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Abstract: Aiming at the problem of large measurement error and phase shift in resistance voltage
dividers under high-frequency conditions in the field of power measurement, such as power harmon-
ics, an error correction method is proposed for an alternating current (AC) resistance voltage divider
based on the equivalence principle. Firstly, the frequency error model of the AC resistance voltage
divider precision is established, and the angle difference of the continuous spectrum ratio difference
from 50 Hz to 100 kHz is corrected by determining the shielding structure and the resistance parame-
ters and fine-tuning the shielding potential correction method to reduce the capacities error of the AC
resistance voltage divider design precision. At the same time, the performance parameters such as
the direction and magnitude of the shielding potential compensation capacitive error are investigated.
Finally, the precision voltage divider (the maximum voltage applied is 480 V) calibration experiments
verify that the important characteristic judgment factor of the voltage divider is independent of
the frequency and the equivalent capacitance value, which effectively solves the phase correction
problem of harmonic power measurement.

Keywords: AC resistance voltage divider; measurement error; frequency characteristic; phase
angle error

1. Introduction

AC resistance voltage dividers are widely used for various levels of voltage measure-
ment [1-6], and because the frequency characteristics of resistance voltage divider ratios
are easier to achieve than those of electromagnetic transformers and other voltage divider
test methods [7-12], precision AC resistance voltage dividers are often used under audio or
power harmonic measurement conditions to divide higher voltages into lower voltages
for measurement, and corresponding national standards have been introduced [13-16].
However, due to the growing demand for harmonic power measurements, precision re-
sistive voltage dividers require tight control of phase shifts and reduced measurement
errors [17-19]. Precision harmonic measurements cover the frequency range from the AC
power frequency to the 60th harmonic, i.e., 3 kHz, and audio power measurements up
to 100 kHz. Finding methods to reduce the impact of capacitive leakage due to resistive
connections, resistance to ground, and shielding, and methods to establish harmonic mea-
surement theory and traceability correction methods have become urgent tasks for electrical
measurement workers [14,20,21].

The existing research methods are mainly established by the measurement error and
voltage divider structure parameters relationship equation and the use of an equipotential
shielding technology design voltage divider structure to reduce the measurement error of
the resistance voltage divider. In the literature [9], the influence of pulsation components
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and spurious parameters on the measurement error of a shielded resistance voltage divider
was analyzed, and the error variation curve with the divider parameters was obtained by
simulations to reduce the error with the proposed measures. In [10,11], a power thermo-
electric comparator and a zero-power factor standard source were used to achieve accurate
measurement of the phase error of a resistive voltage divider, and a step-climbing method
was proposed to achieve accurate measurement of the phase error of the divider based
on the micro potentiometer resistance as a reference standard [12]. The literature [14]
used digital sampling combined with the step-climbing method to achieve an accurate
measurement of the phase error of a resistive voltage divider. The literature [13,14] has
proposed a method for MN-type resistive dividers and their phase error traceability and
also proposed a method to achieve accurate measurement of the phase error of dividers
with different resistance values based on a four-terminal resistive time constant standard
combined with a binary reactance divider, and an experimental analysis of the phase error
and linearity error of two digitally sampled voltage signals at different voltages. The
main and auxiliary voltage divider branches are used to realize the equipotential shielding,
which solves the leakage of the resistor connection to the circuit board and the leakage of
the distributed capacitance around the resistor. In addition, the traceability test method
is as follows: the resistor AC voltage ratio is traceable to the direct current (DC) voltage
ratio, the phase error is traceable to the dual-channel digital voltmeter, and the “step-up”
method is adopted [2,16], i.e., from low voltage to high voltage, which has been used in the
national frequency harmonics standard. However, the phase error of the voltage divider
increases with frequency, making the measurement of harmonic power difficult and the
cost of point-by-point error correction with reference standards in various complex har-
monic conditions too high. The inductive voltage divider with two-stage and single-stage
equipotential is used as a reference standard to cover high voltage measurements in the
frequency range from industrial frequency 50 Hz to 100 kHz and to achieve AC traceability
to DC by extending the resistor in series with the thermocouple, proposing fixed and
moving shielding compensation methods. However, there are problems with the measured
voltage phase not being measured due to the intervention of the thermocouple and the
mobile shield compensation leakage not being given a quantitative analysis [20,22]. In
addition, the resistance voltage divider also has application limitations such as a nonlinear
high-frequency response [13] and high cost. The limitations of the use of AC resistance
voltage dividers are summarized in Table 1 below.

Table 1. The limitations of the use of AC resistance voltage dividers.

Manufacturing Production Ratio Error Calibration Output Digital
Cost Difficulty Adjustment Impedance Compensation
High High Hard (difficult Hard (difficult to cover High NO

to automate) the full frequency band)

This research establishes a frequency error model for precision AC resistance voltage
dividers to study the direction, magnitude, and other performance parameters of the
shielding potential compensation capacitive error, and validates the effectiveness of this
research’s method for the phase correction problem of harmonic power measurement by
setting the shielding structure and resistance parameters to fine-tune the shielding potential
for calibration experiments.

2. Precision AC Resistance Voltage Divider Frequency Error Analysis

The equivalent circuit topology of the precision AC resistance voltage divider is shown
in Figure 1.

As for the parameters in the diagram, U; and U, represent input voltage and output
voltage, respectively; Ry represents the voltage divider resistor 1; R, represents the voltage
divider resistor 2; C represents the equivalent leakage capacitance; Ry; represents the
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equivalent upper resistance of voltage divider resistor 1; Ry represents the equivalent
lower resistance of voltage divider resistor 1; Ry; represents the equivalent upper resistance
of voltage divider resistor 2; and Ry, represents the equivalent lower resistance of voltage
divider resistor 2.

U T .
Metal shielding shell
1
R
R
R

Ry Ri1
U, '____I .—§ R is the resistance for

[ auxiliary voltage division
Riz
, -
1
Ui _V ) . .
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Figure 1. Precision AC resistance voltage divider.

The electrical structure of the auxiliary voltage divider branch and the equipotential
shield are simplified here, while Ry and R; are regarded as ideal (i.e., nominal resistance
value, no inductance) single resistors and can be divided into two arbitrary parts that need
analysis; usually, the resistance value of R; is several hundred k(), the resistance value of
R; is several k(2, the equivalent leakage capacitance C is reduced to tens of pF due to the
use of equipotential shielding structure, and the above parameters are used as the basic
reference for the following error analysis.

T=Cx(Riz2+Rn) D
__ &

k= Ri+ R @)

w=2nf 3)

where T is the time constant, K is the nominal voltage division ratio of the resistive voltage
divider, w is the angular frequency (rad), and f is the frequency of the voltage divider input
signal (Hz).

Considering the actual voltage division ratio in the AC case, the equivalent reactance
of each branch of the resistance voltage divider is simplified by the ‘A-Y” as shown in
Figure 2. The equivalent reactance values r1, r, and r3 are shown below:

"= 22 )
jwC(Rig + Ry1) +1
Ry
p— " 5
2 ]CUC(R]Z + R21) +1 ®)
R
ra = R12R2 ©)

Rip + Ry + ]w%
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Figure 2. AC resistance voltage divider circuit transformation.

r

—]
o
N

Then, the actual ratio of resistance divider can be obtained and expressed as:

2T2Ry + Ry 4 jwTR
K(®) = R SR s @)
w?T?(R11 + Rpp) + Ry + Ry + jwT(R12 + Ryp)
Leta= T2R22, b= TR21, c= Tz(RH + Rzz), d= T(Rlz + R21), then,
_ w?a+Ry+jwb
K(w) T w2c+Ry+Ry+jwd
_ (w?a+Ry) (w?c+Ry+Ry ) +w?bd+j(wb(w?c+Ry+Ry ) —wd (w?a+Ry)) 8

(w2c+R1 +R2)2+w2d2

The value of the imaginary part of the above equation is very small; thus, the contrast
calculation can be neglected and the voltage divider ratio f. is expressed as:
folw) = RIS
[(w?a+Ry) (w?c+Ry+Ry ) +w?bd| (Ry+Rp) — [(wzc+R1+Rz)2+w2d2} Ry 9)
[(w2c+R1+R2)2+w2d2] Ry

Neglecting the higher order term errors and substituting a, b, ¢, and d into the final
result and simplifying gives:

Folw) = —w?T?(Ry1 Ry — R1213222) (R11 + R22) (10)
Ry(R1 + Ro)

Let p= R11R21 - R12R22, then

Kf _ _sz(Rll + Rzz)
Ro(Ry + Ry)?

(11)

The expression for the angular difference of the voltage divider J. can be expressed as:

wT[R11Ry1 — R12R2 + w?T?(R11Ra1 — Riz2Ra)]
(szszz + Rz) [a)sz(Rn + Rzz) + Ry + Rz] + w2T2R21 (R12 + R21)

de(w) = (12)

Ignoring the higher order term errors and substituting a, b, ¢, and d into the final result
and simplifying, the equation can be expressed as:

wT(R11Ry1 — R12R2)

belw) = Ry(Rq +Ryp)

(13)
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Then,
Tp

- Ry(Ry + Ry)

As a result, the error in the voltage divider can be expressed separately and parsimo-
niously as:

K; (14)

1. The ratio difference of the voltage divider:

felwi) = wiKg (15)

2. The angle difference of the voltage divider:

Oc(wi) = wiKy (16)

where the measure of K is in seconds squared (s?) and the measure of K; is in seconds (s),
which can be expressed as:
- —TZP(RH + Rzz)

K= (17)
S T Ra(Ry + Ro)?
Tp
K= —-% 18
"7 Ry(R1 +Ry) (18)

The value of Kf is about 1 x 10~14, which is determined by the resistance parameters,
shielding structure parameters, air medium, etc. It is a constant that does not change with
frequency. The agreement between the calculation of the simple Equations (15) and (16),
and the exact Equation (7) is about 1 x 1072 in the range of 50 Hz~3 kHz.

The value of K; is about 1 x 10~%, which is determined by the resistance parameters,
shielding structure parameters, air medium, etc. It is a constant that does not vary with fre-
quency, and the agreement between the simple Equations (15) and (16), and the calculation
of the exact Equation (7) is about 1 x 10~ in the range of 50 Hz~3 kHz.

In this way, the error function at any frequency point in the frequency range measured
by the voltage divider can be simplified by its structural characteristic parameters K; and
Ky as:

Kw) =K _ wiKy + jwiK; (19)
fe(wi) = wiKs (20)
éc(a)i) = wiKt (21)

The first term in Equation (19) is the voltage divider ratio difference and the second
term is the voltage divider angle difference. The exact ratio and angle difference of any
frequency point in the measurement frequency range is denoted by f.(w;) and J.(w;), and
the frequency point is denoted by w;.

The expression for K¢ and K; includes an implicit important judgment factor p, which
can be determined from Equations (17), (18), (20), and (21):

When p = 0, regardless of how the frequency and equivalent capacitance change, the
ratio error and phase difference of the voltage divider are both zero.

When p < 0, the ratio error of the voltage divider is positive and its absolute value
increases with frequency according to a w? relationship. The phase difference is negative
and its absolute value increases with frequency according to a w relationship.

When p > 0, the ratio error of the voltage divider is negative and its absolute value
increases with frequency according to a w? relationship. The phase difference is positive
and its absolute value increases with frequency according to a w relationship.

K and K are only related to the structural parameters, and the error caused by
changes in signal frequency can be ignored, making them features with frequency invari-
ance. By matching the parameters to make the characteristic factor p close to zero, the
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characteristic quantities Ky and K; can be obtained simply by measuring the ratio error
and phase difference at any frequency point under a reference standard, as described
in Equations (20) and (21). Therefore, the calibration of the voltage divider over the en-
tire frequency range can be completed by performing a source calibration at a single
frequency point.

3. Adjustment of The Voltage Divider’s Shielding Potential Method for Error
Compensation Solutions

By the above analysis of the frequency error of the voltage divider, it can be concluded
that the optimal compensation of the frequency error of the voltage divider can be achieved
using the adjustment of the shielding potential to the equipotential shield.

Figure 3 shows that AR represents the amount of adjustment of the segment resistance
R of the auxiliary voltage divider branch. When AR is positive, so that the segment resis-
tance increases, the relative potential of the resistive outer shield shell at the corresponding
position of the main voltage divider branch shifts down; when AR is negative, so that
the segment resistance decreases, the relative potential of the resistive outer shield shell
at the corresponding position of the main voltage divider rises; G represents the buffer
impedance conversion by a precision op-amp; U/U represents the inductive voltage di-
vider for 100 V/4 V equipotential shielding, used as an AC voltage proportional reference
standard; Us represents the precision regulated frequency modulation (FM) power supply;
and YC represents the dual-channel precision voltage comparator. It should be noted that
to ensure the reliability of the comparison, i.e., that the reference standard YC has a high ac-
curacy and stability, the two channels of YC here use the same circuit and electrical isolation
design. Among them, a 16-bit analog-to-digital converter AD677 is used for single channel
digital acquisition, which has the characteristics of a high precision and a self-calibration
function. In terms of the data acquisition control and algorithm, YC can realize the precise
measurement of AC voltage based on non-integral period sampling theory, a linear phase
algorithm of 90-degree filter window, and real-time polynomial data reconstruction of FFT.
The calibration results compared with the national benchmark of the National Institute of
Metrology (NIM) in Beijing and the National Research Council of Canada (NRC) show a
maximum error of 5 x 10-%. Meanwhile, using Fluke732B as a reference, long-term stability
and uncertainty analysis tests were carried out from 2019-01 to 2019-10, and the results
showed that the measurement extended uncertainty was 1 x 107.

YC

G - Hy

Figure 3. Adjusting the shielding potential diagram of the divider.

(1) The principle of equipotential shielding. As shown in Figure 3, for each series voltage
divider resistor under the condition of applied voltage, each section of the main
and auxiliary voltage divider will produce an equal segment voltage. The single
main voltage divider segment resistance will produce the leakage of distributed
capacitance due to the connection lines and resistor core to the shielding shell to the
ground. The effect of the high end of the segment resistance to the shielding shell
at the 1/2 segment potential is that the leakage current flows out from the core and
the connecting line, whereas the effect of the low end of the segment resistance to
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the shielding shell at the 1/2 segment potential is that the leakage current flows in
from the core and the connecting line. Therefore, the shielding effect will cancel
out the leakage current flowing in, thus eliminating the effect of the distributed
capacitance on the measurement. However, the resistor core and connecting line
and the axis of the shielding shell are not exactly coincident. The main and auxiliary
voltage division of the segment resistance will also have a small difference, which
will produce residual distribution capacitance in each main voltage division segment
resistance. Its synthetic distribution parameters are shown in Figure 1 and it is the
equivalent residual distribution capacitance C which caused the main error of the
voltage divider frequency measurement.

(2) The principle of distribution parameters elimination. The elimination of the residual
distribution capacitance type is difficult to solve as a process problem. The method
chosen in this research is to use the adjustment of the shielding potential, that is, to
change the 1/2 section potential equivalent in order to change the proportion of leak-
age current outflow and inflow. This is performed to achieve the equivalent voltage
division on the resistance and the lower resistance and the equivalent capacitance
position, so that the judgment factor p tends to the minimum value.

(3) Adjustment method. The low end of the precision-regulated FM power supply is
connected to the low end of the 100 V/4 V divider, the low end of the 100 V/4 V
inductive divider, and the low end of the dual channel voltage comparator A and B
channels. The high end of the precision voltage regulator is connected to the high
end of the voltage divider and the high end of the inductive divider. The high end of
channel A of the dual channel comparator is connected to the low voltage 4 V tap of
the inductive divider, and the 4 V tap of the divider is connected to the high end of
channel B of the voltage comparator via a buffer.

From a precision-regulated FM power supply output of 1000 Hz 100 V voltage, a
dual-channel voltage value can be obtained from the voltage divider proportional error and
angular error. Here is an example of the converter angle difference conversion: the indicated
value of 0.005°, according to Equation (21), can be calculated to obtain K; = 1.39 x 10~3.

At this point in the voltage divider judgment factor p > 0 situation, it is necessary to
adjust the shielding potential to bring K; to zero, that is, equivalently AR increases in the
positive direction, making K; or p move in the direction of zero, and adjusting to zero. At
this point, the error of the voltage divider is compensated.

To review the calibration results, the stable power supply outputs 100 V at 500 Hz
and 200 Hz, respectively, and the difference between the angular indications of the two
channels should be constant at zero.

The above adjustments are already sufficient for the calibration of frequency errors
from 50 Hz to 3 kHz so that the calibration of harmonics is thus fully calibrated and no
further digital calibration is required.

4. Digital Calibration of Frequency Errors in Harmonics and Audio

In cases where the shielding potential cannot be adjusted for structural reasons, a sim-
ple digital correction method can be adopted, which is exactly equivalent to the hardware
adjustment of the shielding potential. Regardless of single frequency or complex frequency
conditions, this research can be used to obtain the error of the resistive voltage divider at
any frequency point w;. i is the number of harmonics 1, 2, ...... , 60 representing 50, 100,
...... , 3000 Hz frequency points, respectively.

To illustrate: the abovementioned K; = 1.39 x 1078, the errors at 200 Hz, 500 Hz,
1000 Hz, and 3000 Hz are calculated according to Equation (21) as: §4 = 17.5 x 107 rad,
810 =43.6 x 107° rad, dp9 = 87.3 x 10~ ° rad, dgp = 261.8 x 1070 rad.

In the case of audio, the above calculation method is also used, provided that the K;
value is appropriate for any frequency point in the measurement range, e.g., 1001.11 Hz,
which can also be calculated accurately according to the above equation.
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5. Experimental Data Validation to Eliminate Voltage Divider Errors

By measuring the angular differences of six voltage dividers described in the litera-
ture [2,16], the data shown in Table 2 were obtained. Here, the angular differences of the six
voltage dividers are measured by the step-up method using the China National Industrial
Frequency Harmonic Measuring Device of the National Institute of Metrology in Beijing,
China. Fluke6100A is used as a signal source, and two digital voltmeters (HP3458) are
used as sampling ADCs. Then, the angle difference between the two voltage signals can be
calculated by synchronous sampling compensation and discrete Fourier transformation
(DFT) data processing. The DFT used a total of 1680 sampled data in four cycles.

Table 2. Angular difference measurements for six voltage dividers from the literature [2].

§ (X106 rad)

f (H2) 480 V 240 V 120 V 60 V 30V 15V
50 —14.4 12.2 14.6 13.0 1.1 34
500 ~150.8 118.2 143.0 131.9 14.2 43.0
1000 3057 233.4 282.7 260.3 26.8 83.8
1500 —451.1 356.8 430.2 396.1 45.1 129.1
2000 —614.9 459.8 559.4 515.4 50.6 163.4
2500 —7767 567.7 694 639.5 66 205.7
3000 —918.4 701.9 851.3 785.9 87.8 2503

The K; values were calculated using Equation (21) for the data in Table 2 and the
results are shown in Table 3.

Table 3. Calculation of K; values for six voltage dividers from the literature [2].

Ki(s) (x109)

f (H2) 480 V 240 V 120 V 60 V 30V 15V
50 459 389 465 414 3.50 10.8
500 —480 376 455 420 452 13.7
1000 _487 372 45.0 414 427 133
1500 —479 379 457 420 479 13.7
2000 —49.0 36.6 445 41.0 403 13.0
2500 —495 36.2 442 407 420 13.1
3000 487 373 452 418 4.66 13.3

Considering that the resistance voltage divider needs to focus on the frequency band
of 1 kHz and above, only the statistical analysis of K; value at the frequency band of 1 kHz
and above is conducted. The results are shown in Table 4. In fact, the calculated K; value in
the frequency range of 50 Hz~1 kHz still has the same order of magnitude.

Table 4. Analysis of calculated K; values from 1 kHz to 3 kHz.

Ki(s) (x1079): Mean and Standard Deviation from 1 kHz to 3 kHz

480V 240V 120 V 60 V 30V 15V
Average —48.8 -37.0 449 41.4 43.9 13.3
Std deviation 0.581 0.658 0.589 0.522 0.321 0.268

According to the method described in this article, error correction was performed on
two sets of resistor dividers, 120 V/0.8 V and 480 V /0.8 V, with correction parameters of
R; =298 K, R, =2 K(), equivalent capacitance of 30 pF, Rjp =0, Ry =1735 (), Ryp =265 (),
and K; = 449 x 1077, and Ry = 599 KQ, R, = 1 KO, equivalent capacitance of 10 pF,
Rqp =54 KQ, Ry; =0, Ry = 1000 O, and K; = —4.86 x 10~8. The phase difference and actual
measurement error at each frequency point were calculated and compared with the actual
test values before correction, as shown in Tables 5 and 6. From the table, it can be seen that
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the actual measured data with the angular difference (Table 2) exactly match, with only a
small deviation from the literature [2] step-up phase error traceability process.

Table 5. Comparison of 120 V/0.8 V calculated angular differences based on K; values and mea-

sured values.

8. (x1076 rad)

f H2) 50 500 1000 1500 2000 2500 3000
Calculating angular differences 14.1 141 282 423 563 704 845
Measured angle difference 14.6 143 282.7 430.2 559.4 694 851.3
Difference —0.5 -2 —0.7 —7.2 3.6 10 —6.3
Table 6. Comparison of 480 V/0.8 V calculated angle differences based on K; values and measured values.
Jc (x106 rad)
f H2) 50 500 1000 1500 2000 2500 3000
Calculating angular differences —15.3 —153 —305 —458 —610 —763 —916
Measured angle difference —14.4 —150.8 —305.7 —451.1 —614.9 —776.7 —-9184
Difference -0.9 —2.2 0.7 —6.9 49 13.7 24
Based on the data in Tables 5 and 6, further optimization parameter matching and
calibration were carried out for 120 V/0.8 V and 480 V/0.8 V. The parameters used
were an equivalent capacitance of 30 pF, Ry = 1000 ), Ry; = 10 3, Ry = 1990 (), and
Ki=4.95 x 10~ for 120 V/0.8 V, and an equivalent capacitance of 10 pF, Ry = 54 KQ,
Ry1 =90 Q, Ryp =910 O, and K; = —8.11 x 10~ for 480 V/0.8 V. The phase difference and
actual measurement error at each frequency point were calculated and compared with the
actual test values before calibration. The results are shown in Tables 7 and 8.
Table 7. Comparison of the calculated angular difference of 120 V/0.8 V based on K; values with the
measured values after fine matching.
8. (x1076 rad)
f H2) 50 500 1000 1500 2000 2500 3000
Bef librati Calculating angular differences 0.02 0.16 0.31 0.47 0.62 0.78 0.93
efore calibration Measured angle difference 0.02 0.17 0.35 0.52 0.72 0.87 0.96
After calibration Measured angle difference 14.6 143 282.7 430.2 559.4 694 851.3
Table 8. Comparison of the calculated angular difference of 480 V /0.8 V based on K; values with the
measured values after accurate matching.
Sc (x1076 rad)
f H2) 50 500 1000 1500 2000 2500 3000
Bef librati Calculating angular differences ~ —0.03 —0.26 —0.51 —0.76 —1.02 —1.27 —1.53
efore calibration Measured angle difference —0.02 —0.31 —0.52 —0.79 —1.05 —1.31 —1.57
After calibration Measured angle difference —144 —-150.8  —-3057 —451.1 —-6149 7767 9184

From the data in the table, it can be seen that after fine calibration of the divider using
the method described in this paper, the maximum angle difference of the divider calculated
using the K; value obtained is no more than 2 x 107° rad within the frequency range of
50 Hz to 3 kHz. The actual tested and calibrated angle difference of the divider also matches
the calculated value very closely, indicating that the model method is correct and reliable.
Moreover, in terms of the angle difference over the entire frequency range, the difference
between each frequency point is particularly small, almost independent of the frequency
size. In general harmonic power testing applications, the angle difference of the divider
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can be completely ignored, and there is no need for digital compensation. Comparing the
measured data before and after calibration, the angle difference of the calibrated divider
is only 1/(500 to 900) of the angle difference before calibration, and the error level has
increased by about 2 to 3 orders of magnitude. Comparing the angle difference data of the
two dividers in Tables 7 and 8, it can be seen that the angle difference of the divider with a
higher operating voltage is larger, indicating that there are different leaks in the selection,
structure, and processing technology of the divider device at different voltage levels, and it
is necessary to further study and improve the performance indicators.

Since the upper limit of the test frequency in the literature [2,14] is 3 kHz, the test
results in the literature [13] are used to verify the validity of the correction method when the
frequency range is greater than 3 kHz. The phase angle error of the resistive voltage divider,
the ratio of which is 100:1 with 11 sets of 100 Q) resistive elements in serial connection and
9 sets of 100 () resistive elements, is still designed by the National Institute of Metrology in
Beijing and measured at the voltage of 30 V and shown in Figure 8 of the literature [13].
According to Equation (6) in [13], after the leakage capacitance determined by the geometry
and resistance are determined, the phase angle errors present a linear relationship with
the frequency, which is also consistent with the results of Equation (21) in this paper.
According to the phase angle error test results shown in Figure 8 and Equation (21),
we can obtain an estimate of K; of about —3.15 x 10~10. Then, we still assume that the
equivalent capacitance is 30 pF, and two sets of resistance values, (R1; = 1000 (2, R1» = 100 (),
R21 = 1/9 Q, Rzz = 99/9 Q) and (Rll = 1000 Q, R12 =100 Q, R21 = 10/9 Q, R22 = 90/9 Q),
respectively, are adopted according to the circuit topology and the ratio K = 100:1 in [13].
From Equations (1) and (18), the corresponding K; of the two sets of resistance values are
—2.51 x 1071 and 2.73 x 107!}, respectively. The measurement results of the resistive
voltage divider are shown in Figure 4 where the solid line represents the method of the
literature [13] and the dashed line represents the method of this paper. The figure shows
that the frequency response of the correction method proposed in this paper is still better in
the frequency range of 3 kHz to 100 kHz. In addition, it should be noted that when a higher
voltage is applied, the temperature increase and possible corona discharge will amplify the
error of the voltage divider. The error compensation correction method proposed in this
paper is limited to a resistance voltage divider below 480 V.

X107
5 , I I I
e ]
-5+ “\\\\\ |
JQQ 1 \\\\\\
10+ Method in Shi, et al, 2018 Tl |
———-K;=-251x10" BRI
-15 | ----ee- Ki=2.73<10 ™" -~ _]
-20 . ! , ,
0 2 &0 100

40 60
Frequency(kHz)
Figure 4. Comparison of angular difference measurements [13].

6. Design and Calibration Steps for Precision Voltage Dividers

The suitable appropriate shielding structure and R; and R, parameters are selected by
experimentation so that the judgment factor p-value is as small as possible. For example,
in [5], the 480 V voltage divider R; = 599 k(), Ry = 1 k(), K; value is negative, the 240 V
voltage divider R; = 598 k(}, R, =2 k), K; value is positive, and the appropriate R;, R; are
selected to obtain a smaller K; value design. The K; value is taken as the adjustment target
because, usually, K¢ value is 4-5 orders of magnitude smaller than the K; value. As long as
the K; value is selected, a smaller Kf value will be obtained due to the small p-value.

Once the shielding structure and resistance parameters have been selected, the re-
sistance of the auxiliary branch is fine-tuned so that the shielding potential moves in the
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direction of a reduced p-value. When the p-value is positive, move up; when the p-value is
negative, move down.

Once the above two steps have been completed, or if for other reasons it is not possible
to select another resistor parameter and shielding structure, the voltage divider can be
digitally corrected.

Regarding the equipotential inductive voltage divider, a suitable frequency point such
as 1 kHz is selected, and a selected voltage ratio such as 120 V/0.8 V is measured to obtain
the ratio measurement value f. and the angular difference measurement value J,. Kf and K;
are calculated according to Equations (20) and (21), and the error at any frequency point w;
(including the calibration point 1 kHz itself) can be calculated by substituting K¢ and K; into
Equations (20) and (21) This completes the error calibration of the continuous spectrum
from 50 Hz to 100 kHz. Figures 5 and 6 show the relationship between the quadratic
characteristic of the signal frequency for the voltage divider ratio difference and the linear
relationship for the signal frequency for the angular difference, which has been assumed to
be at the optimum compensation matching parameters.

><|-0—10

4 I I I I I
0 5 10 15 20 25 30
I

Figure 5. The ratio difference when adjusting the shielding potential diagram of the divider.

x10°

0 I I I I I
0 5 10 15 20 25 30
I

Figure 6. The angle difference when adjusting the shielding potential diagram of the divider.

7. Conclusions

This research proposes a frequency error model for AC resistance dividers’ precision.
In the design of AC resistive voltage dividers precision, capacitive errors caused by various
reasons are controlled. A single point correction method is used to achieve the correction
of the continuous spectral ratio difference angle difference between 50 Hz and 100 kHz.
The direction and magnitude of the shielding potential compensation are investigated for
capacitive error. It is proposed that the important characteristic p-factor of the divider is
independent of the frequency and equivalent capacity value. The phase correction problem
for harmonic power measurement is solved.
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