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In the article is offered the structural scheme of error correction of the precision measuring channel of average active
power for researches in laboratory conditions and exclusively within the limits of changes of the basic frequency of a
network. A feature of the scheme is the use of calibration of functional transducers with piecewise linear
approximation. The input voltages of these converters are a triangular voltage, which is formed at the output of the
integrator by integrating rectangular bipolar meanders, which are formed from the output signals of the frequency
divider phase shifter synchronized with the network by a device based on the original precision amplitude-pulse system
of phase frequency tuning. Compensatory small-sized low-voltage transformers using measuring amplifiers with
differentially split inputs are used as primary converters, which increases the linearity of the characteristic in a wide
dynamic range, due to which additive-multiplicative correction of errors of the whole measuring path by two points is
realized. The article presents the results of computer modeling of the main functional components of the measuring
channel, which confirm its precision and high metrological characteristics. References 10, figures 2.

Keywords: automatic error correction, active power, measuring channel, synchronization system, frequency components
of errors, phase-locked loop.

Introduction. The main feature of measuring transducers of average active power is the need to use
filtering of input signals while reducing the influence of higher harmonics [1]. In this case, as a result of non-
identity of the frequency characteristics of the filters, errors occur, both phase, which are associated with
non-identity of phase-frequency characteristics of filters and amplitude, which are associated with non-
uniformity of amplitude-frequency characteristics of filters. In addition, a significant contribution to the
frequency errors will be made by the input transformers, which are usually used as primary converters of
input voltages and currents. As a rule, the frequency errors of the converters of average electric power are
corrected at fixed frequencies and do not cover the input transformers. A similar problem was considered in
subsequent publications [2-4].

Research tasks. The purpose of the article is to create an experimental sample of a precision active
power meter for research in the laboratory and only within the limits of changes in the fundamental
frequency of the network (50 + 5) Hz.

The main material. The block diagram of the measuring channel for single-phase connection is
presented in Fig. 1, which adopted the following abbreviations: FDPS is the frequency divider phase P/4
shifter; FC1, FC2 is the functional converter, which is made according to the known scheme of functional
converters with piecewise linear approximation based on the operational amplifier, 12 segments will suffice
to obtain the average directional value of a sinusoidal signal with an error of less than 0.1% [5]; TSD is the
two-and-a-half-period synchronous detector; BIS is the block of input signals; FM- frequency multiplier; TT
is the T-trigger; IIC integrating iterative converter; MX1, MX3 is the digital multiplexers; MX2, MX4 are
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the analog multiplexers;CRT1, CRT2 is the converter of a rectangular signal shape into a triangular one; 5-Y
is the delta-sigma modulator; pc is the microcontroller (8051); Uy is the source of constant reference voltage;
BUS is the I/O bus.

A feature of the scheme is the use of calibration of functional transducers with piecewise-linear
approximation. The input voltages of these converters are a triangular voltage, which is formed at the output
of the integrator by integrating rectangular bipolar meanders, which are formed from the output signals of the
frequency divider phase shifter (FDPS) synchronized with the network using a device that increases the
frequency by four times the frequency multiplier (FM). Made on the basis of the original precision
amplitude-pulse system of phase-locked loop (PLL) [6]. Compensatory small-sized low-voltage transformers
with the use of measuring amplifiers with differentially split inputs are used as primary converters. This
gives an increase in the linearity of the characteristic in a wide dynamic range due to which the additive-
multiplicative correction of errors of the entire measuring path at two points is realized [7].
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Fig. 1

The scheme works as follows. The input signals of the phase voltage U, and the phase current /,, or
their linear analogues, 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 input signals into proportional
voltages Uy and U, respectively. Resistor dividers together with low-voltage voltage transformers VT1 and
VT2 on ferrite cores are used as primary converters of primary voltages and currents (Fig. 2). To improve the
linearity of the conversion function of these transformers, the primary and secondary windings are wound on
the technology of "countercurrent" [8], which provides a non-linearity error of less than 0.01% in the
dynamic range over 20 dB [9], exceeding the required multiplicity of 1:5. To build VT1 and VT2, a double
ring core K32x16x12 made of soft non-thermostable manganese-zinc ferrites of general use type 3000NM is
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used. The windings contain 140 turns of SEW2 wire with a diameter of 0.3 mm and have the following
parameters: inductance = 0.2 H, resistance Rs =~ 2.4 Ohm, which determines the low-frequency pole, which is
approximately equal to 2 Hz.
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This provides, together with the measuring amplifier with differential current inputs (MADCI), the
phase shift deviation on each channel = 0.5° in the frequency band (50 + 2.5) Hz and the amplitude error of
the order of 0.02%. In the filters LPF1, LPF2 to minimize the phase errors introduced by them, cower
approximation (Elliptical filters) [10] with the location of the flat part of the phase frequency response in the
range (50 = 2.5) Hz, with frequency deviation in this range caused a phase shift of about 0.2°. In addition, the
sensitivity of this characteristic to changes in RC elements did not exceed 0.3° by 1%.This means that when
using precision resistors of class 0.05 and capacitors of class 0.25, the error of the phase shift of the filters
will not exceed 0.4° per channel. Thus, the final initial phase shift between the signals Uy, U; (Fig. 2) with
no identity of the components of 10% will not exceed 0.1° in the frequency range (50 + 2.5) Hz. This will
allow calibration of the measuring channel of the average active power at two points.

To reduce the phase-frequency matching errors of transformers VT1, VT2, the latter are made
identical and the output resistance of resistive dividers and shunts has the same value, about 1 Ohm in all
modes of operation and calibration. In the "operation" mode, the mechanically interconnected moving
contacts of the relay P1 are in position "1" while the mains phase voltage U, (100 V, 50 Hz) through the first
divider formed by precision resistors R3, R6 falls on the primary winding of the transformer VT1. The
transfer factor of this divider k,; is equal to:

kg = Rs =107". (1)
R, + R

The actual value of this factor is stored in the memory of the microcontroller pc. The primary
winding of the transformer VT2, in this case through the resistor R, receives a voltage from the shunt Ry, the
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value of which is stored in the memory of the microcontroller pc. To increase noise immunity and linearity,
signals from the secondary windings of transformers VT1 and VT2 through the same sample resistors Ro;-Ro4
fall on the inputs of measuring amplifiers with differential current inputs (MADCI1 and MADCI2) whose
output signals are filtered. LPF1, LPF2 at the outputs of which the output signals Uy and U, are formed in
proportion to the phase voltage and current, respectively:

Uy = Upkglk;leMADCIIkLPFl; @)

*
UI = [pRsthTZkMADCIZkLPFZ ’

where U, is the phase voltage; ,is the phase current; k'yr and &'y, are the values of the transfer coefficient
of transformers VT1 and VT2, taking into account the errors of coordination; ky,pe, and &y, e, are the

values of the transmission factor of the measuring amplifiers MADCII and MADCI2; k;pr and k;pp are

the values of the transfer factor of the filters LPF1 and LPF2, respectively; Ry, is the shunt resistance.
With the help of MX2, MX3, IIC, ADC and uc, the quadrature components of the BIS output
voltages are determined sequentially in time:

Uy U,) = (a+ jb);

U (1,)=(c+ jd), @)
where
{NU,U,) 0% =N () , ,_ INWWU)[90°} - N(O) .
~ N(U)-N(©) v ~ N(U)-N(©) v
N, U)10° - NO) L INWU,U,)190% - NO)
NU)-N©O) " N(U,)-N(0) o

where {N(U(Up) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD is 0°; {NM(Uy (Up) | 90°} is the result of analog-to-digital
conversion of the output voltage of the IIC at the phase shift angle of the control signal DSD is 90°;
{N(U(Ip) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase shift
angle of the control signal TSD is 0°; {N(U; (U)) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal DSD is 90°; N(U,) is the result of
analog-to-digital conversion of the output voltage IIC of the source of the reference signal £Uj; N(0) is the
result of analog-to-digital conversion of the zero input voltage of the TSD, in the last two cases the phase of
the control signal of the TSD is preserved.

In the "calibration" mode (Fig. 2) the primary winding of transformers VT1 and VT2 receives
voltage from the inputs of BIS U, and U,,, respectively. Scaling of these stresses is performed using two
identical voltage dividers kg, and k3, respectively. The values of the transfer coefficients of these dividers
will be equal and presented in the form:

=t 107, )
R, + R,
R, B
= =10". 5
R +R, ©)

The value of these coefficients is stored in the memory of the microcontroller pc. Resistors Ry, R; -
R¢ are precision.

In the "calibration" mode, which consists of three stages, in the first stage the digital multiplexer
MXI1 ensures the coherence of the calibration signals BIS Uy, and Uy, for this control signals CRT1 and
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CRT2 are selected the same and have a phase of 180°. The voltage at the outputs of the BIS will have the
following values:

UU (Ukl) = Uklngk;leMADCIlkLPFl ’

(6)
U,(U,) = Uk2kg3k;T2kMADC12kLPF2 >
Uy (U;y)=(e+ jf),
(7)
U,(Uy,)=(m+ jn),
where
L N UL U109 =N () N U) 1907 -N ) .
= 0> = 0>
NU,)-N(0) NU,)-N(0)
o VU, W10 =N ) N, W) 9071 =N ()
NU,)-N(0) NU,)-N(0)

where {N(U/(Uy;) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD is 0° {NMUy(U) | 90°} is the result of analog-to-digital
conversion of the output voltage of the IIC at the phase shift angle of the control signal TSD is 90°;
{N(U(Uy) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase shift
angle of the control signal TSD is 0°; {N(Uf(Uy,) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal TSD is 90°.

In the mode of "calibration" in the second stage by means of the digital multiplexer MX1 which the
quadrature of calibration signals is provided. This determines the quadrature components of the output
signals of the BIS, which have the following values:

Uy (Uy) = (g + jh);

. ®)
U,(I;,)=(p+jq),

where
_ {N(UU (Ukl) | Oo} _N(O) U* h= {N(UU(Ukl) | 900} - N(O) U*
N(U,)-N(0) o N(U,)-N(0) v
_ {N(Ul(Uk2)|OO}_N(O)U* g= {N(Uz(Ukz)|90°}—N(0)U*
N(U,)- N(0) o N(Uy) - N(0) o

where {N(U(Uy;) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD - 0° {N(U(Uy) | 90°} is the result of analog-to-digital
conversion of the output voltage of the IIC at the phase shift angle of the control signal TSD - 90°;
{N(U(U,») | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase shift
angle of the control signal TSD - 0°; {N(U(Uy,) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal TSD - 90°.

In the "calibration" mode at the third stage the quadrature components of the output voltages of the
functional converters FC1 and FC2 are determined:

Uper = (k+ jb);

9
Upe, =(r+Js), ®

where
k= {N(UFC1) | OO} _N(O) U;, ] = {N(UFC1) | 900} _N(O) U;,
N(U,)~- N(0) N(U,)-N(0)
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RL(CSIEEONS g INWUpe) 1900 -NO)
N(U)=N(0) N(Uy)-N(0)

where {N(Ugc;) | 0°} is the result of analog-to-digital conversion of the output voltage of the IIC at the phase
shift angle of the control signal TSD - 0°; {NM(Ugc;) | 90°} is the result of analog-to-digital conversion of the
output voltage of the IIC at the phase shift angle of the control signal TSD - 90°; {N(Uprc») | 0°} is the result
of analog-to-digital conversion of the output voltage of the IIC at the phase shift angle of the control signal
TSD - 0° {MUgcz) | 90°} is the result of analog-to-digital conversion of the output voltage of the IIC at the
phase shift angle of the control signal TSD - 90°.

The obtained data allow to obtain an adjusted result:

3 (ac —bd)* + (bc + da)’ v 2 (Mj_
P, _A\/(me—nf)2+(ne+mf)2 (rk sl) (ks +7l) ]cos{arctg o —bd A |, (10)

hp + k- k, . . .
P iq ], A=-2 i3 , k g1, k g2, k o3 are the transfer coefficients of the respective
8P —nq

Rs*h 'kgl
divisors, which are stored in computer memory; R",, is the resistance of the shunt, which is stored in
computer memory.

Conclusions. The proposed scheme allows you to adjust not only the error of change of the modulus
of the transmission factor, but also the phase error in the operating frequency range. Due to this, it is possible
to use high-quality filters, which will reduce the influence of higher harmonics, the level of which today is
quite high and exceeds 10%.

The result obtained by expression (10) will be free from systematic additive and multiplicative errors
of all components of the measuring channel including the frequency component of the error, and the
accuracy class of the measuring channel will be determined by the accuracy class of sample voltage dividers
kg1, kg, kg3 shunt resistance Ry, and reference voltage source U.

where Ap = arctg[
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Y ecmammi 3anpononosano cmpyxmypny cxemy Kopexyii noxubox npeyusiiiHo20 SUMIPIOBANLHO20 KAHANLY CepeOHbol
aKmueHOI NOMYsHCHOCMI OJis1 O0CHIOJICEHb 8 1aDOPAMOPHUX YMOBAX MA BUKTIOYHO 8 MEeNCAx 3MIH OCHOGHOI uacmomu
mepeoici. Ocobnugicmio cxemu € SUKOPUCMAHHA NIO 4ac KaniOpy8aHHs (DYHKYIOHAIbHUX NEPemeopiosaiie 3 KyCcKo80-
JiuiiHoI0  anpoxcumayicio. Ilpu yvomy 6xiOHuMU Hanpyeamu yux nepemeoplosadie ¢ MpUKymua Hanpyed, o
dopmyemobca Ha 6ux00i iHmezpamopa iHMe2py8aAHHAM NPAMOKYMHUX OINOIAPHUX MeaHOpi8, AKI YMEOPHIIOMbCs 3
BUXIOHUX CUCHANIB OLbHUKA YACMOMU (PA30pO34eninsayd, CUHXPOHIZ08AHO20 3 Mepexcero 3d 00NOMO2010 NPUCMPOTO,
wWo 30i1bULYE YACMOMY 8 YOMUPU pa3u (HOMHOICY8AY YACMOMU), AKUL 6UKOHAHO HA OCHOBI OPUZIHANLHOT npeyusiiHol
amaAimyoOHO-IMIYIbCHOT  cucmemu  (azoeo2o  agmoniocmporoeanhs yacmomu. Ak nepsunHi  nepemeopiogayi
3aCMOCO8YIOMbCA  KOMNEHCAYiliHI  Manoeabapumui  HU3bKOBOIbMHI — mMpaHchopmamopu 3 BUKOPUCTHAHHAM
BUMIDIOBATILHUX NIOCUTIOB8AYI6 3 OUpepeHyiiino po3uenieHumMy 6xo0amu, wo 3abesneuye niosuujeHHs NiHIHOCMI
Xapaxmepucmuky 8 WupoKomy OUHAMIYHOMY OIANA30HI, 3A80SKU HOMY Peani3yembCs AOUMUSHO-MYTbMUNIIKAMUGHA
KOpeKyisi NoxuboK 6cb020 GUMIDIOBAIbHO20 MPAKMY NO 080M MoOuKkam. Y cmammi Haeedeno pe3yivmamu
KOMN IOMEPHO20 ~ MOOETIO8AHHSI  OCHOBHUX — (DYHKYIOHANbHUX — KOMNOHEHMI8  GUMIDIOBANLHO20 — KAHANY, — SIKI
niomeepoIICyIoms 1020 NPeYUsIUHICMb Ma 8UCOKE Memponoziuni xapaxmepucmuxu. biomn. 10, puc. 2.

Knrouosi cnoea: aBroMaTMdHA KOPEKINsE TOXHOOK, AaKTHBHA TIOTYXHICTh, BHMIPIOBAJILHUA KaHAl, CHUCTEMa
CHUHXPOHI3aIlil, 9aCTOTHI CKJIaJ0Bi MOXHOOK, (ha30BE aBTOHATANITYBAHHS YaCTOTH.
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