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Abstract: The on-site measurement of transient voltages is of great significance in analyzing the
fault cause of power systems and optimizing the insulation coordination of power equipment.
Conventional voltage transformers normally have a narrow bandwidth and are unable to accurately
measure various transient voltages in power systems. In this paper, a wideband parallel resistive–
capacitive voltage divider is developed, which can be used for online monitoring of transient voltages
in a 220 kV power grid. The structures of the high-voltage and low-voltage arms were designed.
The internal electric field distribution of the high-voltage arm was analyzed. The influence factors
and improvement techniques of the upper frequency limit were studied. The parameters of the
elements of the divider were determined. The voltage withstand performances and scale factors
under lightning impulses and AC and DC voltages, the temperature stabilities of scale factors and
the step response and bandwidth of the developed voltage divider were tested. The results show
that the deviations of the scale factors under various voltage waveforms and different temperatures
ranging from −20 to 40 ◦C are within 3%. The withstand voltage meets the relevant requirements
specified in IEC60071-1-2011. The step response 10~90% rise time is approximately 29 ns, and the
3 dB bandwidth covers the range of DC to 10 MHz.

Keywords: resistive–capacitive voltage divider; transient voltage monitoring; scale factor; step
response; broadband; temperature stability

1. Introduction

Precise measurement of transient voltage waveforms in power systems is of great sig-
nificance to fault analysis, optimal insulation design, optimized high-voltage experiments,
etc. At present, online monitoring of transient voltages can be achieved by a voltage trans-
former, bushing tap, optical electric field sensor, high-voltage divider, etc. [1–5]. Among
them, voltage transformers are made of a non-linear ferromagnetic material and have a
narrow bandwidth [6–9]. Optical electric field sensors have a good performance in terms
of bandwidth, but their practical measurement accuracy is limited by their poor stability
against temperature, vulnerability to vibration and inter-phase coupling [10]. The appli-
cation of the bushing tap method interrupts the grounding connection of the tap, which
introduces a safety risk [11]. Therefore, a broadband high-voltage divider is required, to a
certain extent, in power systems for transient voltage monitoring.

Intensive studies have been carried out on voltage dividers globally. The basic types of
voltage divider include capacitive and resistive dividers. A capacitive voltage divider using
a gas capacitor for the high-voltage arm and a mica dielectric for the low-voltage arm has a
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step response time of less than 20 ns and a good measurement of standard impulse wave-
forms [12]. A commonly used coaxial configuration for capacitive voltage dividers was
developed by Standford in the 1960s, which demonstrates good temperature stability [13].
High-precision resistive voltage dividers commonly use metallic film resistors arranged in
a coaxial chamber and have a step response time of less than 1 ns [14–16]. Liquid resistors
can also be used in a resistive divider for heat dissipation and limiting stray parameters,
which provides a 13 ns response time, as reported by Liu Y. [17]. Capacitive–resistive com-
bined dividers are more likely to be used in practical applications. The parallel-connected
resistive–capacitive voltage divider developed by T. Harada has a step response time of
about 10 ns [18]. Sweden developed an HVDC voltage divider based on RC compound
connection, which has an uncertainty of 16 × 10−6 in DC measurement [19]. Kai Zhou
developed a low-damped capacitive voltage divider for online transient monitoring of a
10 kV distribution network. By appropriately determining the damping resistance, high-
voltage arm capacitance and other parameters, a minimized oscillation and good impulse
response were achieved with the divider [20]. A non-contact measurement can be achieved
by voltage division via space capacitance. A non-contact voltage division technique was
developed by hanging a sensor on a high-voltage conductor, which showed a similar per-
formance to capacitive voltage dividers [21]. In non-contact voltage division, the sensing
electrode is more likely to be installed on the ground, in which the space capacitance
between the conductor and sensing electrode is used as a high-voltage arm [22,23]. These
non-contact voltage division techniques have the advantages of a low cost and easy appli-
cation, although the inter-phase coupling issue reduces their practicality. Voltage division
is also applied in gas-insulated switchgear (GIS) to measure VFTO caused by the switching
operation. Similar to non-contact voltage division, space capacitance between the conductor
and installed electrode is used as a high-voltage arm. Based on cone-shape design of the
low-voltage arm, H. Murase developed a GIS sensor with a step response time of 350 ps
and an upper frequency limit beyond 1 GHz [24]. However, the measuring point of this
technique is limited to GIS. Overall, although the above voltage division techniques are
characterized by a short response time, most of them only function sufficiently in laboratory
environments and low-voltage measurement. Some are not enabled with low-frequency
measurement (i.e., harmonics), and some are vulnerable to the adjacent equipment and
the temperature. The increase in the voltage level would enlarge the physical size of the
divider, thus introducing more stray parameters and worsening the response. Therefore, it
is a challenge to use a divider to perform on-site measurement of transients. In addition,
insulation of the outdoor environment as well as the temperature stability must be within
acknowledged limits for the divider.

In this paper, a parallel-connected resistive–capacitive voltage divider is developed
for a 220 kV power grid. The development works include the structural design of high and
low arms, analysis of the internal field distribution, a study on the upper cut-off frequency
of the divider and its optimization and the determination of the components’ parameters.
In verifying the divider’s performance, the insulation strength and scale factors were deter-
mined by a lightning impulse, the power frequency and the DC voltage. The temperature
stability was tested in an artificial climate chamber. The response characteristics of the
divider were tested by the step response method and frequency sweep method.

2. Structural Design
2.1. High-Voltage Arm

In order to meet the demand of monitoring various transients in the outdoor environ-
ment, the divider developed in this paper is characterized by good resistance against the en-
vironment, high temperature stability and a strong broadband measurement. The porcelain
housing of a 252 kV specification was used to pack the divider. The divider was equipped
with components with high temperature stability. To achieve a low-frequency measurement
(i.e., DC to harmonics), a parallel connection of resistance and capacitance was adopted.
Meanwhile, for a better high-frequency performance, minimization of high-voltage arm
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inductance and a properly damped design were adopted. Fine adjustment was performed
on the resistance and capacitance values for both the high- and low-voltage arms.

The schematic diagram of the voltage divider is shown in Figure 1. A total of 25 units
were assembled in series connection in the high-voltage arm to reduce the insulation re-
quirement for a single component. In each unit in the high-voltage arm, C is the capacitance,
and Rd denotes the damping resistance. R is the parallel-connected resistance, and Cg-n is
the stray capacitance to the ground of each unit. A resistive–capacitive parallel connection
was also adopted in the low-voltage arm, in which c is the capacitor, rd is the compensation
resistor and r is the parallel-connected resistor. Cg denotes the stray capacitance to the
ground of the low-voltage arm. The capacitors work on the division of high-frequency
voltage waveforms, while the parallel-connected resistors are for the low-frequency volt-
age, even including DC. The damping resistance and compensation resistance damp the
high-frequency oscillation and manage the scale factor at high frequencies.
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Figure 1. Circuit structure of resistive–capacitive voltage divider.

Conventional parallel-connected resistive–capacitive voltage dividers are mainly used
for DC and power frequency measurements, of which the high-frequency performance
is generally not sufficiently developed. A large physical size is generally required for the
sake of the insulation strength consideration, which limits the high-frequency performance
by introducing stray parameters (i.e., stray capacitance and lead inductance). In order to
reduce the lead inductance, each unit in the high-voltage arm includes a parallel connection
of five groups of capacitors and damping resistors. In order to improve the thermal capacity
of the parallel resistances, each unit has five resistors in parallel, as shown in Figure 2. The
height of each unit is only 80 mm.
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Meanwhile, in order to ensure the temperature stability of the voltage divider, a
temperature-compensated (negative–positive 0 ppm/◦C) ceramic capacitor with stable
capacitance and dielectric loss and a glass glaze resistor with a small temperature coefficient
were used in the high-voltage arm [25].

To even out the electric field distribution and prevent partial discharge, an aluminum
shielding electrode with a shielding ring was arranged between adjacent units, which also
reinforces the mechanical strength of the high-voltage arm.

A total of 25 high-voltage arm units were divided into 5 groups, which were installed
in series on an insulating pillar. The whole high-voltage arm was installed in a 252 kV
porcelain casing with a height of 2.3 m. The top of the casing was equipped with a shielding
ring. The casing was filled with transformer oil as insulation and a cooling medium.

2.2. Field Distribution in the High-Voltage Arm

In order to avoid the internal discharge of the voltage divider, the internal electric field
distribution of the designed high-voltage arm was simulated and analyzed by the finite
element method.

An air-type spherical solution domain with a diameter of 5 times the height of the
voltage divider was set around the divider with the boundary grounded and the domain
tetrahedrally meshed. The basic properties of various materials involved in the simulation
computation are shown in Table 1.

Table 1. Electrical property parameters of materials.

Material Conductivity (S/m) Relative Dielectric Constant

Parallel-connected resistor 0.002 6
Series-connected resistor 788 6

Capacitor 1 × 10−12 146
Transformer oil 1 × 10−12 2.3

Casing 2.01 × 10−15 6
Stainless-steel components 4.03 × 106 1

Insulating pillar 2.01 × 10−15 6
Spherical solution domain 5 × 10−14 1

The electric field simulation adopted the Dirichlet boundary condition to solve the
problem [26]. The excitation potential was applied on the metal flange at the top the voltage
divider, and the metal flange at the bottom of the voltage divider was grounded. The
simulation results are shown in Figures 3–5 for when the applied voltage was 360 kV, which
is the highest tolerated power frequency voltage. The high-field strength area outside the
divider body is mainly distributed at the edge of the top shielding electrode, with the
maximum value of 2.40 kV/mm. The highest field strength inside the divider appears
at the connection point of the capacitor and resistor in the resistive–capacitive branch,
which is 3.49 kV/mm. The breakdown field strength of the transformer oil is no less than
28 kV/mm, which is much higher than the calculated maximum local field strength; thus,
internal discharge is not likely to occur under normal operating conditions.
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2.3. Low-Voltage Arm

In order to reduce the stray inductance of the low-voltage arm, multiple groups
of resistors and capacitors were placed in parallel in the low-voltage arm, in which the
components were compactly welded on a PCB (as shown in Figure 6). A non-inductive
symmetrical structure for both sides was adopted for the PCB [27]. In addition, resistor
and capacitor chip elements with a small temperature drift and low inductance were used.
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3. Frequency Response Analysis

The low-frequency performance of a resistive–capacitive parallel-connected voltage
divider is mainly determined by the circuit of parallel resistors. Its upper cut-off frequency
is affected by various parameters including lead inductance and stray capacitance. Thus, it
is necessary to analyze the influencing factors and optimization methods in detail.
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For the high-frequency voltage measurement, the parallel resistors can be ignored,
and the equivalent circuit of the voltage divider is shown in Figure 7, where L0 is the lead
inductance introduced by the external lead, and C0 is the stray capacitance of the divider
to the ground. L1 and L2 denote the lead inductance of the high- and low-voltage arms,
respectively. C1 and C2 denote the capacitance for the high- and low-voltage arms, respec-
tively. R1 is the damping resistance of the high-voltage arm, and R2 is the compensation
resistance of the low-voltage arm. U1 is the input voltage, and U0 is the output voltage.
The upper cut-off frequency of the voltage divider mainly depends on three groups of LC
units, namely, L0C0, L1C1 and L2C2.
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Figure 7. Equivalent circuit of the resistive–capacitive voltage divider during measurement of
high-frequency voltage.

The frequency characteristic in the amplitude of the voltage divider via the frequency
sweeping method is shown in Figure 8 for when L0C0 >> L1C1 and L2C2. The calculation
shows that, when the measured frequency is close to the resonance point of L0C0, the
output voltage increases by several times that of the flat section. With the further increase
in frequency, reactance L0 gradually exceeds reactance C0, the voltage divided by the
divider gradually decreases and the output voltage decreases. In this case, the upper cut-off
frequency of the voltage divider is mainly determined by the L0C0 resonant frequency. The
resonant frequencyω0 of L0C0 is

ω0 =
1√

L0C0
(1)
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By reducing the lead inductance L0 and the stray capacitance C0 to the ground, the
resonant frequency of L0C0 can be lifted, which improves the upper cut-off frequency.
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In the case where L0C0 << L1C1 and L2C2, L0C0 can be ignored, and the voltage
imposed on the divider is the supplier’s voltage. The transfer function of the output
signal is

h(s) =
L2s + R2 +

1
sC2

Ls + R + 1
sC

(2)

where
R = R1 + R2 (3)

L = L1 + L2 (4)

C = C1C2/(C1 + C2) (5)

According to the above transfer function, the amplitude–frequency characteristic
curves of the voltage divider in the cases of L1C1 > L2C2 and L1C1 < L2C2 are shown with
the solid line and dotted line in Figure 9, respectively. If L1C1 > L2C2 applies, the upper
cut-off frequency of the voltage divider is mainly determined by L1C1. Otherwise, the
upper cut-off frequency is mainly determined by L2C2. Because the scale factor for DC
measurement is mainly determined by the ratio of parallel resistance of the high- and low-
voltage arms, and the scale factor for the medium frequencies is mainly determined by the
reciprocal of the capacitance ratio of the high- and low-voltage arms, the capacitance ratio
and the parallel resistance ratio of the high- and low-voltage arms must be kept identical
in order to ensure the consistency of the scale factor for DC and medium frequencies.
Therefore, the effective measure to improve the upper cut-off frequency is to limit the
lead inductance.
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4. Parameter Determination
4.1. High-Voltage Arm Components

On the condition that the maximum amplitude of the measured voltage is assured,
considering the insulation strength of the low-voltage arm and the signal-to-noise ratio
of the output signal, the scale factor of the voltage divider was preliminarily designed as
10,000:1.

For the low-damped capacitive voltage divider, the damping resistance of the high-
voltage arm is supposed to match the wave impedance of the high-voltage lead (about
300 Ω or greater) [28]. In addition, considering the large physical size of the voltage divider,
it is difficult to effectively reduce the ground capacitance; thus, the value of damping
resistance could be increased accordingly.
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The inductance L of the high-voltage arm is estimated by the inductance calculation
equation of the cylindrical conductor,

L =
µ0l
2π

(ln
2l
r
− 0.75) (6)

where r is the outer diameter of the high-voltage arm, L is the height of the high-voltage arm
and µ0 is the vacuum permeability. The self-inductance of the high-voltage arm is supposed
to be several µH. Taking 10 MHz as the expected upper cut-off frequency, according to
Equation (1), the capacitance value of the high-voltage arm is supposed to be tens of pF.

The scale factor transition point of DC to low-frequency voltage is determined by the
parallel resistance. A higher resistance causes a lower transition frequency. However, a high-
resistance resistor is generally poor in accuracy and stability. Therefore, the resistance of the
parallel resistor should be determined by a compromise. In this paper, the power frequency
is selected as the transition frequency; thus, by only considering that the capacitive reactance
of the high-voltage arm is far less than the parallel resistance, the deviation of the power
frequency measurement in the transition section can be further adjusted by the parameters
of the low-voltage arm.

Based on the theoretical estimation and actual situation, it is determined that, in the
high-voltage arm, a single capacitor has a capacitance of 220 pF, 5 capacitors are connected
in parallel to form a single unit of the high-voltage arm and 25 units are connected in series
to form the high-voltage arm. Thus, the total capacitance of the high-voltage arm is 44 pF.
A single damping resistor has 80 Ω, and the total damping resistance of the high-voltage
arm is 400 Ω; a single parallel resistor has 50 MΩ, and the total parallel resistance of the
high-voltage arm is 250 MΩ.

4.2. Low-Voltage Arm Components

The parallel resistance and capacitance of the low-voltage arm are determined accord-
ing to the designed scale factor and determined parameters of the high-voltage arm.

For a conventional resistive–capacitive voltage divider, a pure capacitor branch can
generally be found in the low-voltage arm. When the frequency is close to the LC resonant
frequency of the high- and low-voltage arms, the impedance of the high-voltage arm can
be approximated to a damping resistance with hundreds of ohms. The capacitive reactance
almost offsets the inductive reactance in the low-voltage arm, and the overall impedance is
very low, resulting in an obviously elevated scale factor and weak output signal. Therefore,
in order to enable the divider to measure the high-frequency voltage, it is necessary to
connect a resistor in series in the low-voltage arm. The ratio between the damping resistor
of the high-voltage arm and the impedance of the low-voltage arm should be kept identical
to the designed scale factor. This resistor is called the compensation resistor, and the degree
of compensation p is defined as [28]

P =
R2C2

RC
(7)

The amplitude–frequency response curve of the voltage divider under different de-
grees of compensation is shown in Figure 10 for when L1C1 > L2C2. The results show that
the upper cut-off frequency can be limited by a too high or too low degree of compensation.
Generally, the degree of compensation is slightly less than 1. In this paper, the degree of
compensation degree is about 0.8.
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According to Figure 6, 40 groups of branches composed of a 22 nF capacitor and a
0.64 Ω resistor in series are connected in parallel at each side of the PCB. The branches at
both sides are connected in series. The calculated capacitance of the low-voltage arm is
440 nF, and the compensation resistance of the low-voltage arm is 0.032 Ω. To limit the error
of scale factors for DC, the power frequency and the lightning impulse within expectations,
after calibration, it was determined that the parallel resistance in the low-voltage arm is
composed of three 91 kΩ resistors in parallel and three 62 kΩ resistors in parallel at each
side, and the series connection is arranged between two sides. Thus, the low-voltage arm
has a parallel resistance of 24.58 kΩ.

5. Performance Test
5.1. Test Rig

The withstand voltage and scale factor of the developed voltage divider were tested by
the DC source, power frequency transformer, lightning impulse generator and incidental
standard voltage divider from Xi’an High Voltage Apparatus Research Institute Co., Ltd
(Xi’an, China).

The step response evaluates the high-frequency performance of the measurement
devices in the time domain [29,30]. The step response characteristics of the voltage divider
were tested by a step voltage generator based on a mercury run switch. The open-circuit
output voltage waveform is shown in Figure 11. The 10–90% rise time is about 3 ns.
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The frequency sweeping method was used to test the amplitude–frequency response
of the voltage divider. The source includes a function generator and a broadband power
amplifier. The function generator outputs a sinusoidal signal with an amplitude of ±5 V
and a frequency range from DC ~20 MHz, which is increased to 35 V through the power
amplifier and applied to the high-voltage terminal of the voltage divider. The test circuit
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is shown in Figure 12. In the frequency sweeping test, 33 frequency points were sampled
between 1 Hz and 15 MHz. Under each frequency, the ratio of the output signal of the
voltage divider and the output of the standard high-voltage probe was recorded to obtain
the amplitude–frequency response curve of the voltage divider.
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Because the voltage level is relatively low for the step response test and amplitude–
frequency response test, a Tektronix tpp1000 passive voltage probe was used as the stan-
dard device.

5.2. Calibration of Insulation Strength and Scale Factor

The insulation withstand test and scale factor test were conducted under DC, a power
frequency and a lightning impulse. No flashover or breakdown was found after one minute
of a 360 kV power frequency voltage withstand test, a 200 kV DC voltage withstand test
and 15 times positive and negative 1050 kV lightning impulses.

The scale factors under DC, the power frequency and the lightning impulse are shown
in Tables 2–4. During the test, five groups of data at each test voltage were recorded, and
the average values were computed. The scale factors under three types of voltages and
different voltage levels are summarized in Figure 13. The test results show that when the
scale factor of the voltage divider is calibrated to 10,500:1, the deviation is no more than 3%
in measuring a DC voltage below 200 kV, a power frequency voltage below 220 kV and
a lightning impulse below 700 kV. In the DC and power frequency voltage test, with the
increase in the voltage, the temperature effects of the low-voltage arm components led to a
certain decrease in the scale factor, but the change was so small that the overall linearity
was still good.

Table 2. DC test results at room temperature.

Standard Device Output/kV Divider Output/V Scale Factor

49.929 4.8062 10,388
101.37 9.8091 10,335
152.42 14.921 10,215
203.53 19.964 10,195
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Table 3. AC test results at room temperature.

Standard Device Output/kV Divider Output/V Scale Factor

49.721 4.6990 10,581
99.547 9.4464 10,538
148.78 14.132 10,528
218.34 20.789 10,503

Table 4. Lightning test results at room temperature.

Standard Device Output Divider Output

Scale
FactorPeak/kV Front

Time/µs

Half-
Width

Time/µs
Peak/kV Front

Time/µs

Half-
Width

Time/µs

217.9 1.53 46.2 207.7 1.48 44.6 10,491
385.4 1.51 46.4 367.8 1.44 45.2 10,479
501.9 1.52 46.4 473.6 1.4 46.2 10,598
629.8 1.53 46.6 598.8 1.43 46.6 10,518
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5.3. Temperature Stability

The temperature stability test was conducted with a scale factor test at the temperature
of −20 ◦C or 40 ◦C, which was generated in a large artificial environment chamber. The
results are summarized in Tables 5 and 6.

Table 5. Test results at −20 ◦C.

Standard Device
Output/kV Divider Output/V Scale Factor

DC

50.326 4.7889 10,509
100.95 9.6151 10,499
150.86 14.521 10,389
200.55 19.309 10,386

Power Frequency

49.638 4.6214 10,741
99.620 9.2894 10,724
148.83 13.863 10,736
218.76 20.393 10,727
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Table 6. Test results at 40 ◦C.

Standard Device
Output/kV Divider Output/V Scale Factor

DC

55.352 5.2021 10,640
107.29 10.081 10,643
156.63 14.736 10,629
204.85 19.454 10,530

Power Frequency

49.883 4.6381 10,755
100.06 9.3180 10,738
149.17 13.891 10,739
219.59 20.457 10,734

The deviation between the scale factors at two extreme temperatures against the room
temperature is no more than 3%; thus, the temperature stability of the voltage divider
is good.

5.4. Step Response and Amplitude–Frequency Response

The output of the voltage divider is shown in Figure 14 for the wave response test.
The output waveform is relatively flat, and the 10–90% rise time is about 29 ns. According
to the mathematical relationship between the 10–90% rise time and the upper cut-off
frequency [31,32]:

fupper =
0.35

tr
(8)

the upper cut-off frequency of the divider is 12.2 MHz.
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The amplitude–frequency response of the voltage divider obtained by the frequency
sweeping method is shown in Figure 15. The experimental results show that the amplitude–
frequency response is relatively flat in the low-frequency band as well as in the medium-
frequency band. In the high-frequency band, the amplitude response rises slightly and
then decreases afterwards. After calibration to a 50 Hz scale factor, a −3 dB point is
found between 11 and 12 MHz, which matches 12.2 MHz as the time domain estimation.
Therefore, the 3 dB upper cut-off frequency of the developed voltage divider exceeds
10 MHz.
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6. Conclusions

In this paper, a broadband resistive–capacitive parallel-connected voltage divider for
transient voltage monitoring of a 220 kV power grid was developed. The main conclusions
are as follows:

(1) The internal electric field distribution of the voltage divider was optimized by using
the structure of multi-stage series and multi-layer electrode plate shielding. The
inductance of the high-voltage arm was reduced by adopting the circuit topology of
multi-branch parallel connection, thus optimizing the response of the voltage divider.

(2) The factors affecting the upper cut-off frequency were analyzed, and a method to
increase the upper cut-off frequency was proposed based on the compensation resistor
of the low-voltage arm.

(3) The voltage divider meets the insulation requirements of high-voltage equipment,
and the calibrated factor is 10,500:1. In the temperature range of −20~40 ◦C, the scale
factor deviation is within 3% for measuring a DC voltage below 200 kV, a power
frequency voltage below 220 kV and a lightning impulse below 700 kV.

(4) For the step response, the rise time is about 29 ns, and the 3 dB bandwidth covers DC
to 10 MHz.
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