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ABSTRACT

The article examines the large inductance difference passing through adjacent busbars and the new induction
converter errors designed to measure the symmetry of three-phase currents using the parametric structure method.
The additive components of the error are shown in the variable parametric structure diagram as a correction to the
output size, and the multiplicative components - in the form of a transmission coefficient or correction to the
parameter. It has been found that the input of errors in the form of corrections to the inter-chain transmission
coefficients, magnitudes and parameters in the parametric structure scheme is the effect of interfering physical
effects that link the different physical nature of the variable to the main parameter, magnitude and transmission
coefficients. It was found that the regular component of the error of the variable studied does not exceed 0.68%, and
its random component does not exceed 1.28%.
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INTRODUCTION

Currently, more than 30% of electricity generated in the
country is distributed in low-voltage zero-wire
networks [1]. Numerous studies on the operating
modes of such networks show that the quality of
electricity in them often does not meet the
requirements of the standards.

One of the main factors in the deterioration of voltage
regimes in electricity consumers and the increase in
power losses in low-voltage networks is the
occurrence of current symmetry in three-phase
circuits. In such chains, automatic symmetry devices
are widely used to restore the symmetric mode [2].

A single-phase gravity load in an electrified railway
system is a source of symmetry for an external three-
phase power supply system. Therefore, high-precision
measurement of current symmetry in three-phase
alternating current circuits is one of the important and
topical issues.

Non-contact electromagnetic measuring converters
(MC) are mainly used to measure the difference in
currents flowing through the busbars [3, 4, 5].
However, the existing MCs do not meet the
requirements for them in terms of functional
capabilities.

At the Department of "Power Supply" of our university
developed a new design of induction converter (1C),
which measures the difference in current in the bus
(Figure 1) [6]. The device detects the symmetry of
three-phase currents or large alternating currents
passing through three can change the difference in
proportion to the alternating voltage. When an IC is
designed to measure a large value of alternating
current difference, its modulation coils are supplied
from an industrial frequency alternating current
source, resulting in an alternating magnetic flux of Q,,,
value in each modulation circuit. Qua, Qup, Quc

magnetic fluxes on non-adjacent rods of a three-
contour magnetic conductor when alternating
currents pass through busbars 1, 2, 3, and AQu4p =
QuA - QuB: AQ[I_BC = QuB - QuC, AQ[I.CA = QuC - QuA
currents on adjacent rods is formed. When the currents
in the tires are equal to each other,Q,4 = Qup = Qu¢
the differences in the magnetic fluxes of the adjacent
rods are zero, ie. AQuap = 0, AQupc = 0, AQuca = 0.
As a result, the voltages generated by the modulated
magnetic currents in the measuring coils on the non-
adjacent rods are proportional to the magnitude of the
current flowing through the corresponding bus, and
the signals at the outputs of the measuring coils on the
adjacent rods are zero.

If the magnitude of the currents in the tires differs from
each other (or the current in one of them from the
currents in the others), then at the outputs of the
measuring coils on the corresponding adjacent rods
are generated signals proportional to the difference in
currents in two adjacent tires.

When the generated IC is installed in three-phase
alternating current circuits, the measuring coils on the
adjacent and non-adjacent rods are connected to each
other in an open triangular manner, and the
modulation coils are disconnected from the
corresponding current source. When the three-phase
circuit operates in symmetrical mode, the signals at the
corresponding common outputs of the 16, 17,18 and 19,
20, 21 coils connected in the open triangle method are
zero. If a symmetrical mode occurs in a three-phase
circuit, then the output signals are proportional to the
symmetry of the three-phase currents at the
corresponding common outputs of the IO bands and
their values are equal to the effective values of the sum
of the following complex voltages: Ua_qml =U,, +
Usp + Use,Ba  Usuucz = Usap + Uspe + Usca- The
signals induced in the measuring coils on non-adjacent
rods are proportional to the alternating current in the
corresponding busbar.
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Figure 1. Construction of a new electromagnetic
converter measuring the symmetry of three-phase
currents: 1, 2,3 - current tires; 4, 5, 6 and 7, 8, 9 - non-
adjacent and adjacent rods of a three-contour magnetic
72 conductor, respectively; 10, 11,12 and 13, 14, 15 -
modulation coils on non-adjacent and adjacent rods; 16,
L 17,18 and 19, 20, 21 - measuring rings on adjacent and
non-adjacent rods, respectively; d is the air gap in the

16

= =1

When the generated IC is installed in three-phase
alternating current circuits, the measuring coils on the
adjacent and non-adjacent rods are connected to each
other in an open triangular manner, and the
modulation coils -~ are disconnected from the
corresponding current source. When the three-phase
circuit operates in symmetrical mode, the signals at the
corresponding common outputs of the 16, 17,18 and 19,
20, 21 coils connected in the open triangle method are
zero. If a symmetrical mode occurs in a three-phase
circuit, then the output signals are proportional to the
symmetry of the three-phase currents at the
corresponding common outputs of the |10 bands and
their values are equal to the effective values of the sum
of the following complex voltages: Us 1 = Usg +
Usp + Uscs8a  Usuugz = Uspp + Uspe + Usca- The
signals induced in the measuring coils on non-adjacent
rods are proportional to the alternating current in the
corresponding busbar.

The advantage of the created IC over existing devices
of this typeis that, firstly, it can be used to measure the
asymmetry of currents in three-phase AC circuits, as

non-adjacent rods

well as to measure the difference of alternating
currents passing through two or three busbars,
secondly, the device simultaneously can measure the
current difference, thirdly, it can give information
about the symmetry of the currents in the circuit from
two outputs that are not galvanically connected to
each other in a three-phase alternating current circuit,
and fourthly, the measuring chains on non-adjacent
rods (due to the presence of air gaps 9).

Before recommending the generated IC for
widespread use, it is necessary to study its basic
technical characteristics.

One of the main characteristics of MCs is its
measurement error. This is because the accuracy class
of MCs, including ICs, is precisely measured by the
measurement error [7].

Elements of measurement error theory are often used
to identify, analyze, and quantify the sources of IC
errors [8]. However, there are some difficulties in
identifying the sources of error and taking into account
the interactions of the parameters of different chains
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of MCin the derivation of error equations, as well as in
evaluating the results.

RESEARCH METHOD AND RESULTS

Therefore, it is more convenient to use the method of
parametric structure schemes (PSS) based on the
energy information model of different physical chains
in the study of errors of measuring converter(MC or
transducers) based on events and processes occurring
in different physical chains, especially the principle of
operation. [9].

In the PSS for the theoretical study of measurement
errors of IC, additive errors consisting of regular and
random components are in addition to the output size
of each elementary link, and multiplicative errors
consisting of regular and random components are
added to each elemental link in the PSS (inter-chain
physical effect (PhTE). ) or chain parameter) is
considered in addition to the transmission coefficient
or parameter. The causes of errors in the PSS in the
form of additions to the magnitudes, parameters and
coefficients of interconnection of chains of different
nature are directly related to the physical effects that
link the sizes of chains of different physical nature to
the parameters and coefficients of the chain.

The sequence for calculating IC measurement errors
using the PSS method is as follows [9]: 1) the PSS is
divided into elementary links configured for the static
mode of the device; 2) the regular and random (mean
square deviation) components of additive and
multiplicative errors for each elementary link that
reflects this or that physical effect are taken into
account in the structural scheme; 3) the sources of
errors and their values are determined and evaluated
using PSS, taking into account the inter-chain sizes and
inter-chain effects between the parameters in the
structural scheme, as well as external quantities of
different physical nature; 4) are regular and random
organizers of additive and multiplicative errors for
each elementary link (variable); 5) The error of the PSS
elementary links is calculated using the equations of

the theory of errors, taking into account the methods
of their interconnection in the circuit.

It should be noted that the accuracy of the assessment
of regular and random components of additive and
multiplicative errors largely depends on the degree of
detection of sources that cause the coefficients,
parameters and magnitudes in the PSS to deviate from
their true values.

1. ldentify sources of IC error operating in
magnetomodulatory mode (to measure the difference
in alternating currents in tires). For this mode, its
sources of error are shown in Figure 2 of the PSS.

The following PhTE and parameters were used in the
above PSS: 1) PhTE, which converts electric current into
magnetic voltage (ampere-winding effect): U,y =
KstAquAI3XA’ here is I,x4, Uyxa -respectively, the
electric current passing through the bus A and the
magnetic driving force (MDF) generated by it in the
corresponding contour of the magnetic circuit around
the bus (x) is included in the indices of magnitude and
parameters of electrical and magnetic circuits
corresponding to the difference between the
measured currents and (or) currents [A]; K; v, =
Wya = 1 - A the number of windings on the tire, [-]; 2)
internal PhTE, which correlates the reduced magnetic
voltage (Uyxas) in the air gap in a non-adjacent branch
of a three-contour magnetic circuit with the magnetic
flux (Quxa) in it through the magnetic capacitance
parameter (Cuxas): Quxa = UuxasCuxas; 3) internal
PhTE: Uyxan = QuxaWyxan; Which correlates the
reduced magnetic voltage (U,xay) in the magnetic
conductor (steel) part of the non-adjacent branch of
the magnetic chain with the magnetic flux (Q,x4) in it
through the magnetic hardness parameter (W, 4n); 4)
internal PhTE: Uyxap = QuxapWyxas, Which correlates
the reduced magnetic voltage (U,xsp) with the
magnetic flux (Quxap) in the magnetic conductor
(steel) part of the adjacent branch of the magnetic
chain through the magnetic hardness parameter
(Wyxap); 5) PhTE (ampere-winding effect), which
converts the electric current (I,,)in the modulation
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Figure 2. PSS scheme of EMC, which measures the
symmetry of three-phase currents, taking into account
all sources of error internal PhTE, which interconnects
the MYuK (U, )generated by the I,, current in the
modulation magnetic circuit by the magnetic flux (Q )
in it through the magnetic capacitance parameter

S
(C[I.M)) QyM = U[lMC[lM; where C[,I.M = Hlo fr[H]; 6)

magnetomodulation effect: Quapy =
i _ 1 d(upo)
KQuMQp_MUﬂXABQI,LM) Where IS KQMMQMM = lu_M W'

[%]; and here 1, , B, - the average length of the

magnetic flux path along the modulation magnetic
circuit and the magnetic induction in it, respectively,
[m]; [T]; 7) magnetic flux (Quapy) interacts with
differential  operation that  (Iuagy):  luapy =

%Q#ABZ, [V]; 8) electromagnetic induction ®T3:

Usup = KI;/,ABZ‘,UaABIﬂABZ’ where is KIyABuaAB =wy,; -
the inter-chain PhTE coefficient that converts the
magnetic current (I,,4py) into an electrical voltage - the
number of windings of the output coil, [-].

It should be noted that the tires and the modulation
coil heat up as a result of the passage of appropriate
currents. As a result, the active resistance of the
modulation coil cable increases. However, since this
coil is supplied from a current source, a change in the
electrical resistance of the wire under the influence of
temperature does not lead to a change in the source
current. The current in the output coil is also close to
zero because the corresponding element (load) of the
measuring instrument or control system connected to
the output coil has a large input resistance. Therefore,
the change in resistance of these wires under the
influence of temperature of the IC in the PSS was not
taken into account [10].

Although the PSS IC structure shown in Figure 1 is
structured taking into account all sources of errors
affecting each elementary link in the structure
diagram, the process of calculating the 10 error based

on it poses some difficulties. This is because for one
column of the PSS (for example, to derive the equation
of dependence of the measured current difference on
the output voltage generated in the measuring strip on
the rod between busbars A and B, taking into account
all sources of error), the effect of magnetic chain sizes
on the other column must be taken into account.

Therefore, in order to simplify the calculations a bit,
using the equations generated in the study of static
and dynamic characteristics of IC, we replace the part
of the PSS in Figure 2 with a dashed line in each column
with a single elemental link and examine each column
separately (Figure 3).. In this case, for each segment of
the PSS separated by dashed lines, for example, for the
segment in column 1, we can write the following
equation:

U,

QyABZ = UyAB CyABZ = mli—%: (1)
here is Cyapy=1/(Wy +3W,;) - the resulting
magnetic capacity of the chain in the path of the
magnetic flux generated by the currents in the
adjacent tires in the rod between them, [H;W,; =
Wys + Wyan; Wys; Wyan — the resultant, non-adjacent
branch of the three-contour magnetic chain,
respectively, § air gap and the magnetic stiffness of the
steel part (magnetic resistance by classical analogy),
[1/H]; Wy = Wyap = Wype = Wyca - the magnetic
stiffness of the adjacent branches of a three-contour
magnetic chain, [1/H]; Uyap = Kiu,(I,a — I;) -Aand
B MYuK formed by the difference in currents in the
busbars, [4].

For each elementary link (transducer) in the PSS, we
write the equation of static characteristic, taking into
account the sources of error in it as follows:

Usap = (Kao + AKy + 0Ky )] apyy, (2)
Itis Ky = Ky y, = Wy, [—] - coefficient of inter-chain
physical-technical effect (elemental link) that converts
magnetic current [, to electric voltage; K49, AKy, 10K,
- K,u, the value of the coefficient in the ideal state
(without errors), respectively, its gains from
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systematic and random sources of error (in the regular and random components of the error,
following elementary links, the corresponding respectively; wy, — the number of wrappings.
coefficient "0" in the index, the ideal value of a

parameter or quantity, preceded by “A” and “+¢” -

[aB
] K, lA%AB
g LB 1% UpaBs
5 Ly,
4
Lo AK|+oK, +oUuus
A
Coe QQ“M o X
UM umy s
i Ko .c, = CuaBs
Unes|  [AGn]roCa + Q) [AK]EoK: Quass.
AQuaB & £0Qu4B
A UuM +oUm
S , g
Quapss
T UuM . | AW
AK, Do | JO 56y
K{U K]3 Il][lM
U [zoK; Luaps
Lous Alyap +0l,48
AIBM == GIBM
1,4B3s
L5y (man6a AK;
(ari6a) Kol K, 5%
onA B (4uKuI)

Figure 3. A simplified parametric structure diagram of the PSS 1 column shown in Figure 2

Lyapsy = Myaptolyp + j(wo + Aw + 0w)Quapss, (3)

Quapzs = AQuaps T 0Quaps + UyapzCuapy (4)

Cuaps = (K30 + AK; + 0K3) Qs (5)

QuMZ = AQ#M + GQuM + (CH.MO + ACMM + GC#M)UyMZJ (6)

UﬂMZ = AU#M t+ O-U[tM + (K30 + AK3 t O-KS)IaMZr (7)

ISMZ = I:-)M + AI:-)M T O-ISM' (8)

Upaps = AUpup + 0Upap + (K19 + AKy + 0K1)Lup, 9)

I:-)AB = IsA - I:-)B- (10)
On the basis of PSS, change the magnitude of the IC subsequent equations, respectively, and multiplication
output in the order of derivation of the equation of of two or more multiplications by a measuring device
dependence on its input size [9], equation (3) and operating in magnetomodulation mode we obtain the
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following equation of the function formed by taking
into account the sources of errors in it::

Usapzum) = BlpapKao £ 0lyapKao + jAQuapsWoKao t joQuapzwoKao +
+jAUL 4 K3015mCumo K20 W0 Kao T+ joUuap K30 5mCumo K20 w0 K40 +
+jAK1 1,45 K30l5m Cumo K20w0 Ko £ JOK1 1,08 K30 5mCumoK20w0Ka0 +
+jAQuuK20K10l48 W0 K40 £ joQuuK20K10l45w0Ka0 +
+jAU i Cumo K20K 10154800 Ka0 £ jo U Cumo K20K101548 W0 Kao +
+jK30l5mCumoK20K101548 00K a0 + JAK3 L5y Cumo K20K10 54800 K0 £
1joK31,uCumoK20K10l48 00 Kao + JALWK30CumoK20K10l5400Ka0 £
ijUIaMK3oCuMoKzoKlolaABwoKw +jACMMK3013MK20K1013ABw0K40 t+
ijUCuMK3013MK20K1013A3w0K40 +jAKZK3013MCHMOK1013AB(UOK40 T
10K, K30LuCumoKi0l48 00 Kao + JAWK30 L,y CunoK20K101548Ka0
tjowK30l5uCumoK20K10l5a8 K140 + JAK4 K30 CunoK20K10l548 00 T

ijUK4K3013MCuMOKZOKlolaABwO (13)
For the ideal case, that is, the analytical equation for The accuracy class of a measuring transducer is mainly
the static characteristics of the device under study determined by its reported error. Therefore, we
without a source of error is written as follows on the conduct an analysis of the IC error under investigation
basis of PSS: for its reported error. The given error is found on the
Usap.omum) = K10K20K30K40j@0 Cumoloulsan (14) basis of the following formula [11]:

U3AB.Z(MM) - U:-)AB.O(MM) 100 % =
§ b =

Yen. Usap (Mm) =

UsaB.0(mm)
A AIuAB UIuAB AQMABZ n UQuABz AUMAB n oUusp  AK; oK
I[,lAB N UAB QuABE N QyABZ UyAB B UAB Kl B Kl
AQum + 0Q + AU,y + aUyy + AK; + oK, 4 AL, 4 ol,y N AC, 4

QMM N QMM UMM N UuM KS N K3 13M B IaM CMM B

oCy AK, oK, Aw ow AK, 0K,
+ + + +—Fx—+——2—]:100% =
Cum K, K, W W K, K,

= Vet pnmy (DU AU AL) + Y535y (+0Uy, +0U,, +0l,)| - 100 %, (16)

yKeJ'I.UsAB(MM) KeL.Us 4B (mm)

Where is Vrﬁ&e};:[ilaAB(MM) (AU, AU, AU,) and current parameters that provide the external
alternating and constant magnetic fields, temperature
and modulation chain, respectively.

VESEZUBAB(MM) (xoU,, toU,, +0U,) - respectively regular

and random components of the given error of the IC
operating in the mode of magnetomodulation; (AU, Ba
toU,), (AU, Ba £0Uy) and (Al Ba tol,) - sources of
additive and multiplicative errors in the studied IC due
to deviations from the normal values of the source
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