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Peak Voltage Measurements Using Standard Sphere Gap Method
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The paper presents a measurement system of peak value of high voltage (H.V.) using 150mm diameter sphere gap, disposed in
vertical position. Experimental breakdown results have been compared with standard values at atmospheric reference conditions
STC (20∘C, 101.3 kPa, or 760mmHg). The main experimental and theoretical characteristics are presented.

1. Introduction

Choosing the most suitable method for measuring high
voltage depends on the measured voltage value, on the
available measuring devices, and on whether the need is to
measure the peak or the effective value. It is known that spark
gap spheres measure the peak AC voltage with a precision
of ±3%. The breakdown voltage depends on the distance
between the spheres, on the spheres diameter, and on the type
of voltage: direct, alternating, or impulse. The breakdown
voltage is a nonlinear function of the gap distance which is
due to the increasing field inhomogeneity [1]. Sphere gaps
can be arranged vertically, with the lower sphere grounded,
or horizontally. In both cases, one must take into account
the parameters 𝐴 and 𝐵 which define the field distribution
between the two spheres that are closest to each other. For
150mm sphere diameter, the minimum value of 𝐴 is 6𝐷 and
the maximum value is 8𝐷 (where 𝐷 is the sphere diameter)
while the minimum value for parameter 𝐵 minimum is 12𝑆
(where 𝑆 is the spacing) [2, 3].

Sphere gap can be considered as an approved calibration
device, with a limited accuracy, but with high reliability
and simplicity [4]. The breakdown field distribution can be
controlled by the geometry of the electrode and by the air
density. In some cases, the spark gap needs to be irradiated
with ultraviolet light or X-rays sources in order to obtain
consistent values for smaller sphere gaps, with the gap spacing
less than 1 cm [3, 4].

The breakdown voltage of a sphere gap is affected by some
factors: atmospheric conditions, nearby earthed objects,
voltage ramp-up time, and irradiation which is necessary
when the diameter of the sphere gap is less than 10 cm
and measured voltage below 50 kV [3–6]. The breakdown
probability depends on the air density and on ion density in
the air. Therefore, in the successive breakdown experiments
it is necessary to have identical ion densities in the gas gap,
before every new voltage application [7, 8]. The factors that
can modify the breakdown voltage have been analyzed in the
scientific literature [4, 9, 10].The breakdown voltage increases
with humidity. The increase is about 2-3 percent for normal
humidity values between 8 and 15 g/m3 [4]. For sphere gaps
spacing less than one meter the effect of humidity can be
ignored [8].

The breakdown voltage depends on the temperature and
pressure. Experimental values related to standard conditions
(STC) (20∘C, 101.3 kPa, or 760mmHg) must be multiplied
with air the density factor (𝛿) [8, 11]:

𝑉exp. = 𝑘𝑉0, (1)

where 𝑉exp. is the breakdown voltage under test conditions,
𝑉
0
is the breakdown voltage at STC, and 𝑘 is a function of air

density factor.
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The air density factor is given by the following equation
[11]:

𝛿 =
𝑝

𝑝
0

⋅
273 + 𝑡

0

273 + 𝑡

, (2)

where 𝑝
0

is the air pressure at standard conditions
(760mmHg), 𝑝 is the air pressure at test conditions, 𝑡

0

is the temperature at standard condition (20∘C), and 𝑡 is
the temperature at test conditions. The relation between the
correction factor 𝑘 and the air density factor 𝛿 is known in
scientific literature [3, 4, 9, 11, 12].

In a nonuniform field the autonomy condition of break-
down may be used. Considering this condition the similarity
law of breakdowns can be established: “in a nonuniform field,
at constant temperature, the breakdown voltage depends on
the 𝑝𝑑 and on the reports of all other geometric dimensions
of the gap and the distance 𝑑” [8, 13]:

𝑈 = 𝑓(𝑝𝑑,
𝑟
1

𝑑

,
𝑟
2

𝑑

, . . .) . (3)

The scientific literature gives an empirical relationship
for the calculation of the breakdown voltage between two
identical spheres [8]:

𝑈 = 27.2 ⋅ 𝛿 ⋅ 𝑟 ⋅

(1 + 0.54/√𝛿 ⋅ 𝑟) ⋅ 𝑑/𝑟

0.25 [𝑑/𝑟 + 1 + √(𝑑/𝑟 + 1)
2

+ 8]

, (4)

where 𝑑 is the gap spacing in cm, 𝑟 is the radius of the sphere,
and 𝛿 is the air density factor.

To measure high voltage with spark gap spheres it is nec-
essary to use a noninductive protection resistance between
the source and the sphere gap, in order to limit the breakdown
current. The value of the series resistance can vary from
100 kΩ to 1000 kΩ for alternating voltages and less than 500Ω
for impulse voltages [3]. The applied voltage is uniformly
increased until breakdownoccurs in the sphere gap.Usually, a
mean of about three breakdown values is taken into account,
with an accuracy of ±3%.

2. Experimental Setup

For measuring the peak values we used experimental spark
gap spheres, in vertical arrangement. Two metal spheres
of equal diameters, with smooth surfaces and uniform
curvature, were used in the experiment. The upper sphere
is connected to a 0–180 kV high voltage AC power source
through a noninductive resistor of 100 kΩ. The bottom
sphere is connected to the ground with the possibility of
vertical position changing towards the upper sphere by a DC
electrical engine.

The distance between the spheres with 150mm in diam-
eter was modified in steps of 0.5 cm from 1 cm to 6 cm. The
block diagram of the experimental test bench is presented in
Figure 1. To measure the breakdown voltage, a high voltage
probe (Hameg probe) with 1000 : 1 voltage division ratio and
a multimeter (Meterman 38XR) was used. The high voltage
probe was connected to a Tektronix TDS 2024C (200MHz,
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transformer
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Figure 1: Block diagram of the test bench.

2 GS/s) oscilloscope, to view the shape of the breakdown
voltage waveform. The temperature and relative humidity
have been measured with a Lutron LM-8000 meter with the
following specifications: relative humidity between 10 and
95%RH (0, 1%RH accuracy) and temperature between 0 and
50∘C (0, 1∘C accuracy).The block diagram of the test bench is
presented in Figure 1.

The arrangement for the construction of the sphere gap
is shown in Figure 2, where parameters 𝐴 and 𝐵 are defined.
The sparking point which is established by parameter𝐴must
be within given limits related to the sphere diameter 𝐷,
6𝐷 ≤ 𝐴 ≤ 8𝐷 [11]. In order to be considered as a standard
measuring device, a minimum value for 𝐵 (𝐵 ≥ 12𝑑) around
the sphere must be available. Also, the surfaces of the sphere
near the sparking point should be free of irregularities or
grease.

2.1. Test Conditions. All the experiments were carried out at
room temperature 19∘C, air pressure 760.56mmHg, absolute
humidity 8.13 g/m3, and 50% relative humidity. For a given
distance between the spheres, three successive measurements
were made. The final value of the breakdown voltage was
determined as the average of five successive measurements,
with an error of less than 3%.

Various studies have beenmade over the time concerning
the time gap between two consecutive breakdowns [14, 15].
For the scope of the present work this time gap has been set
to at least one minute.

The experimental test setup presented below (Figure 3) is
used to measure the AC high voltage, 50Hz, applied to the
sphere gap.The breakdown voltage is measured bymodifying
the gap spacing from 1 cm up to 6 cm, according to the
available standards [11]. All the components of the spark gap
spheres were made of insulating materials.

3. Results

The standard peak values of breakdown voltage (kVmax), in
air, for symmetrical spheres of 150mm in diameter, have been
corrected to the standard temperature and pressure according
to relations (1) and (2). The experimental data are listed
in Table 1. Corrections were made for standard peak values
at STC, according to recommended standards. The relative
humidity has not been considered. The breakdown voltages
measured at test conditions are close to the standard peak
values.The errors between the measured breakdown voltages
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Table 1: Breakdown voltage data.

Distance
𝑑 [cm]

Test conditions: 19∘C; 760.56mmHg; 8.13 g/m3

Experimental breakdown
voltage
𝑈exp. [kVmax]

Standard peak values at
STC
𝑈
0

[kVmax]

Theoretical values
𝑈
𝑡

[kVmax]
Standard peak values [2]
𝑈
0

[kVmax]

1 31.02 31.19 31.16 31.10
1.5 46.53 45.64 45.73 45.50
2 59.22 59.38 59.67 59.20
2.5 71.06 73.12 73.01 72.90
3 83.24 86.06 85.77 85.80
3.5 94.97 98.70 97.98 98.40
4 106.10 111.33 109.67 111
4.5 119.62 123.37 120.86 123
5 131.97 134.40 131.58 134
5.5 140.79 145.44 141.84 145
6 148.89 155.47 151.67 155
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Figure 2: Vertical sphere gap: IM: insulating material; 𝐴, 𝐵: clear-
ances parameters; 𝑑: gap length;𝐷: sphere diameter (150mm).

and the standard ones are less than 3%, except for those
measured at 4 and 6 cm.

Figure 4 shows the variation of measured breakdown
voltages and standard peak voltages at STC, as a function
of gap spacing. For comparison, Figure 4 represents also
the theoretical breakdown voltages obtained through (4), as

Figure 3: Experimental test setup.
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Figure 4: Breakdown voltage curves for sphere-sphere electrodes in
atmospheric air (at STC and test conditions) with gap length of 1 cm
up 6 cm, for AC voltage, 50Hz.
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Table 2: Comparison between breakdown voltages of uniform field gaps and sphere gaps for shorter distances.

Distance
𝑑 [cm]

Standard conditions: 20∘C; 760.56mmHg
Breakdown voltage with uniform field electrodes
(proposed sphere gap geometry), measured by Sphere gap breakdown voltage

[3] [kVmax]
Experimental breakdown
voltage 𝑈exp. [kVmax]Ritz [3] [kVmax] Schumann [3] [kVmax]

0.1 4.54 4.50 4.60 —
0.2 7.90 8.00 8.00 —
0.5 17.00 17.40 17.00 —
1.0 31.35 31.70 31.00 31.02
2.0 58.70 59.60 58.00 59.22
4.0 112.00 114.00 112.00 106.10
6.0 163.80 166.20 164.00 148.89
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Figure 5: Breakdown strength (kVmax/cm) distribution between
two spheres of equal radii for different gap spacing in atmospheric
air.

a function of gap spacing. The maximum difference between
𝑈exp. and 𝑈𝑡 is less than 1%. The variation of breakdown
strength, in kVmax/cm, for different gap spacing in atmo-
spheric air at constant pressure, is presented in Figure 5.

Sphere gaps are used for voltage measurements and have
only limited range with uniform electric field. In this respect,
Rogowski proposed a design for uniform field electrodes
for breakdown voltages up to 600 kV. It is known that it is
not possible to ensure that the sparking always takes place
along the uniform field region [3]. In scientific literature
are presented breakdown voltage data for uniform fields.
Table 2 gives a comparison between the breakdown voltages
at STC of a uniform field electrode gap (measured by Ritz and
Schumann) a sphere gap [3], and the values obtained in this
work.

From the data in Table 2 we can observe that there is no
major difference between the breakdown voltages of sphere
gaps and the uniform field gaps, at least at small distances
between spheres.

The values obtained for the proposed sphere gap
(Figure 2) are approaching the ones measured by Ritz and
Schumann with specific errors, possibly related to rise time
of voltage waveforms, electrodes shape and material, and so
forth.

4. Conclusions

The breakdown voltages in air, at constant pressure, in
nonuniform field, have been measured for AC high voltage,
for different gap values between the spheres. It has been
shown that the breakdown voltage increases with the gap
spacing almost linearly. The accuracy of experimentally
determined breakdown voltages has been verified and com-
pared with theoretical values listed in the standards.

The numerical values of experimental breakdown volt-
ages for the 4 cm and 6 cm gap spacing show an error above
3%, compared to the values specified in standards. These
errors can be attributed to the nonuniform field, which
increases as the distance between the spheres is increased.
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