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Abstract

The article is devoted to increasing the reliability, noise protection and improving the metrological characteristics of
active power measuring converters. Much attention is paid to the problem of developing effective methods for constructing
structural diagrams of active power measuring converters. This is explained by the growing requirements for the basic
metrological characteristics of active power measuring converters as elements of information — measuring systems.

The main attention in the work is paid to the development of ways to correct the influence of destabilizing factors in
working conditions. The undoubted advantage of the work is a thorough analysis of the instrumental errors of the measuring
channel, the original means of correction of the phase error and the error due to the limited suppression coefficients of

in-phase interference.

The obtained simulation results in the Electronics Workbench environment made it possible to determine the most

effective way to protect against interference.
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Introduction

The study aims to create an inexpensive,
reliable, and noise-proof measuring channel with
improved metrological characteristics for active power
measurement. Many consumers have already realized
their interest in settlements with the energy supplier
not with any conditional norms, contractual values,
or obsolete and inaccurate devices, but based on
modern and high-precision metering. The first step
towards saving energy and reducing financial losses
is accurate energy accounting. The main method of
reducing instrumental losses is to improve metering
devices. Measurement of power, which is an important
energy characteristic, occupies a significant place in
modern measuring technology, is one of the main
types of measurements in many fields of science and
technology.

The main unit of the electronic electricity meter,
which determines the error of the latter and the stability
of the characteristics over time and when changing the
parameters of the environment, is a measuring power
converter (MPC).

In most cases, three-phase active power measuring
converters with an accuracy class of 0.2—0.5 are required
to convert the power of large generators and a class
of 1.0—1.5 to convert the power of smaller generators,
motors, and power transmitted via power lines. The
input signals of the MPCs (voltages or currents of the
monitored network) have a shape close to sinusoidal.
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Modern electronic electricity meters use MPCs in
which the informative parameter of the input signals
is the voltage, and the output signal — frequency.
This uniformity is because the construction of most
household electricity meters includes analog-digital
circuits of MPCs in integrated design [1, 2]. The
output signal, as a rule, arrives at the mechanical
reading device with the stepper motor or on the
microcontroller, for the further processing and issue
of the information on tariff zones, etc.

There are also analog MPC circuits in the
integrated version. But their accuracy does not exceed
1.0, and the accuracy of the electricity meter, built
using these schemes, does not exceed 2.0. While the
power industry is moving to the use of electricity
metering devices with a high accuracy class, usually 1.0.

Analysis of the number of electricity losses showed
that a significant part of them is due to shortcomings in
the operation of electricity meters or the low accuracy
class of the latter. Therefore, the main trend in the
development of MPCs is to increase their accuracy in
operating conditions [3—6].

Statement of the research problem

Analysis of errors in existing means and methods
of active power conversion shows that a significant
contribution to the decrease in accuracy is made by
frequency deviation and significant content of odd
harmonics [7], due to increasing use of inverter power
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supplies and insufficient efficiency of error correction
methods. The frequency component is considered
additional, not basic [8].

In general, two groups of methods are used today
to measure electric power. The first group is based
on the use of synchronous detection. In this case, the
quadrature components of the input voltages in one
way or another with the involvement of hardware and
software are converted into a signal proportional to
the active power. The advantages are the possibility
of using an analog-to-digital converter (ADC) of the
integrating type and a small amount of software, as the
average values are multiplied. The disadvantages include
the difficulty of providing precise control signals for
synchronous detectors coherent with the mains voltage,
as well as the inability to work with non-sinusoidal
periodic signals. According to the classification given
in [9], MPCs of this group are called medium-power
converters.

The basis for the construction of the MPC of the
second group are multipliers of instantaneous values of
the input signals, which allows measuring the active
power of non-sinusoidal periodic input signals, so the
MPC:s of this group are called active power converters.
Instantaneous multipliers can be analog (in 4-square
mode calibration error 0.1...0.2%), pulse, or digital.
Digital instantaneous multipliers in this case are based
on ADC instantaneous values with direct conversion
and microcontroller or the basis of §—2, ADC. In the
first case, to ensure the dynamic error of the ADC at
0.02% in the frequency band up to 350 Hz (seventh

harmonic), it is necessary to have an ADC with an
aperture of fewer than 0.1 us and a speed of several
us, which complicates practical implementation due
to the fact the maximum ADC speed of a single-chip
PIC microcontroller is 10 kHz. In the case of 6—2
ADC — problematic, in the volumes of the PIC-
microcontroller there is a need for precise measurement
of small-time intervals (< 100 usec).

The operating frequency range (Table 1) shows the
values of the main error depending on the sampling
frequency. The main error (¢ = 0) shows the error
for the network frequency (50 or 60 Hz). The error of
the 3" harmonic shows the main error for the network
frequency (150 or 180 Hz). The 5" harmonic error
shows the main error for the network frequency (250
or 300 Hz). The error of the 7" harmonic shows the
main error for the network frequency (350 or 420 Hz).
For any number of current and voltage measurements
over a full period, a rough estimate of the error
can be made using this table [10]. It is advisable to
consider the use of pulse multipliers based on PWM
with negative feedback on the informative parameter
(which are known to have high accuracy (0.01%) in
a wide dynamic range even when working in 4-square
mode) to build precision measuring power converters
on an operational amplifier and an iterative integrating
converter. In this case, the study of the computer
model of such multipliers in the operating frequency
range when changing the angle of phase shift ¢ within
+ 60° shows an increase in the errors presented in
Table 1 by about an order of magnitude.

Table 1
Frequency error from the PWM frequency
Measuring PWM frequency Error
the number Single- Two- Three- Basic .

of points in a phgse phase phase (the first The thlr.d The ﬁft.h Seventb

period 50 Hy 50 Hy 50 Hy harmonic) harmonic harmonic harmonic
20 1000 2400 3000 -4.89% -36.4% -95.2% -174%

30 1500 3600 4500 -2.19% -16.9% -47.8% -87.42%

40 2000 4800 6000 -1.23% -9.7% -28.8% -52.67%

50 2500 6000 7500 -0.78% -6.2% -18.3% -33.47%

60 3000 7200 9000 -0.55% -4.3% -13.4% -22.28%

70 3500 8400 1) -0.40% -3.2% -9.5% -17.34%

80 4000 9600 -0.30% -2.4% -7.3% -13.35%

90 4500 1) -0.24% -1.9% -6% -10.97%

100 5000 -0.20% -1.6% -4.7% -9.28%
110 5500 -0.16% -1.3% -3.9% -7.13%
120 6000 -0.13% -1.1% -3.2% -5.85%
130 6500 -0.11% -0.9% -2.7% -4.94%
140 7000 -0.10% -0.8% -2.4% -4.39%
160 8000 -0.08% -0.6% -1.9% -3.43%
180 9000 -0.06% -0.5% -1.5% -2.74%
200 10000 -0.05% -0.4% -1.2% -2.2%
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Main part

To solve this problem, a block diagram of the
active power measuring channel is developed (Fig.1),
the feature of which is the use of analog pulse
multiplier with pulse-width modulation (PWM), which
has a negative feedback on the informative parameter
and iterative integrating converters with connecting
devices (IIC) as a high-speed averaging device, the use
of measuring amplifiers with differential current inputs
(MADCI) with a high coefficient of suppression of
in-phase interference in the operating frequency range.

Direct use as primary sensors of phase voltages and
currents of resistive dividers and shunts together with
measuring amplifiers with differential current inputs
with increased noise suppression of general appearance
and providing galvanic isolation using galvanically
isolated power supply with harmonic power supply
power amplifier class AB [11], and digital optocouplers
OP,,..., OP, for isolation of both digital and analog
signals, use as a measuring converter of an alternating
voltage of an active rectifier with separate circuits of
negative feedback on direct and alternating currents
and with iterative integrating converter with dynamic
storage devices as a fast averaging device.

UIS circuit (see Fig. 2): input signals phase
voltage Uf and phase current If or their linear analogs,

depending on the method of accounting for three-
phase power (three-element or two-element circuit),
are converted in the switching unit and conversion of
UIS input signals into proportional voltages U, and U,
respectively. Precision resistors (R R,, R,R;) and low-
voltage (75 mV) shunts R together with MADCI, , with
the improved coefficient of suppression of a common-
mode signal, due to the introduction of an automatic
system of compensations are used as primary converters
of primary voltages and currents. based on PWM.

Resistors (R R,, R,R,) also perform a protective
function and are taken at a value of 100 K, which is
enough to protect against overloads at the input up to
2 kV. These resistors together with the input capacitors
(not shown in the diagram) of measuring amplifiers
(which can be increased to 10 pF) form filters from
high-frequency electromagnetic fields (EMI), while the
phase error is introduced by them at the frequency 50
+5 Hz will be less than 0,1°. Resistors R,, R, are so-
called “attracting” resistors [12].

In the “operation” mode, which consists of two
main and two additional cycles, the movable contact
of the relay P, is in position “1” while the voltage
U, is applied to the input of the measuring amplifier
MADCI,. In this case, the circuit voltage Uf is applied
to the input of the measuring amplifier MADCI,.
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Fig. 1. Block diagram of the measuring channel of active power: UIS — switching unit of input signals; PLL — phase-locked loop; APM —
analog pulse multiplier with PWM, which has a negative feedback on the information parameter; IIC — interactive integrating converter;
VFC — measuring voltage-frequency converter; MX — analog multiplexer; TT — T-trigger; pys — Microcontroller family 8051; GIPS — galvanized

power supply; OP,,..., OP, — digital optocouplers
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Fig. 2. Block diagram of the switching unit of the input channels of the UIS and the operation of MADCI:
AC/DC means the development of a full-wave rectified time waveform

To increase the noise immunity, the MADCI, and
MADCI, signals pass through identical low-pass filters
formed by the R Z]C 51 and R 22C 5 circuits. At the output
of the UIS, voltage U, and U, are formed in proportion

to the mains voltage and current, respectively:

U,= UkoADCIl;
U] = ]fRskM

where Uf is the voltage for the 3-element circuit or U,
for the 2-element circuit; /. — phase current; ky, ADCI,
and kM ADCI, — the value of the transmission factor
of the measuring amplifiers MADCI, and MADCI,,
respectively.

Since in a two-element circuit, the common-
mode voltage can reach several hundred volts, and
the in-phase suppression coefficient is determined by
the accuracy of fitting the ratio of B-link resistors.
Thus, if the ratio of the pairs of resistors differs by
0.1% in the voltage channel, the signal-to-noise ratio
will be more than 66 dB, and in the current channel
about 0 dB. This means that additional compensation
of the in-phase interference effect is required in the
current channel, and such compensation is performed
in the “U_  calibration” mode. In the mode “U_
calibration”, the movable contact of the relay P, is in
position 2. At the same time at the input, MADCI,
gets in-phase voltage.

ADCI,

The process of “U_  calibration” occurs at the
position of the switch K1 in position “2”, while the
signal “unbalance” U, at the output OP2 is compensated
by adjusting the active (R0) and reactive (C0) currents
of analog multipliers AM1 and AM2, respectively. The
control voltages AM1 and AM2 are formed by PWM
modulation of the microcontroller uc according to the
program of extreme balancing. The high linearity of
the components of the measuring channel makes it
possible to implement additive-multiplicative correction
of the systematic components of the errors of the entire
measuring channel at two points.

In the “operation” mode in the first main clock,
the switch of the UIS unit and the MX multiplexer
are moved to position “1”, the output voltage of the
IIC is converted into a code and stored in memory
uc under the name N, the output voltage of the IIC
will be equal to:

UHC(I) =RI,U kMADCIl kMADCIZ kst COS((P + A(P) +4,,

TS
where k,,,,, — the transfer factor of the analog multiplier;
k,.— the transfer factor of the iterative integrating

converter; ¢ — phase shift between phase current and
voltage; Ap — the final systematic component of the
phase error; A, — additive systematic component of error.

In the second main clock, the MX multiplexer
is moved to position “2”, the output voltage of the
IIC is converted into code and stored in memory uc
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under the name N,, the output voltage of the 11C will
be equal to:

ch(z) =R.vI/Uf kMADCI‘ kMADCIZ k ke €08 ((P - A(P) +A,.

In the first auxiliary clock, the MX multiplexer is
moved to position “3”, the output voltage of the IIP is
converted into code and stored in memory uc under the

name N,, the output voltage of the IIC will be equal to:
2
Une) =U, kapvkne + 4

uc(3

In the second auxiliary clock, the MX multiplexer is
moved to position “4”, the output voltage of the IIP is
converted into a code and stored in memory uc under the
name N,, the output voltage of the IIC will be equal to:

UHC(4) =A,.

Then the final result is calculated by the formula:
1

5 (N,+N,)—N,

N =

\2
P ]\/'3_]\[4 (UO) =

= RfoUkoADCI, kMADCIz cos ((P),

where U; — the value of the sample voltage stored
in memory uc.

IIpenm3iitHuii BUMIPIOBAJIbHUM

Conclusion

As can be seen from the calculation of the
formula, the adjusted result of the measurement
does not depend on the additive and multiplicative
errors of the measuring channel. In this case, since
the error correction was performed at the mains
frequency, their frequency component will also be
removed, and the accuracy of measurements will be
determined by the accuracy class of the shunt R¢ and
the accuracy class of the DC reference source U,.
On the modern element base, the total error of the
measuring amplifiers will correspond to the accuracy
class of 0.1, taking into account the frequency
component. The results of the study were confirmed
by modeling the proposed correction algorithm in the
software environment Electronics Workbench with real
characteristics of electronic components for general use
by computer simulation. In addition, the use of IIC
with dynamic storage devices in the analog multiplier
as a high-speed averaging device can significantly
increase the frequency of PWM, which will reduce
methodological errors. It was proved by simulation
that the methodological errors (Table 1) at a given
PWM frequency of 50 kHz decreases by 2 orders of
magnitude.
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AHoTauis

CratTi0 NPUCBAYEHO HiZ[BI/IH.IGHH}O Ha):[iﬁHOCTi, 33.Ba£[03aXI/IH_ICHOCTi Ta IIOKpalICHHIO MeTpOJ’[OFi‘{HV[X XapaKTEepUCTUK

BUMIpPIOBAJIbHUX MEPETBOPIOBAYIB AaKTUBHOI MOTYXHOCTI.

[lepimiM KpokoMm y HampsiIMKy 3a0e3ledyeHHs] eKOHOMil eHepropecypciB i 3HUXEeHHSI (DiHAHCOBUX BTpaT € TOUYHUIA

eHeprooOyik. OCHOBHUM OJIOKOM €JIEKTPOHHOTO JIiYMJIbHUKA eJIEKTPOeHEeprii, SIKMii BU3HAYa€ IMOXUOKY OCTAHHBLOI'O
i cTaOUTBbHICTh XapaKTEPUCTUK Y Yaci Ta MpU 3MiHi TapaMeTpiB 30BHIIHBOTO CEpeOBUIIA, € BUMiPIOBATbHUM MEepeTBOPIOBAY
notyxxHocTi (BIIIT). BumiptoBaHHSI MOTYXXHOCTI, SIKa € BaXXJIMBOIO €HEPreTUYHOIO XapaKTEPUCTUKOIO, IOCiTa€E 3HAUYHE
Miclle B CyyacHili BUMipIOBaJIbHill TEXHilli, € OJJHUM 3 OCHOBHMX BMIIiB BUMipIOBaHb Y 0aratbox rajy3sx HaykKW i TEXHiKHU.
AHaJji3 0o0cCsriB BTpar eJeKTpOoeHeprii IokasaB, 10 3HayHa iX YyacTMHa 3yMOBJIEHA HedoJiKaMu B poOOTi INPUCTPOIB
001Ky eeKTpoeHeprii a0 HM3bKUM KJIacOM TOYHOCTI OcTaHHiX. ToMy OCHOBHOIO TeHIEHIi€o B rany3i po3pooku BIIII
€ TABUILEHHS iX TOYHOCTI B pOOOUMX YMOBax eKCIUTyaTallil.

[TpoGsemi po3poOKu e(heKTUBHUX METOMIB MOOYAOBU CTPYKTYPHUX CXE€M BUMIpIOBAJILHUX IMEPETBOPIOBAUYiB aKTUBHOIL
MOTY>XHOCTI IPUIISIETbCST BesIMKa yBara. Lle MmosicHIOETbCST 3pOCTaHHSM BUMOT 1O OCHOBHUX METPOJIOTIUHMX XapaKTePUCTUK
BUMIpPIOBAJIbHUX MEPETBOPIOBAUIB aKTUBHOI MOTYXXHOCTI SIK €J1eMEeHTIB iH(hopMalliiiHO-BUMIPIOBAJIbHUX CUCTEM.

OcHOBHa yBara MPUIISETbCS PO3POOLI CIOCOOIB KOPEKIlil BIUIMBY AecTadilizylounx (akTopiB y poOOYMX yMOBax
eKcrutyaTauii. be3cyMHiBHOIO TepeBarolo po0OTH € peTejibHUI aHali3 iHCTpyMEHTaJbHUX MOXMOOK BUMIipIOBaJbHOIO
KaHaJjy, OpuriHajibHi 3aco0u KopeKllii (pa30BOi MOXMOKM Ta MOXUOKU, 3yMOBJIEHOI OOMEXEHICTIO KOeMilliEHTIB TTPUIYLLICHHS
cuH(pa3HUX 3aBal.

ITpoBeneHo MIMOOKUII TEOPETUUYHUI aHaIi3 MPIOPUTETHUX METOMIB, SIKi MOIJIM O 3acCTOCyBaTHCS [JIsi BU3HAUYEHHS
aKTMBHOI MOTYXHOCTI. OnepskaHi pe3yiabTaTd MojestoBaHHs B cepenoBulli Electronics Workbench manu 3mory BU3HAYUTU
HaioiIbll eDeKTUBHUI CIOCIO 3aXMCTy Bil 3aBal.

KuouoBi clioBa: BUMipIOBaJIbHI IepeTBOPIOBAaYi aKTUBHOI IMOTYKHOCTI; KOPEKILis MOXUOOK; 3aXUCT Bijl 3aBajl HOPMAJIbHOIO
Ta 3aTaJIbHOTO BUIY; TIEPEMHOXYBaui; IIUPOTHO-IMITYJIbCHA MOJYJISIITisI.
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AHHOTaIMSA

CraTbsl TTOCBSIIIEHA TIOBBIIIEHUIO HANEKHOCTH, TIOMEX03aITUIIIEHHOCTH U YITYyUIIEHUI0 METPOJIOTUUECKUX XapaKTepUCTIK
U3MEPUTENBHBIX MpeoOpa3oBaTteneil akTUBHONU MoiHocTH. [IpoGieme pa3padoTku 3(hGhHEKTUBHBIX METONOB MOCTPOECHUS
CTPYKTYPHBIX CXE€M W3MEpPUTENbHBIX TpeoOpa3oBaTeneli aKTUBHOW MOIIHOCTU yHeNseTcs Ooibllioe BHUMaHUE. IDTO
0OBSICHSIETCS POCTOM TpeOOBaHUIl K OCHOBHBIM METPOJIOTMYECKUM XapaKTEPUCTUKAM H3MEPUTESbHbIX MpeodpasoBareseit
aKTUBHOI MOIIHOCTHU, KaK 2JeMEHTOB MH(OPMAIIMOHHO-U3MEPUTENLHBIX CHUCTEM.

OcHOBHOE BHMMaHUE yaessieTcsl pa3paboTKe crioco00B KOPPEKIIUU BIUSHUS AeCTA0WIN3UPYIONINX (aKTOPOB B pabouux
YCTIOBUSIX OIKcTulyaTauuu. HecOMHEHHBIM MpPEeuMYyIIeCTBOM PaOOThI SIBISETCS TIIATENbHBIN aHaTnW3 MHCTPYMEHTATbHBIX
MOrPEIIHOCTE U3MEPUTEJIbHOTO KaHajla, OPUTMHAJIbHBIE CPEACTBA KOPPEeKUUM (Pa3oBOil OIMIMOKM M TOrPEIIHOCTH,
00YCJIOBJIEHHON OrpaHUYEHHOCTbIO KO3(M(PUIIMEHTOB MomaBieHus CUH(Aa3HbIX MOMEX.

[MonyueHHble pesynabraThl MoxaenupoBaHuss B cpene Electronics Workbench mnososvin onpenenuts Haubosee
o3¢ dexTuBHbBIN crocod 3auThl OT moMeX. CTaThsl MOCBSILIEHA MOBBILIEHUI0 HAAEXKHOCTH, TOMEX03aLIUIIIEHHOCTU U YIy4-
LIEHNIO METPOJIOTUYECKUX XapaKTepUCTUK U3MEPUTENIbHBIX Mpeodpa3oBaresieil akTUBHON MOIITHOCTH.

KioueBbie croBa: n3MeputesbHblE MPeoOpa3oBaTed aKTUBHOI MOLIHOCTM; KOPPEKIMs OLUIMOOK; 3aliuTa OT MOMeX
HOPMAaJIbHOTO M OOIIEro BUIA; YMHOXUTENN; MIMPOTHO-UMITYIbCHAST MOYJISIIIUSI.
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