHHOU NOZULUU NONAMKU OMHOCUMENbHO YYECMEUMEAbHO20 IAeMEHMA 0amYUKa npu 3a0aHHOU 6e-
AuUUHe paduanvHozo 3asopa. OyeHka pabomocnocoGHoCmU Oelicmeyioueco MaKkema npou3600ULaAcs HA CHeYUAAUZUDPOBAHHOU
Aa60pamopHoil ycmanosKke 6 npoyecce epauwjerus padboueeo Koieca peaibHo2o0 KomMnpeccopa om snekmponpueoda. B xode sxc-
nepumenmoe Obiau NOAYUEeHbl KOAUHECMBEHHbIe OYeHKU OblcCmPOOdelicmeus U MOYHOCMU pa3pabomanH020 MAKemHo2o 00pasua,
nodomeepicoaroujue 603MONCHOCHb UCHOALI0BAHUS NOOOOHO20 POda cucmem umeperus: 045 OUACHOCMUKY ONACHBIX COCTOSHUL
2a30mypOuHHbIX 0gueamenell, NPUMeHAEMbIX 8 IHepeemuKe.

Karoueeote caosa: 2030myp5llHHblL7 deueameﬂb, paduaﬂbﬁble 3a30ps6l, cucmema usmepeHusd, mexHuveckKue cpe()cmea, an-
eopummuvecKoe U npoepammHoe 06@6‘}’1@'{61'”46, CaAMOKOMNneHcauua memnepamypHblx 8030@1}6‘}7’!81“}, 06pa60ml<a 6 pealbHOM

eépeMenu, duaeHoCMuKa OnacHblX COCH’ZO}IHMZZ, cucmemamuuveckue u Cﬂy’{aﬁHble noepeuwHocmu, pa6omocn0c06nocmb

Introduction

According to [1, 2], the main indicators of the
reliability and cost-effectiveness of gas turbine en-
gines (GTE) used in transportation vehicles, elec-
trical power systems, and gas transmission are de-
pends on the radial clearances (RC) between the
stator and the blade tips of the rotor wheel (RW)
of the compressor and turbine. It is obvious that
this dependence is the cause of multi-year interest
of GTE developers for measuring RC and using the
results of such measurements in control and diag-
nostic systems of GTE [3—6].

There are lots of RC measurement methods
based on different physical principles [7, 8]. But
their implementation is limited to the harsh condi-
tions in the gas-air-duct, such as those relating to
the temperature which reaches 600 °C in the com-
pressor and 1000 °C in GTE turbine.

At the same time, RC measurement systems
using single-coil eddy-current sensors (SCECS) with
a sensitive element (SE) in the form of a conduc-
tor segment have been successfully tested in bench
tests of GTE. The sensitive element of the sensor is
connected through noninductive conductors to the
volume coil of a matching transformer (MT); the
equivalent inductance of the primary winding of

this transformer is an informative parameter which
depends on the RC. The SE as well as the other struc-
tural components of the SCECS (current conductors
and the volume coil) is made of the same heat-resis-
tant alloys as blades. The SE is inserted through a
mounting hole directly into the wheel space, where
it interacts with the blade tips. RC changes are con-
verted to changes in the equivalent inductance of the
primary winding of the MT. The MT of the SCECS
is located outside the stator shell of the GTE under
favorable temperature conditions [9—11].

The temperature effects on the SCECS compo-
nents in RC measurement systems are reduced by
means of additional witness SCECS, which SE is in-
serted through an additional mounting hole into the
wheel space so that the temperature conditions are
identical to the conditions of the SE of the working
SCECS and there is no electromagnetic interaction
with the blade tips. The witness SCECS is connected
to the general measuring circuit (MC) with the wor-
king SCECS, where it performs compensation func-
tions. This method was widely used in experimental
studies of gas turbine engines under bench conditions
[9—11]. However, the use of additional SCECS (and
additional mounting holes) in the normal operation
of GTE is extremely limited. There are also difficul-
ties with selection of a pair of SCECS with identical
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parameters associated with the existing manufactu-
ring technology of the sensors.

The RC measurement method described in
[12] does not require using an additional witness
SCECS because of the fixation of extreme values of
the equivalent inductance of the MT primary wind-
ing of the SCECS, which depends on the RC and
temperature, when a controlled blade passes by the
SE (position RWI) and only on temperature when
a blade-to-blade gap passes by the SE (position
RWII), with the calculation of the difference of the
measured values, which is determined only by the
RC. Using models of the electromagnetic interac-
tion (EMI) of the SE with the compressor blade tip,
families of conversion functions (CF) of SCECS
and MC were obtained [13] as well as the influence
functions (IF) of a number of the disturbing factors
(DF) on the difference of the extreme code values
[14—16]. Moreover, the structures and the operation
algorithms of the system for RC measuring with
self-compensation of temperature effects on SCECS
are considered in [17].

But the above-mentioned papers [12—17] do not
contain any information about experimental studies
that confirm operability and effectiveness of the
RC measurement method with self-compensation
of temperature effects on the sensor and illuminate
the ways in which they can be realized. The paper
is written to eliminate existing gaps. For this, we
give a description of the developed hardware, algo-
rithms and software of the system for RC measu-
ring with self-compensation of temperature effects
on SCECS. The previously unexplored phenomenon
of "not-complete compensation” of temperature ef-
fects and the way of its elimination are considered.
The results of the experimental studies of the wor-
king model of the measuring system are given. They
characterize the metrological appropriateness and
efficiency of the system. The specific example of
the application of the developed system for the de-
tection of dangerous states of GTE compressor ap-
plied in the electrical power industry is given. The
quantitative estimates of the speed and the accuracy
of the working model of measuring system were ob-
tained during the studies and are given too.

System’s hardware, algorithms and software

The system consists of both standard and non-
standard technical facilities (Fig. 1).

The non-standard facilities include SCECS with
two thermocouples (TC, & TC,) intended for addi-

STM32F4
Discovery

]

Fig. 1. Technical facilities of RC measurement system

tional temperature correction', transducer (Trans.)
which is the MC, containing differential scheme on
the input with SCECS and its imitator, a "current-
to-voltage" converter, a scaling amplifier and ten-u-
nit ADC on the exit [13]. The transducer is plugged
in the communication line between SCEDS and the
device for preprocessing of digital data (DPD).

The standard facilities are composed of RPM sen-
sor, normalizer (Norm.) of the signals of TC and RPM
sensor; the standard block STM32F4Discovery on the
base of microcontroller STM32F407VGT6B [18].

DPD is linked with PC through USB-channel.
The voltages corresponding to signals of TC, and
TC, come from output of the normalizer to the
analog input of ADC plugged in microcontroller
and the normalized sequence of pulse signals from
RPM sensor comes to the discrete input of micro-
controller for measuring of RW rotation period.

According to [19, 20] the preliminary digital
data processing (DPD, Fig. 1) includes the set of
operations which on account to their content, im-
portance, goals and tasks separately or in combina-
tion (in algorithms) can be presented as three me-
thods for determination of:

e averaged extreme code values of blade-to-blade
~ext .

gaps Cyj;

e extreme values of the difference of averaged
codes of blade-to-blade gaps and codes corre-
sponding to each blade during one period of RW
rotation AC®;

e averaged extreme value of the difference of codes
for several (V) periods of RW rotation corre-

N
sponding to each blade L > ACH! j
i

lAccording to the method in [7], the thermocouples TC; & TC,
provide a higher accuracy of the temperature measuring in GTE
flow section. This temperature is used during data processing in
the measurement system and allows to reduce the temperature ef-
fect on the controlled and adjacent blades and as the result — to
increase the reliability of information about RC.
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The first method for determination of the code
Ci¥ and the algorithm, corresponding to it, are
implemented at one of the initial periods of RW
rotation. They include a number of operations re-
lated to the construction of the statistical distribu-
tion (histogram) of ADC codes and fixation of the
most probable code value C&" found on the basis
of the histogram. This value of code is used on the
next period of RW rotation?.

The second method involves a combination of
several algorithms during one period of RW rota-
tion and their implementation in real time in mi-
crocontroller. The algorithms are:

« calculation of codes difference AC(t)=Cf" - C(1),
where C" is determined on the previous period
of RW rotation and C(f) are current code values
from ADC output;

 searching for extreme code values AC® cor-
responding to each blade by a brute-force ap-
proach;

» redefinition of averaged extreme code values
Ci™ on the current period of RW rotation for
use them on the next period.

The third method and the algorithm, corre-
sponding to it, are intended to reduce a random
component of the measuring error through the ave-
raging of the extreme values of the difference of
codes AC % corresponding to each blade during a
fixed number of completed periods of RW rotation.

Listed in the methods for preliminary data pro-
cessing algorithms are implemented within the exis-
ting resources (hardware and software) of one mi-
crocontroller: timer, ADC, floating point unit and
interrupt controller. The timer is used in "capture”
mode for measuring of the period of RW rotation
by signals of RPM sensor. The signals case inter-
ruption after each period of RW rotation. These
interruptions are used for synchronization of the
algorithms corresponding to each method.

The operations of codes processing correspond-
ing to each blade during one period of RW rotation
are presented in the methods and the implemen-
ting algorithms. Such operations are carried out by
interrupts with other priority. The initial signals for
the interrupts are produced adaptively after the fact
when each blade passes by the SE SCEDC and the
extreme difference code AC® is firmly fixed. The
operation of accumulation of the averaging sums

N
of the extreme difference of codes [Z ACH j for
i1

ext

The most probable code value C{' is taken for its averaged value.

several (V) periods of RW rotation corresponding
to each blade is carried out in this interruption han-
dler. So, the operations intended by methods and
relevant algorithms are executed comprehensively
and in real time. Thanks to periodicity of the RW
rotation process all blades pass by the SE SCEDC
in turn on each period of the wheel rotation. This
provides easy access to the averaged extreme code
values of the complete ensemble of the RW blades
during several periods of the wheel rotation in real
time. The resulting array of averaged codes relevant
to the blades is transferred to the upper level in PC.

The specified in the working model of the mea-
surement system PC (Fig. 1) is used for RC calcu-
lating in the same way as it was done in the mea-
surement systems for experimental studies of GTE
under bench conditions [9, 10].

Study results

The main attention is given to the experimental
studies of the working model of the RC measure-
ment system. The studies include the definition of
the meteorological parameters of the measurement
system and the evaluation of its efficiency. At the
same time the section starts with examination of
vital and unexplored phenomenon of "not-com-
plete compensation” of temperature effects on the
SCECS. The phenomenon manifests in the diffe-
rence of CF (or calibration characteristics) of the
system’s measuring channels in the form of the de-
pendencies AC®* on RC under normal and nomi-
nal temperatures. The quantitative estimates of the
speed of the working model of the measurement
system and the possibility of the random error re-
ducing on several periods of the RW rotation are
considered in the final part of the section.

Temperature effects on the CF of RC measure-
ment system and the way to reduce it. Even with the
working model of the RC measurement system the
calibration device for experimental research of tem-
perature effects is needed. It should provide guaran-
teed accuracy for RC settings (<0,01 mm) within a
specified range 0,5—2,5 mm under normal (20 °C)
and nominal (620 °C) temperatures in compressor’s
gas-air duct.

In the absence of applicable calibration device
for experimental research of temperature effects the
well-known model of the EMI of the SE with tur-
bine blade’s tips can be used [11]. The model should
be adapted to the blade used in GTE compressors.
The similar model was used in [12—16], where the
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required for simulating data are given (including the
reference frame OXYZ which origin (point O) is
located in the center of SE, the X axis is directed
along the RW axis, the Y axis is directed radially
(the RC value is characterized by the y coordinate)
and the Z axis is in the direction of RW rotation).
The simulation results make it possible to deter-
mine the CF of SCECS — the dependences of ex-
treme values of the inductance of the MT primary
winding on RC (y) under the normal temperature
(L5 (»)) ; the value of Lﬁ%‘yﬁw (LY., = Ly) , and

the changes of AL, = L, — Ly{t (v) [13].

It should be noted that changes of the equivalent
inductance of the primary winding of the MT due
to the temperature changes up to 600 °C were de-
termined experimentally for the three SCECS sam-
ples of one type and size. The SE of SCECS were
placed in hot air steam and the volume coils of MT
were cooled by the water. The inductance changes
(ALg) averaged to 0,03L, (3 %) under temperature
changes up to 600 °C. This led to obtaining CF at
a temperature 620 °C [13].

The detailed description of the MC? is given in
[13]. The same literature source presents the CF of
MC in the form of dependences of codes Cf" and
Cf in positions RWI and RWII on the inductance
changes AL, and ALg

C;}Ct = KchE (ﬂ +
Ly

1
; (D
e

AL
cot = KoK E| Loy Ao 2Ly )y
Ly Ly L

1 2

X
_ALy ALy L
Ly L Ly

where E is a supply voltage of the scheme, Ky is a
scaling coefficient and K is a coefficient with di-
mension 1/Volt.

The difference of codes Cfi" and C{* in (1), (2)
corresponds to the extreme value of codes differ-
ence AC %" calculated in the measurement system.
Taking this into account:

Ly

3The SCECS is connected to one branch of the differential cir-
cuit with pulse supply (pulse time is 0,1 us, frequency is 1 MHz).
The SCECS simulator (SSCECS) is connected to another branch
of the circuit (it inductance is equal to Ly—L,, where L, is usually
chosen to AL, ). The currents in circuit branches are converted
to the voltages on current-to-voltage converters (CVC) outputs.
The voltages difference is amplified in scaling amplifier and fur-
ther is converted to digital code on the output of 10-digit ADC.

Acext — Clelxt _ Clext, (3)

and then after substitution of (1) and (2), the
difference of the codes becomes

AL
Acext:KSKCE y><
Ly
8 AL l ’ @
-85 Aoy AL
L L Ly
or
ext ALy 1
A C = KchE L AL ’ (5)
0 K® [KG) _ Yy J
Ly
where Kg =1+ Al
L AL
Under the assumption that © <1 and

A
—2 <1 the coefficient Ky — 1 and the codes

0
difference AC® is determined only by the RC ()

AL
[ACexr = KchE L Y

j and the temperature chan-
0
ges do not affect on it. In other words, the full self-

compensation of temperature effects on the SCECS
is achieved.

But in real conditions the coefficient K, depends
on the temperature and the phenomenon of "not-
complete compensation” of temperature effects has
taken place. According to the simulation results of the
EMI of the SE of the SCECS with the blade used in
the GTE compressor, and also taking into account
the experimental data, the quantitative estimates

of —2 as a dependence on y-coordinate (RC) and
0

© for temperature drop per 600 °C (from normal to

nominal) were obtained.

Fig. 2, a shows the system CF obtained under
normal (20 °C) and nominal (620 °C) temperatures.
The CF demonstrate the "not-complete compensa-
tion" effect about 20 code units or more than 6 %
from code deviation in RC range from 0,5 to 2,5 mm.

To reduce the "not-complete compensation” ef-
fect the method that involves the multiplication of
calculated in the system difference code value by
unitless number, defined by:

AL 1
° L, 1 AL,
Ly

(©)

[Ké—](

is offered.
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then a manual search of the extreme

: AC 00 AC !

| 300 '\ code value Cf* (along z coordinate).
! 400 400 ! The procedure is repeated with a given
o X\ < 300 - E— ! step Ay, in the full range of the RC
| \\\{S %C ' (0,5—2 mm). When y > 2,5 (y > )
| 200 S 200 ! the code C{&" is fixed and the desired
| 620 °C | === 620 °C ! de L ;

| 100 Sl 100 i code differences AC *¥(y) are calculated.
i . y,mm| ¥, mm i However, to analyze the systematic part
Loos 1,0 1,5 2,0 2.5 0,5 1,0 1.5 2,0 25 | of the measurement error the inverse of
! a) b) I the CC function AC®(y) seems to be

Fig. 2. Dependences of AC(y) under normal (20 °C) and nominal (620 °C) temperatures

with "not-complete compensation” effect (¢) and without it (b)

In the first approximation the expression (6) is

equal to KGQ, when the impact of changes —2% is
not taken into account. Meanwhile, the coeffiocient
Ky is equal to 1,03 for nominal temperatures
(620 °C) in the flow section of GTE.

The calculations show that the proposed meth-
od allows to reduce the "not-complete compensa-
tion" effect by more than two orders and the "not-
complete compensation” effect is mostly invisible
on Fig. 2, b. Indeed, if y is equal to 0,5 mm the
"not-complete compensation” effect is only 0,2 code
units (less than 0,1 % from the deviation of codes
difference and it decreases with RC (y) increasing).
The calculations also show that the changes of "not-
complete compensation” effect are insignificant and

do not exceed 5-107'2 codes unit, taking into ac-

AL,

count the changes of in the same RC range.

Metrological indicatoors. Two indicators are dis-
cussed — the systematic and random parts of the
error of the working model of the RC measurement
system.

The calibration characteristic (CC) is needed
for quantitative evaluation of the systematic part of
the measurement error. It is like a CF AC®(y), but
obtained by an experimental way with the help of
three-dimensional calibration device equipped with
mechanical timepiece indicators with a resolution
of 0,01 mm. The indicators are used for the control
of the displacements of the blade which is fixed to
a movable platform.

more convenient:

I
¥ :F(Acext): ZAiACeXta
i=0

(7)

where A; are the coefficients of the polynomial
and [ is its order.

Meanwhile, the approximated CC are used as
a "supporting" functions for the determining of
the systematic part of the measurement error as a
difference of the given RC and the RC calculated
after approximation (y,) according to (7):

t)

It should be noted that the experiment in the
normal temperature conditions is enough for
obtaining of the CC (the functions of type (7)) of
the working model of the RC measurement system.
The distinctive features of the experiment are that
the function C{*(y) is determined with a small
step 0,2 mm during the calculation of the difference
AC™ =Cf" —Cf* at each y position and the
repeating of the listed operations at least 10 times
with further averaging of the obtained results AC .
The averaged CC of the system is given in table 1.

This averaged values (AE”"( y)) are used for the
approximation function (7) obtaining. The result of
the approximation is the polynomial function
ya(Afm). For the polynomial order / = 6 the
polynomial coefficients are: A, = 4.2255955938;
A, = -6.1557237945-10"%; 4, = 6.1365638609-10*;
Ay = —3.7526730997-10°¢; Ay = 1.3236791821-107%;
A = —2.4719351918-107"1; 4, = 1.8893005772-107 4.

The reduced systematic part of the error is:

A=Y=V,

The methodqlogy for CC obtaining at fi'rst provides 5, = Ay | 100%, )
the pre-installation of given RC (y coordinates) and AY max
Table 1
Averaged CC (AC ™ (y))
y, mm 0,5 0,7 0,9 1,1 1,3 1,5 1,7 1,9 2,1 2,3 2,5
AT (yy| 340.27 | 26075 | 203,91 162,78 | 130,35 | 105,30 85,87 71,00 59,16 49,42 41,37
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Table 2

(AC " (y)) values in the centers of the intervals between CC "nodes"

y, mm 0,6 0,8 1,0 1,2 1.4 1,6 1,8 2,0 2,2 2,4
AT (y) | 29761 231,34 182,88 144,82 116,97 94,47 77,99 64,81 53,84 45,16
where Ay is calculated according tothe 1,y 1

expression (8) and Ay, = 2 mm is
the largest possible RC changing. Ay

is calculated according to the given
values of RC (y) in the nodes of the

table 1 and the values y,, found through

the expression (8)*. The calculations
show that the systematic part of the

error 8, is small in the full range of RC

(») changing and its maximum value
doesn’t exceed 0,06 %.

It is known that the approximation
errors between the "nodes” can be much
more than in the "nodes" when the order polynomials
are used. To evaluate these errors the values of the
difference AC™" were obtained experimentally (they
are given in the table 2 at the RC (y) selected in the
centers of the intervals between y coordinates given
in table 1). After the calculation of the y, value for
the same y coordinates the errors 5, were obtained.
They are much more than the errors in the "nodes",
but their maximum value does not exceed 0,26 %.

The experiment on the estimation of the random
part of the error is carried out in fixed position of
the blade relatively to SE of SCECS when the RC
(») is 0,5 mm. The analysis of the sample fragment
with the size 105 codes C{* shows that the most of
the codes are within 5 digits of dispersion (standard
deviation is 1,11 digits). The random error of codes
Ci¥' is virtually eliminated in the RC measuring
system due to the statistical techniques by means of
the histogram. That is why the standard deviation of
codes AC “" will be the same as of codes C{. At
the same time the reduced random part of the error
is determined by the ratio of standard deviation to
changes of the differenced code in the RC range
from 0,5 to 2,5 mm. According to the table 1 these
changes are about 300 code’s digits and when the
standard deviation is 1,11 code’s digits the reduced
random part of the error is estimated in about 0,3 %.

Referring to the codes sample C{* it should be

noted that for known Cf the AC®" can be cal-

“As such the systematic part of the error is in fact an
approximation error.

EZIZZ P

Fig. 3. Sample of the calculated RC (y) to a given value of y = 0,5 mm

culated and then AC %" can be converted to RC ()
according to (7). The results are given on fig. 3.

When AC ' is converted to RC the random error
is substantially reduced because of the curvature
of the AC®" (y) function in the neighborhood of
y = 0,5 mm. The RC () standard deviation is
0,00184 mm and its relative value led to the range
of 2 mm is about 0,1 %.

The evaluation of the efficiency of the working
model of the measuring system. The evaluation is
carried out by the experimental comparison of the
given RC between SE of SCECS and the blade tips
of the real RW of the compressor with an electric
drive (during its rotation) and the RC obtained after
data processing in the measuring system (the RW
speed is constant during the experiment). The
changes over time of the C(f) codes on the exit of
the transducer, the difference of the codes
AC(t) = Cf" - C(t), its extreme value AC® and
the histogram that illustrates the obtaining of Cf;
code for one period of the RW rotation are fixed
during the experiment too.

Fig. 4 shows a schematic of the RW with a blade
row and SCECS which SE is located at a distance
of RC from the controlled blade tip.

The displacement of SCECS along Y axis of the
reference frame OXYZ which simulate possible RC
changes during the compressor operation is carried
out by a special equipment. The compressor wheel
is driven by direct current electric motor with
controlling of its rotational speed up to 500 rpm
(rotational speed is limited owning to safety reasons).
The RC changes are monitored by the mechanical
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Displacement$
along Y axis

Fig. 4. Schematic of the RW with a blade row and SCECS

timepiece indicator with resolution 0,01 mm (the
indicator is not shown in Fig. 4).

It is obvious that the listed equipment makes it
possible to obtain the CC not only in static mode
of RW, but also in the dynamics (i.e. during its
rotation). Of course, the use of dynamic mode
of obtaining the CC cannot rely on the official
certification and guarantee the metrological validity
of the experimental results. But its possible use for
the evaluation of the measuring system hardware
and software is unquestionable.

In order to obtain the CC target values of RC
(y coordinate) are set in the limited range from
0,75 mm to 2,25 mm with step 0,5 mm. The extreme
values of codes difference AC“ are defined for the
blade no. 1 for each y value during RW rotation.
The obtained CC as the function y = AAC *) are
approximated by the polynomial with the order
downgraded to 3. Its coefficients are entered into the
system for use in special procedure for calculation
of the desired RC (y).

Then the intermediate y values between "nodes”
of the CC table are set and the calculation of the
RC takes place in the measuring system.

The difference between the given and the
calculated values of RC (y), expressed as a percentage
of the RC measuring range was approximately
about 1 % RC 1,5 and 2,0 mm and about 5 % for
RC 1,0 mm. The obtained results confirm the
operating capability of the hardware and software
tools of the working model of the measuring system.

Fig. 5, a shows the changes over time of the
codes on the transducer exit (C(f)) when the blades
no. 1, 2, ..., 6 (minimum) and corresponded blade-
to-blade gaps (maximum) (1) pass the SCECS.
The changes were obtained on the working model
of the measuring system during the RW rotation
and they illustrate the operation of the system (tem-
perature changes (A0 =~ 600 °C) are simulated by
additional coil with inductance L, = 0,03L, con-
nected in series to the primary winding of MT).
There the changes over time of the codes difference
AC(t) = Cf" —C(t) and its extreme values which
are defined in the system (they are shown by a dots)
(2) are presented.

The averaged extreme values of the codes were
found on the previous period of the RW rotation as
a result of the statistical processing with the help of
the histogram (Fig. 5, b). The vertical line sets the
array g|C|, where symbol "C" corresponds to the
value of the registered code and the value of the ar-
ray element g|C| is a frequency of its appearance in
the sample. The global extremum of the histogram
corresponds to the desired averaged value of the
code Cf [20]. The averaged value of the code
CF¥ is shown by a horizontal dashed line.

About the performance of the system and the
possibility of reducing of the random part of the
error. The frequency of the codes on the exit of
the transducer is defined by the frequency of a
pulsed power supply of SCECS which
equals to 1 MHz (at a constant and

Fig. 5. Dependence of the code on the transducer exit C(?) (1), codes difference AC(?) and
its extreme values (dots) (a), the histogram for averaged values of the code C{i* (b)

| |

Doaoo S0 g 8l | very short duration of the pulses
i 200 ARVAR Y SAT iR YERY 350 i At=10""s) and limited to a marginal
oo 1—g—N— A KD a0 I capabilities of the selected microcon-
A1 |

L o ’ ' o I troller.

U 400 150 : It should be noted that when deter-
p o300 ﬁ ﬁ, I'l ﬁ I'l ll’ll 100 f i mining the desired extreme values of
o N T 1 1 [ ¥ | the differenced codes corresponding

100
¥ £ Ams . . .

i 0% - k"fou L;OU '\.,;0 0 “F‘"""“""f - i to each of n blade their updating is
i 2 %6 50 HZ; 5 5 i happening with time intervals equal to

the period of RW rotation. Assuming
a compressor is an object of the diag-
nostics of dangerous states and GTE
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is applied in the electricity industry, providing the
rotation of the generator rotor with constant speed
3000 rpm, the period of the RW rotation will be
20 ms. That time is enough, for example, for detec-
tion of the engine surge that can be fixed on the
changes of AC®Y, to be exact — on the RC changes
related to the beginning of oscillations in the gas-
air duct (if the number of blades is # = 100 and the
frequency on the exit of the transducer is 1 MHz
then the extremes of the codes difference appear
through 0,2 ms and the number of codes is 200 per
blade). Unlike the existing systems for RC measu-
ring with SCECS where data processing is done in
PC, the proposed working model provides the data
processing in real time in the microcontroller du-
ring one period of RW rotation [20].

In the same literature source [20] the opportu-
nities for reducing of the random part of the er-
rors are considered. At the same time, it is pointed
out that the discretization process and unremovable
noise in MC (transducer) are the main reasons for
the random errors. It is obvious that the sampling
step depends on the frequency of a pulsed power
supply of SCECS and the RW rotation speed. With
the increase in the frequency the sampling step de-
creases (at a constant rotation speed) and increases
with the increase in the rotation speed (at constant
frequency of a pulsed power supply). The changes
of the sampling step at the given frequency of a
pulsed power supply can be a source of the error of
a random nature. To quantify these errors the well-
known model of the EMI of the SE with the tur-
bine blade tip, adapted to the compressor blade, was
used [20]. Computational experiments showed that
at the frequency of a pulsed power supply equals to
1 MHz and RW rotation speed equals to 3000 rpm
the reduced error is only 0,012 %. This means that
in the example the sampling error can be ignored
(especially in view of increase of the frequency of a
pulsed power supply and using the microcontroller
with higher performance).

However, there is still the random part of the
error related to the unremovable noise in MC. As
it was shown earlier (during studies of the metro-
logical indicators) the standard deviation at RC (y)
0,5 mm is 1,11 units of code and the relevant part of
the error normalized to the maximum possible de-
viation of the codes difference AC ® is about 0,3 %
and that is far above the sampling error at the rota-
tion speed 3000 rpm.

Then the averaging of the extreme values of dif-
ferenced codes corresponding to each blade at seve-
ral periods of RW rotation will reduce the random

part of the error by VN times [20], where N is the
number of the periods of RW rotation. It means that
at rotation speed 3000 rpm and N = 10 the error
0,3 % will be less than 0,1 %. The duration of the
conversion will be 0,2 s.

Conclusion

The hardware, algorithms and software of the sys-
tem for the RC measuring are developed. The wor-
king model of the measuring system for experimental
studies of the metrological indicators and the effi-
ciency of the system is made. The distinctive feature
of the system and its working model is the self-com-
pensation of temperature effects on the SCECS. The
operations envisaged for the self-compensation are
executed in real time in microcontroller.

The phenomenon of "not-complete compensa-
tion" of temperature effects on SCECS is conside-
red. The phenomenon is related to the special fea-
tures of the conversion of the SCECS informative
parameter in MC with ADC on its output and the
method of its elimination is given. Using the self-
compensation coupled with the proposed method
ensures the minimization of SCECS and related
mounting holes in the compressor stator and makes
it possible to use the system for detection of dange-
rous states of GTE during its operation.

The results of the experimental researches of the
metrological indicators of the measuring system were
carried out. In order to define the systematic part
of the measuring error the CC was used. It was ap-
proximated by the polynomial function and the error
was found as a difference between the given and the
calculated RC (y). It was shown that the reduced sys-
tematic part of the error in the range of the RC from
0,5 to 2,5 mm does not exceed 0,06 % in the "nodes"
of the calibration table but it equals 0,26 % between
the "nodes". It is also shown that the reduced value of
the random part of the error that was determined at
the minimum RC (0,5 mm) as the ratio of standard
deviation to changes of the differenced code in the
same RC range is about 0,3 %. The error decreases
to 0,1 % when the standard deviation is converted to
RC (y) changes using the CC approximated by the
polynomial function (due to the increased slope of
CC when RC is 0,5 mm).

The efficiency of the working model was evalu-
ated on the laboratory equipment during the ro-
tation of the electrically driven compressor wheel.
The CC without claiming to metrological validity
was obtained according to the simplified method.
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The CC was entered into PC and used to compute
the RC physical values. It is shown that the diffe-
rence between given and calculated values of RC (),
expressed as a percentage of the RC measuring
range, does not exceed some percentage units and
this confirm the system’s efficiency.

The quantitative estimates of speed and accuracy
of the working model of the measuring system are
given. They confirmed the possibility of using the
system for detection of dangerous states of GTE ap-
plied in the electrical power industry. It is shown that
at the constant speed of the compressor RW rotation
equals to 3000 rpm, the updating of the information
about the RC to each blade tip is happening in one
period of RW rotation (i. . 20 ms) by applying the
microcontroller. This time is enough for using the
system for detection of the engine surge in gas-air
duct. It is also shown that the random part of the er-
ror can be reduced three times over 10 periods of RW
rotation to which corresponds to 0,2 ms.
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