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1. Introduction

The system of national standards is created for realiza-

tion and transmission of the size of the legalized measure-
ment units of various physical quantities to meet the needs
of the national economy. In the case when national standards
realize measurement units independently, they must be reg-
ularly compared with the national standards of other coun-
tries for confirmation of equivalence.

International comparisons of standards are conducted
under the aegis of the Consultative Committees (CC) of
the International Committee of Weights and Measures
(CIPM) or by regional metrology organizations (RMO)
[1, 2]. Confirmation of equivalence of national standards
with the standards of other countries is carried out under
the procedures set at an international level within the
framework of multilateral “Mutual recognition of national
measurement standards and of calibration and measure-
ment certificates issued by national metrology institutes of
CIPM” (hereinafter — the CIPM MRA) [3].

In accordance with the International vocabulary of me-
trology (VIM) [4], metrological traceability is the property
of a measurement result whereby the result can be related
to a reference through a documented unbroken chain of
calibrations, each contributing to the measurement uncer-
tainty. The metrological traceability concept is important

for practical application, as it allows measurement accuracy
comparison according to the standardized procedure of esti-
mation of measurement uncertainty [5].

An important element of providing metrological trace-
ability is estimation of measurement uncertainty. In accor-
dance with the VIM, metrological traceability is determined
as an inalienable parameter that characterizes dispersion of
quantitative values that can be ascribed to the measurand on
the basis of the information used. The basis for the evalua-
tion of measurement uncertainty at an international level is
the Guide to the expression of uncertainty in measurement
(GUM) [6]. The requirements of regional organizations for
the evaluation of measurement uncertainty are based on the
provisions of the GUM.

Calibration and Measurement Capabilities (CMC) are
the greatest level of calibrations and measurements that are
guaranteed by national metrology institutes (NMIs) to the
consumers of metrology services, as a value of the expanded
uncertainty of the results of measurements conducted by
NMIs at a confidence level of 0.95. CMC characterize the
quality of metrological services provided to the consumers
on a permanent basis [7, 8].

For providing the metrological traceability of measure-
ments of the electrical capacitance in Ukraine, at the inter-
national level, it was necessary to carry out corresponding
comparisons of standards within the framework of RMO —




Euro-Asian cooperation of national metrological institutions
(COOMET), of which Ukraine is a member.

2. Literature review and problem statement

Modern trends of the world economy considerably pro-
mote the role of NMIs in providing mutual recognition of
measurement results obtained by NMIs, and effective func-
tioning of national metrological services in the conditions
of globalization of the world economy and international
division of labour.

In [9], the analysis of the general guides and international
standards that are used for the evaluation of elements of me-
trological traceability is conducted. The procedures used for
the CIPM key comparison (KC) data evaluation are worked
out in order to provide connection with CIPM KC data with
low uncertainty. The specified procedures must correspond
to those used for the RMO KC data evaluation. During KC
by both the CIPM CC and RMO, it is expedient to use the
concerted method (general rules) of evaluation of measure-
ment results [1]. In [10], a general approach for evaluation
of KC results is presented, in [11] — clarification of a general
approach to the determination of the largest successive subset,
in [12] — an example of the model of selection in the average of
inconsistent data. However, in many practical cases of evalu-
ation of comparison results, it is quite difficult and sometimes
impossible to apply the specified approaches in practice.

In 1996-1998, international KC of national standards
of units of electrical capacitance with the nominal value of
10 pF CCEM-K4 within the framework of CC for electricity
and magnetism (CCEM) of CIPM were conducted [13].
In 2003-2013, the specified comparisons became the basis
for similar comparisons within the framework of different
RMO. Within the framework of RMO of European coun-
tries, comparisons for the capacitance of 10 pF [14], RMO of
American countries — for the capacitance of 10 pF [15] and
100 pF [16] took place. Within the framework of COOMET,
the Ukrainian NMI participated in comparisons: for the
capacitance of 10 pF on frequencies of 1 kHz and 1.592 kHz
[17], for the capacitance of 100 pF on frequencies of 1 kHz
and 1.592 kHz [18], and for the capacitances of 10 pF and
100 pF on a frequency of 1 kHz [19]. The evaluation of the
comparisons results of all RMO was carried out under the
procedures described in [14], which allows estimating the
achievements of NMIs participants of RMO comparisons.

The evaluation of the state of providing the metrological
traceability of measurements of electrical capacitance needs:

— scientific-reasonable selection of a methodology for
the analysis of results of comparisons of national standards
of capacitance units of 10 pF and 100 pF and evaluation of
equivalence of the existing national standard for the indi-
cated capacitances on frequencies of 1 kHz and 1.592 kHz,
having regard to the large variety of similar methodologies;

— development of a methodology of evaluation of mea-
surement uncertainty of capacitance in the range of capac-
itance values from 10 pF to 10 nF, which is absent in the
scientific and technical literature.

3. The aim and objectives

The conducted studies aimed to estimate all basic
components of the state of providing the metrological

traceability of measurements of electrical capacitance in
Ukraine.

For the achievement of the aim, such tasks were set:

— to carry out the comparative analysis of the results of
COOMET international comparisons of national standards
of units of electrical capacitance with the aim of convergence
evaluation;

—to determine the degrees of equivalence of standards
of the comparison participants and expanded measurement
uncertainties;

— to develop a methodology and conduct the evaluation
of measurement uncertainties of electrical capacitance in
the wide range of capacitance values for the evaluation of
existing CMC of Ukraine.

4. Materials and research methods within the framework
of international comparisons of national standards of the
unit of electrical capacitance

International key and supplementary comparisons of
national standards of the unit of electrical capacitance
were conducted within the framework of COOMET project
345/UA/05 (COOMET.EM-K4, COOMET.EM-S4) [17,
18], the pilot laboratory of which was State Enterprise (SE)
“Ukrmetrteststandard”, were conducted with the participa-
tion of NMIs of Ukraine, Germany, Japan, Bulgaria, Russian
Federation, Kazakhstan and Belarus during 2006-2009. The
NMIs participants of these comparisons are SE “Ukrmetrt-
eststandard” (UMTS, Ukraine); PTB (Germany); NMIJ/
AIST (Japan); BIM (Bulgaria); VNIIM (Russia); KazIn-
Metr (Kazakhstan); BelGIM (Belarus).

International supplementary comparisons of national
standards of the unit of electrical capacitance with the
nominal value of 10 pF and 100 pF on a frequency of
1 kHz within the framework of COOMET project 554/
UA/12 (COOMET.EM-S13) [19] were conducted with
participation of NMIs of Ukraine, Poland and Belarus
during 2012-2013. The pilot laboratory of the conducted
comparisons was SE “Ukrmetrteststandard”. The NMIs
participants of these comparisons are SE “Ukrmetrtest-
standard” (UMTS, Ukraine); GUM (Poland); BelGIM
(Belarus).

These comparisons were conducted between the
NMIs participants that represent three RMO: COOMET
(UMTS, VNIIM, KazInMetr and BelGIM), EURAMET
(PTB, BIM, GUM), and APMP (NMIJ/AIST). The pilot
laboratory provided the NMIs participants of comparisons
with the transfer standard (TS), investigated the drift of
TS over the whole time of comparisons, worked out and
executed the chart of comparisons, collected and analyzed
the obtained data of comparisons, prepared preliminary
and final reports, etc.

In all these comparisons, Ukraine presented the State
primary standard of the units of electrical capacitance and
dissipation factor (DETU 08-06-01) that is has been used
in SE “Ukrmetrteststandard” since 2001.

For comparisons, the TS of Andeen-Hagerling (USA)
AH11A model with the nominal values of capacities of
10 pF and 100 pF, mounted in the box of AH1100 was
selected. The TS provides control of critical parameters
of temperature control, and every measure of capacity of
AH11A of TS has a built-in thermostat with the double
system of thermostatting.



SE “Ukrmetrteststandard” (UMTS) as a pilot labo-
ratory systematically carried out measurements for de-
termination of time drift of TS for the nominal values of
measures of capacities of 10 pF and 100 pF on a frequency
of 1 kHz. Having regard to the measurement results ob-
tained by the pilot laboratory, it can be established; that
the drift was insignificant and does not have a substantial
influence on the TS research results obtained by the NMIs
participants.

Metrological traceability of the national standard of
every NMI participant to SI units was given to the pilot
laboratory and was as follows:

— PTB — to the primary standard of the capacitance unit
(Calculable Capacitor);

— VNIIM - to the primary standard of the capacitance
unit (Calculable Capacitor);

— BIM - to the primary standard of the capacitance unit
PTB (Calculable Capacitor);

— KazInMetr and Bel GIM — to the primary standard of
the capacitance unit VNIIM (Calculable Capacitor);

— UMTS - to the primary standard of the resistance
unit PTB on the base of the Quantized Hall Effect (Quan-
tized Hall Resistance) and the primary standard of the ca-
pacitance unit NIST (Calculable Capacitor);

— NMIJ/AIST — to the primary standard of resistance
unit on the base of the Quantized Hall Effect (Quantized
Hall Resistance);

— GUM - to the primary standard of the International
Bureau of Weights and Measures (BIPM) on the base of the
Quantized Hall Effect (Quantized Hall Resistance).

Calculations of measurement uncertainty were carried
out by each NMI participant in accordance with the guide
[6]. The NMIs participants developed their own measure-
ment uncertainty budgets for the nominal values of capaci-
tance measures of 10 pF and 100 pF.

5. Comparison of the results of international comparisons
of standards

Deviations of the obtained values of capacities 3C; from
the nominal values of 10 pF (COOMET.EM-K4, COOM-
ET.EM-S13) and 100 pF (COOMET.EM-S4, COOMET.
EM-S13) on frequencies of 1 kHz and 1.592 kHz with the
standard uncertainties ug; for the NMIs participants of all
comparisons are presented in Table 1 [17-19].

The reference value of comparisons x,f is obtained as an
average of all values of NMIs participants of comparisons by
the expression [20, 21]
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where x; is the i-th result of the NMI participant of com-
parisons; u(x;) is the standard uncertainty of the result of
the i-th NMI participant of comparisons; N is the number of
comparison participants.

The calculated values of reference values with the ex-
panded uncertainties are given in Table 2.

Table 1

Deviations from the nominal value for the NMls participants
of comparisons with standard uncertainties, uF /F

10 pF 100 pF

NMI 1 kHz 1.592 kHz 1 kHz 1.592 kHz

8Ci | ug | 8Ci | ug | 8Ci | ug | 0Ci | ug

COOMET.EM-K4 COOMET.EM-54

BIM 0.300 |1.160| - - |1.000|6.050| - -

PTB 0.033 [0.208|-0.300|0.0600.600 [ 0.195 |0.650|0.060

VNIIM |-0.190{0.182]-0.230{0.190{ 0.550 | 0.204|0.500{0.210

NMIJ/ B _ _ _

AIST 0.100 {0.122 0.815(0.106
KazInMetr|-0.540|0.352| - - 10.5000.420| - -

UMTS [-0.080{0.220|-0.025|0.350{0.940 [ 0.230 {0.750{0.350
BelGIM [-0.230{1.100|-0.280|1.100| 1.034 | 2.030 [ 1.223]2.030
COOMET.EM-S13
GUM 0.900 [0.250 — - [1.000/0.500| - -
UMTS | 1.053 |0.384| - - [1.405]|0.396| - -
BelGIM | 1.114 [1.076| - - [1.649(1.016| - -

Table 2

Reference values of comparisons with expanded
uncertainties, uF /F

10 pF 100 pF

1 kHz 1.592 kHz 1 kHz 1.592 kHz

Xref U ref Xref U ref Xref Uref Xref Uref

COOMET.EM-K4 COOMET.EM-S4

-0.131 0.219 |-0.219| 0.102 | 0.662 | 0.231 | 0.681 | 0.100
COOMET.EM-S13
0.952 | 0.411 - - 1.283 | 0.594 - -

The degree of equivalence of the standard of the i-th NMI
and expanded uncertainties in the sense of reference values
of comparisons were determined by the expressions [20, 21]:

Di = Xi - Xref’ (3)

u*(D))=u’(x)+ 0’ (X,y)- )

The declared uncertainties of NMIs participants must
satisfy the following inequality

D|< 2u(D)). (5)

The degrees of equivalence of standards of NMIs partici-
pants in comparisons with expanded uncertainties (k=2) for
10 pF and 100 pF on frequencies of 1 kHz and 1.592 kHz in
the sense of the reference value of comparisons are presented
in Table 3 and Fig. 1, 2 for a frequency of 1 kHz.



Table 3 uF/F COOMET-S13 - Degrees of equivalence for 10 pF
Degrees of equivalence of standards of NMls participants in | 1:50
both comparisons with expanded uncertainties, uF /F Lo
10 pF 100 pF ’
NMI 1 kIz 1.592 kHz 1kHz 1.592 kHz 0.50
D [umy| D [umy| Di [umy| Di [umy
COOMET.EM-K4 COOMET.EM-S4 0,00
BIM 0.430 | 2.310 - - 0.338 (12.098| - -
PTB 0.164 | 0.354 |—0.081] 0.063 |—0.065| 0.314 [—0.031| 0.066 -0,50
VNIIM |-0.059{ 0.291 |-0.011{0.366 | —0.113| 0.337 |-0.181| 0.408
NMI -1,00
el | - oz fo2an| - | - | 0434|0487
KazInMetr|—0.409| 0.669 - - [-0.163] 0.808 - - -1,50
UMTS | 0.051 | 0.382 ] 0.194 | 0.692| 0.278 | 0.398 | 0.069 | 0.693 GUM ‘xfs BelGIM
BelGIM [-0.099| 2.189 [-0.061| 2.198 | 0.372 | 4.053 | 0.542 | 4.059
COOMETEM-S13 a
GUM [-0.052[ 0963 | - - [-0.263]| 1.552 | - - gF(;g COOMET.EM-S13 - Degrees of equivalence for 100 pF
UMTS | 0.101 | 1.125 - - 0.122 | 1.427 - - ?
BelGIM | 0.162 | 2.302 - - 0.366 | 2.352 - - 1,50
1,00
nE/F COOMET.EM-K4 - Degrees of equivalence for 10 pF 0,50
2,00
0,00
1,50
0,50
1,00
-1,00
0,50
0.00 'l' l ’ -1,50
I J l -2,00
-0,50 GUM UMTS BelGIM
1,00 NMI
b
-1,50
Fig. 2. Degrees of equivalence for NMls participants in
-2,00 ‘ ‘ COOMET.EM-S13 on a frequency of 1 kHz:
BIM PTB VNIIM  KazInMetr UMTS  BelGIM a— 10 pF; b— 100 pF
NMI
a
6. Results of verification of consistency of the results of
:1};/0 F COOMET.EM-S4 - Degrees of equivalence for 100 pF comparisons
0,75 For verification of consistency of the results of compar-
isons, the values of the y? criterion (Table 4) for the results
0,50 ) of comparisons of standards of NMIs participants taking
025 f into account the measurement uncertainties ({Xi, u(x, )},
i=1,..N) were calculated by the expression [21]
0,00 [ N (xox)
> — i ref . 6
0,25 X ; 112(Xi) (6)
0,50 Table 4
075 The values for the criterion ¥ for the nominal values of
’ capacitance of 10 pF and 100 pF on frequencies of 1 kHz and
-1,00 : ‘ : : 1.592 kHz
BIM PTB VNIH\I/fI MIKazInMetr UMTS  BelGIM Frequency, kHz CapaglFtance, 7 Losonn
b COOMET.EM-K4
Fig. 1. Degrees of equivalence for NMls participants on a ! 10 274 11.07 (N=6)
frequency of 1 kHz: @ — COOMET.EM-K4 for 10 pF; 1.592 7.09 781 (N=4)
b — COOMET.EM-S4 for 100 pF COOMETEM-51
1 100 2.77 11.07 (N=6)
The results of comparisons COOMET.EM-K4 (10 pF), 1.592 3.93 949 (N=5)
COOMET.EM-S4 (100 pF), and COOMET.EM-S13 (10 pF COOMETEM-513
and 100 pF) on frequencies of 1 kHz and 1.592 kHz show a 1 10 0.06 5.99 (N=3)
good convergence of the results of NMIs participants. 100 0.24




The value for the criterion %2 for comparisons does not
exceeds the critical values with the coverage level of 0.95 by
the inequality

N 2
-X
X = E —( ; wt) <X(2).95(N—1)’ (7
i1

X
u*(x;)

i. e., the obtained values of NMIs participants can be consid-
ered consistent, which is the objective confirmation of the
measurement uncertainties declared by NMIs participants.

7. Evaluation of uncertainty in the calibration of
capacitance measures for the unit of electrical
capacitance

The DETU 08-06-01 standard includes the measures of
Andeen-Hagerling (USA) AH11A model with the nominal
values of capacitance measures of 10 pF and 100 pF. For
them, in addition to the results of international comparisons,
there are calibration certificates of NMIs NIST

ibration; Ky is the transmission factor of the comparator in
the calibration of the intermediate capacitance measure of
1 nF Cg from the set of the temperature-stabilized measures
CA 5200RC based on the capacitance measure with the
nominal value of 100 pF:

C
K — inF ; 9
e ©)
K3, is the transmission factor of the comparator in the
calibration of the intermediate capacitance measure Cx with
the nominal value of 10 nF based on the intermediate capac-
itance measure with the nominal value of 1 nF:

K2 — C10nF . (1())
Cx
The example of the uncertainty budget of measurements
of the capacitance value in the calibration of the measure Cx
is presented in Table 5.

(USA), PTB (Germany), and NPL (Great Britain). Table 5
The values of these measures have the expanded The measurement uncertainty budget in the calibration of
uncertainty Upp=7.4-10% pF with a probability the measure Cx
P=0.95 at the coverage factor k=2. Relative | . - Sensitivity | Contri-
The transmission of the unit size of capacitance Quan- Value standard | 2SU ype enSILVILY | ion to
. . . tity .| ribution | of evalua- | coefficient .
over the value range is carried out with the use of .« Xj uncertain- | tion N uncertain-
the universal automated precision comparator in- ' ty w(x) ' ty prw(xi)
cluded in the DETU 08-06-01 standard. The com- | K; 0.099996 1.20-107 | normal A -1 -1.20-107
parator has two transmission ratio values: 1:1 (K1) K, 0.099999 1.40-107 | normal A -1 -1.40-1077
or 1:10 (K1). Using these two transmission ratio Cs [100.000020 pF| 3.70-10 | normal B 1 3.70-106
values only, it is possible to realize the transmission [ Ac. 0 pF 710107 | normal B 1 710107
gf the unii; size of capacitance by.corilsecujcdive cali- ACss 0 pF 4.10-107 | normal B 1 410107
rations of capacitance measures in the wide range AC,s | ~1.10-10° pF | 508107 | normal B 1 508107
of values toward both high and low impedance.
.. .. Cx [10000.4399pF
An example of transmission of the unit size of - - -
. . - . Relative total standard uncertainty w(Cx) | 3.76:106
capacitance over the value range in the calibration :
of capacitance measures with the nominal value of ~[Effective number of degrees of freedom Vet |>200, k=2
10 nF based on the standard capacitance measure [Relative expanded uncertainty (P=0.95) W(Cx) |7.5210°

of 100 pF and with the use of intermediate capaci-
tance measure of 1 nF is represented in Fig. 3.

10 pF 100 pF I nF 10 nF
fmmmmmmm- F - K, K>
Calculable
capacitor

Fig. 3. The transmission of the unit size of capacitance over
the value range

The estimation of uncertainty in the calibration of ca-
pacitance measures is carried out according to the model
(equation) of measurement by the expression:

_Cg+AC +AC+AC
= K1K2

: ®)

where Cg is the value of capacitance of a standard measure
with the nominal value of 100 pF, indicated in a calibration
certificate; ACts is correction for temperature dependence
of standard measures; ACss is correction for frequency
dependence of standard measures; AC,s is correction for a
drift of standard measures from the moment of the last cal-

Calculation of the relative total standard uncertainty
w(Cx) and relative expanded uncertainty W(Cyx) in the
transmission of the size of the physical quantity from the
capacitance measure with the nominal value of 100 pF to the
calibrated capacitance measure with the nominal value of
10 pF is carried out in a relative form by the formulas:

(11

W(Cy)=kw(Cy). 12)

The value of standard uncertainty of the factors K1, K2
takes into account:

— the deviation caused by the comparator quantization
error;

— correction for the sensitivity of the comparator and the
error of comparisons.

The values of the factors K1, K2 are indicated in the
comparator certificate, but these factors can be specified for
every point of the measurement range by the comparison of
pre-calibrated measures.

It should be noted that in the total standard measure-
ment uncertainty of the calibration result, it is also neces-



sary to take into account the frequency dependence of the
transmission factor of the comparator, which has a substan-
tial influence on the measurement result in the calibration of
capacitance measures. However, during the measurements,
the frequency drift is negligible and the measurement un-
certainty is about the value of 1-10-1%. Thus, the components
of uncertainty introduced by the frequency dependence can
be neglected.

The measurable value of capacitance of the measure
with the nominal value of 10 pF at the measurement tem-
perature of (22+24) °C and relative humidity of (30+45) %
at the frequency of the examined signal of 1 kHz made up
10.0004399 nF £7.52 uF/F.

CMC of NMIs of countries are published as pdf files
in the Annex C of the BIPM Key Comparison Database
(KCDB) in the form of tables [2]. The above-mentioned
values of measurement uncertainties correspond to the data
published in the KCDB for Ukraine in the range of capaci-
tance values from 10 pF to 10 nF.

8. Discussion of the results of evaluation of the state
of the metrological traceability of measurements of
electrical capacitance

The comparative analysis of the results of the RMO in-
ternational key and supplementary comparisons of national
standards of units of electrical capacitance showed the con-
vergence of the results for 10 pF and 100 pF on frequencies of
1 kHz and 1.592 kHz. This allowed determining the degrees
of equivalence of standards of NMIs participants and ex-
panded uncertainties for the specified nominal values of ca-
pacitance measures. Metrological traceability of the national
standard of Ukraine to the units of the International system
of units ST to the primary standard of the unit of resistance
of PTB (Germany) on the basis of the Quantized Hall Effect
and to the primary standard of the unit of capacitance of
NIST (USA) is determined.

Verification of consistency of the results of comparisons
of NMIs participants taking into account the measurement
uncertainties on the criterion x> showed that the results can

be considered consistent. This is the objective confirmation
of the measurement uncertainties declared by the partici-
pants.

The results of the calculations of the values of measure-
ment uncertainties according to the proposed methodology
of evaluation of measurement uncertainty in the wide range
of capacitance values (from 10 pF to 10 pF) showed that the
measurement uncertainties correspond to the data published
in the international key comparison database for Ukraine on
CMC for electrical capacitance units in the range of capac-
itance values from 10 pF to 10 nF on frequencies of 1 kHz
and 1.592 kHz.

9. Conclusions

1. The comparative analysis of the results of internation-
al comparisons of the national standards of units of electri-
cal capacitance is conducted with the aim of evaluation of
convergence. For the comparisons, the reference values with
the expanded uncertainties are calculated and the degrees
of equivalence of standards of participants and expanded
uncertainties for the nominal values of measures of 10 pF
and 100 pF on frequencies of 1 kHz and 1.592 kHz are de-
termined. Metrological traceability of the national standard
of every participant of comparisons to the units of the Inter-
national system of units SI is determined.

2. For verification of consistency of the results of com-
parisons, the values of the y? criterion for the results of com-
parisons of standards of participants taking into account the
measurement uncertainties are calculated. The obtained val-
ues of the criterion of consistency for the participants can be
considered consistent, which is the objective confirmation of
the measurement uncertainties declared by the participants.

3. The methodology of evaluation of measurement uncer-
tainty in the wide range of capacitance values is proposed.
The results of the calculations of the values of measurement
uncertainties revealed that the results correspond to the
data published in the international key comparison database
for Ukraine in the range of capacitance values from 10 pF to
10 nF on frequencies of 1 kHz and 1.592 kHz.

References

1. Measurement comparisons in the context of the CIPM MRA. CIPM MRA-D-05:2013 [Electronic resource]. — 2016. — Available at:
http://www.bipm.org/en/cipm-mra/cipm-mra-documents/

2. The BIPM key comparison database (KCDB) [Electronic resource]. — Available at: http://kcdb.bipm.org/

Text of the CIPM MRA [Electronic resource]. — Available at: http://www.bipm.org/en/cipm-mra/cipm-mra-text/

4. International vocabulary of metrology — Basic and general concepts and associated terms (VIM 3-rd edition). JCGM 200:2012
[Electronic resource]. — Available at: http://www.bipm.org/en/publications/guides/vim.html

5. Velichko, O. N. Traceability of measurement results at different levels of metrological work [Text] / O. N. Velichko // Measurement
Techniques. — 2009. — Vol. 52, Tssue 11. — P. 1242—1248. doi: 10.1007/s11018-010-9428-7

6.  Uncertainty of measurement. — Part 3: Guide to the expression of uncertainty in measurement (GUM). JCGM 100:2008 [Electronic
resource]. — Available at: http://www.bipm.org/en/publications/guides/gum.html

7.  Calibration and Measurement Capabilities in the context of the CIPM MRA. CIPM MRA-D-04:2013 [Electronic resource]. —
2013. — Available at: http://www.bipm.org/en/cipm-mra,/cipm-mra-documents/

8. Velichko, O. N. Calibration and measurement capabilities of metrological institutes: features of preparation, examination, and
publication [Text] / O. N. Velichko // Measurement Techniques. — 2010. — Vol. 53, Issue 6. — P. 721-726. doi: 10.1007 /s11018-
010-9567-x

9. Velychko, O. The implementation of general international guides and standards on regional level in the field of metrology [Text] /
O. Velychko, T. Gordiyenko // Journal of Physics: Conference Series. — 2010. — Vol. 238. — P. 012044. doi: 10.1088/1742-6596/
238,/1/012044



10. Cox, M. G. The evaluation of key comparison data [Text] / M. G. Cox // Metrologia. — 2002. — Vol. 39, Issue 6. — P. 589-595.
doi: 10.1088,/0026-1394,/39,/6/10

11.  Cox, M. G. The evaluation of key comparison data: determining the largest consistent subset [Text] / M. G. Cox // Metrologia. —
2007. — Vol. 44, Tssue 3. — P. 187-200. doi: 10.1088,/0026-1394,/44,/3,/005

12. Mana, G. Model selection in the average of inconsistent data: an analysis of the measured Planck-constant values [Text] / G. Mana,
E. Massa, M. Predescu // Metrologia. — 2012. — Vol. 49, Issue 4. — P. 492—500. doi: 10.1088/0026-1394,/49/4,/492

13.  Jeffery, A.-M. Final report on key comparison CCEM-K4 of 10 pF capacitance standards [Text] / A.-M. Jeffery // Metrologia. —
2002. — Vol. 39, Issue 1A. — P. 01003-01003. doi: 10.1088,/0026-1394,/39/1a/3

14. Delahaye, F. Linking the results of key comparison CCEM-K4 with the 10 pF results of EUROMET.EM-K4 [Text] / E Delahaye,
T.J. Witt // Metrologia. — 2002. — Vol. 39, Issue 1A. — P. 01005-01005. doi: 10.1088/0026-1394,/39/1a/5

15. Johnson, L. Final report on the APMP comparison of capacitance at 10 pF: APMP.EM-K4.1 [Text] / L. Johnson, W. Chua,
A. Corney, J. Hsu, H. Sardjono, R. D. Lee et. al. // Metrologia. — 2009. — Vol. 46, Issue 1A. — P. 01003—-01003. doi: 10.1088,/0026-
1394,/46/1a/01003

16.  Johnson, L. Final report on the APMP comparison of capacitance at 100 pF (APMP supplementary comparison APMP.EM-S7)
[Text] / L. Johnson, W. Chua, A. Corney, J. Hsu, H. Sardjono, R. D. Lee et. al. // Metrologia. — 2008. — Vol. 45, Issue 1A. —
P.01003-01003. doi: 10.1088/0026-1394,/45/1a/01003

17.  Velychko, O. Final report on COOMET key comparison of capacitance at 10 pF (COOMET.EM-K4) [Text] / O. Velychko,
0. Akhamadov // Metrologia. — 2017. — Vol. 54, Issue 1A. — P. 01005-01005. doi: 10.1088,/0026-1394/54,/1a/01005

18.  Velychko, O. Final report on COOMET key comparison of capacitance at 100 pF (COOMET.EM-S4) [Text] / O. Velychko,
0. Akhamadov // Metrologia. — 2017. — Vol. 54, Issue 1A. — P. 01006—01006. doi: 10.1088,/0026-1394/54,/1a/01006

19.  Velychko, O. Final report: COOMET supplementary comparison of capacitance at 10 pF and 100 pF (COOMET.EM-S13) [Text] /
0. Velychko, S. Shevkun // Metrologia. — 2015. — Vol. 52, Issue 1A. — P. 01005-01005. doi: 10.1088,/0026-1394,/52/1a/01005

20. Guidelines on COOMET key comparison evaluation. COOMET R/GM/14:2016 [Electronic resource]. — Available at: http://
www.coomet.org/DB/isapi/cmt_docs/2016/5/2BMD10.pdf

21.  Guidelines on COOMET supplementary comparison evaluation. COOMET R/GM/19:2016 [Electronic resource]. — Available at:
http://www.coomet.org/DB/isapi/cmt_docs/

| o

Busnaueni npunuyunu 3a0e3neueHns HCueIeHHAM CUC-
mem Jqimakxa Ha 6cix pexcumax nonvomy. Onucani gax- DOT: 10.15587,/1729-4061.2017.101974
mopu, wo 6nauearmv HA NPOOYKMUEHICMb Podomu
COHAMHUX naHesell Iimaxka. 3anponoHoeano mooev 0Js
BU3HAUEHHA MACU TIIMAKA BUITIOMY, AKA BPAXOBYE MACOBL A N A LY s I s 0 F M A s s -

xapakmepucmurxu npomMucjloeux CKa006UX NiMmabHo-

20 anapamy. Ompumaﬁo po3paxyHKosy Mo0eNb MAC060- E N E RGY BA LA N C E

eHepzemuunozo Ganancy imaxa 3 YpaxyeaHHiM Muno-

BUX PENHCUMIB NOJIbOMY MA 3AKOHIE 2eHePayii eHepeii COHUs 0 F U N M A N N E D

Kniouoei caosa: Jnacoeo-euepzemwmuﬁ 6aJlaHC,

JUMax Ha COHAUHIU eHepeii, YyMO8U peanizauii noavomy AI RC R A FT F U E L E D BY

[, 0

OnpeBeJleHbt npunuunsvl obecnevenus numanuem s 0 LA R E N E RGY

cucmem camoJiema Ha ecex peicumax noJjema. Onucanwt

(daxmopot, 6austowue Ha npou3sooumenbHOCMs padomot V. Sukhov
coaneunvix namneneii camoaema. Ilpednoxncena moodenw Doctor of Technical Sciences, Professor*
01 onpedesieHUss MACCbL CAMOIEMA 6 UeLOM, KOMO- E-mail: sukhovkpi@gmail.com
pas yuumoliéaem Maccosvle XapaKxmepucmuku npomoLul- Y. Kozei
JIEHHbIX COCMABNAIOWUX JlemamenvbH0z0 annapama. Postgraduate student®
Honyuena pacuemnas modenv Macco8o-sHepzemusecKko- E-mail: kozeiyaroslav@gmail.com
20 Oananca camoaema Ha OCHOBE MUNOBLIX PEHCUMOB *Department Aircraft Control
noJema u 3aK0H08 2eHepauuu dHepun CONHUA Devices and Systems
Knoueevie cnosa: maccoeo-smnepzemuneckui daranc, National Technical University of Ukraine
camonem Ha COHeUHOU IHepeuu, YCa06Usl Peaiu3ayuu "Igor Sikorsky Kyiv Polytechnic Institute”
noJsiema a o Peremohy ave., 37, Kyiv, Ukraine, 03056
1. Introduction significant energy capacities of solar radiation, the efficiency

of its conversion into translational motion of an aircraft

Thanks to technical progress, today there is an oppor-  largely depends on the mass-energy characteristics of photo-
tunity to perform long flights using solar energy. Despite  electric converters. In addition, this process is significantly






