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Actually, many insulation problems are related to electric fields. And measuring electric fields is an
important research topic of high-voltage engineering. In particular, the electric field distortion caused
by space charge is the basis of streamer theory, and thus quantitatively measuring the Poisson electric
field caused by space charge is significant to researching the mechanism of air gap discharge. In this
paper, we used our photoelectric integrated sensor to measure the electric field distribution in a 1-m
rod-plane gap under positive lightning impulse voltage. To verify the reliability of this quantitative mea-
surement, we compared the measured results with calculated results from a numerical simulation. The
electric-field time domain waveforms on the axis of the 1-m rod-plane out of the space charge zone were
measured with various electrodes. The Poisson electric fields generated by space charge were separated
from the Laplace electric field generated by applied voltages, and the amplitudes and variations were
measured for various applied voltages and at various locations. This work also supplies the feasible basis
for directly measuring strong electric field under high voltage.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

As the power industry continues to develop around the globe,
the voltage of the power grid is increasing. Now that ultra-high-
voltage (UHV) transmission is being used, the insulation problem
and electrical discharge in air gaps has become a research hotspot
[1,28–32]. The most widely used insulating medium is air, which
can usually withstand the switching impulse voltage or lightning
impulse voltage without breakdown, particularly for positive
impulse voltage. Many experiments [2–5] have led to some under-
standing of the discharge mechanism of the air gap, including
streamer discharge and leader discharge. Under a positive impulse
voltage, the main contributor to developing continuous discharge
is the electric field distortion caused by space charge. Initially,
space charge could only be simulated by a point charge or a ring
charge [6], but these two models do not accurately represent the
measured space charge distribution. Researchers have combined
discharge images captured with many methods in order to estab-
lish a space charge model that considers spatial distribution
[7,8]. However, no matter the kind of space charge model, the
model must be verified, and the most direct, effective way to verify
a space charge model is to compare its calculated results with the
measured electric field distortion caused by space charge.

Initially, researchers measured the space electric field by using
a metal ball as a probe, based on the simple, clear capacitive divi-
der principle [9]. However, the metal probe itself distorted the
electric field, and the probe’s large volume affected its measure-
ment accuracy. Other researchers have used a flux meter to mea-
sure the electric field around a grounding electrode, using these
measurements to predict and calculate the space electric field.
For example, the Renardières group used a flux meter but did not
directly measure the space electric field [3]. As integrated optical
technology has matured since the 1970s, photoelectric integrated
sensors have been increasingly researched. A photoelectric inte-
grated electric-field sensor based on a Mach–Zehnder interferom-
eter [10,11] has been successfully used in aviation and other
fields. Recently, an electric-field sensor based on the photoelectric
effect was used to measure changes in electric field under an
impulse voltage: Hidaka et al. measured the space electric field
in a rod–plate air gap of 1–3 m under a switching impulse voltage,
obtaining the electric field at the end of the streamer [12,13].

In the present paper, we designed an electric-field sensor based
on the Pockels photoelectric effect [14–18]: when the plane polar-
ized light propagates along the optical axis of the piezoelectric
crystal in the applied electric field, double refraction occurs, and
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the difference between the two principal refractive indices is pro-
portional to the intensity of the applied electric field. We measured
the space electric field in a 1-m rod–plate air gap under positive
lightning impulse voltage and measured the Poisson field formed
by the space charge. Then we changed the applied voltage and
the position of the electric-field sensor, and obtained the changes
in regularity of the Poisson field caused by the space charge, which
establishes a foundation for building and verifying a space charge
model.
Fig. 2. Photograph of the packaged photoelectric field sensor.

Polarization 
maintaining f iber

Laser 
source

RF 
cable

Sensor

Polarizer

Polarization 
detectorOptical 

receiverOscilloscope

Electric field 
to be measured

Single-
mode fiber

Single-
mode fiber

Fig. 3. Schematic of the photoelectric system used to measure electric field.
Experimental arrangement

Transient electric-field sensor

In the experiment, the transient electric field of the discharge
was measured by our developed photoelectric sensor, which uses
the common path interference structure and has good measure-
ment sensitivity as well as temperature and humidity stability.
The internal structure of the electric field sensor is shown in
Fig. 1. It is based on the chip of lithium niobate crystal which has
large thermoelectric, piezoelectric, electro-optic, elasto-optic coef-
ficient and strong photorefractive effect. On the LiNbO3 (chemical
expression of lithium niobate) wafer, there are two electrodes
and one optical waveguide. The optical waveguide is a dielectric
device that guides light propagating inside it. The function of two
electrodes is to enhance the magnitude of field induced inside
the sensor, which are both placed at several microns from the opti-
cal waveguide. Two pieces of silicon are used to increase the relia-
bility of the coupling and splicing of fiber and waveguide. Due to
the Pockels effect [17], the electric field to be measured can cause
the change of crystal refractive index and the propagation velocity
of polarized light in the vertical and horizontal directions become
different. Those lead to the phase difference of the output and the
electric field is obtained by detecting the phase difference of the
output.

The maximummeasurable field of the sensor reaches the MV/m
regime, its 3 dB upper cut-off frequency is greater than 100 MHz,
and its lower cut-off frequency is about 5 Hz. As such, the sensor
is well suited to broadband measurement of the strong transient
space charge field under the temperature and humidity conditions
of our experiment. The dimension of the encapsulated shell of the
sensor is 50 � 15 � 8 mm, as shown in Fig. 2.

The photoelectric system used to measure the electric field con-
sists of a laser source, a polarization-maintaining fiber, a polarizer,
a polarizing beam splitter, a single-mode fiber, a receiver, and an
oscilloscope, as shown in Fig. 3. In this system, the laser source is
a photoelectric superluminescent light-emitting diode (SLED)
1310-nm light source (Beijing Conquer Optics Science & Technol-
ogy Corporation), the optical receiver is a broadband receiver (Agi-
lent 11982A), and the lengths of the polarization-maintaining fiber
and single-mode fiber are 50 m. To ensure that the input of sensor
79°
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Fig. 1. Internal structure of electric field sensor. The electrode is made
is strictly linearly polarized, a polarizer was added in front of the
sensor. The output of the sensor is used to separate the two orthog-
onal modes with a polarizing beam splitter. The time-domain
waveform of the electric field to be measured is passed through
the single-mode fiber to the optical receiver, which then transmits
it to the oscilloscope. Coupling the sensor with this optical fiber
makes it easier to arrange the system so the electric field can be
measured at many positions.

Setup of the measurement system

As shown in Fig. 5, the main part of gap discharge is the 1-m
rod–plate air gap. To study how the curvature radius of the rod
electrode affected the space electric field, as shown in Fig. 4 , we
designed metal electrodes with three shapes: cone, hemisphere,
and sphere. The metal rod has a length of 60 cm and a radius of
1 cm. The area of the grounding plate is 3 m⁄3 m. The lightning
impulse voltage generator produces a positive lightning impulse
voltage of 100–400 kV with a 2.5-ls wave front time and a 50-ls
half-wave time. This voltage is measured by a capacitive divider
with a voltage ratio of 1937.5:1. The error of the voltage ratio is
smaller than 1% and the square wave response time is 50 ns, which
completely satisfies the needs of the lightning impulse voltage
measurement.
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of gold and the optical waveguide is made from titanium oxide.



Fig. 4. Electrodes of three shapes at the high voltage side.
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The U50% breakdown voltage in the 1-m air gap under the pos-
itive lightning impulse voltage is about 540 kV. We set the applied
voltage to ensure that the gap rarely reaches breakdown, but the
streamer could initiate and propagate. A high-speed camera cap-
tures the configuration of the streamer discharge under lightning
impulse voltages of different amplitudes, so we can obtain the
streamer length. The sensor is placed on the axis of the 1-m rod–
plate gap, because the sensor is sensitive in the axial direction,
with the sensor at 30–70 cm above the ground.
Analysis and measurement of Laplace electric field

We calculated the spatial distribution of the Laplace electric
field in the 1-m rod–plate gap by using the charge simulation
method (CSM). However, instead of using the CSM based on the
uniqueness principle of the electric field, the free charge on the
surface of the electrode, or the bound charge on the surface of
the dielectric, we use a set of discrete charges called ‘‘simulated
charges.” For the three kinds of rod electrodes, due to the charac-
teristics of the electrode structure with axial symmetry, a point
charge, a line charge, a ring charge, and their combination are used
to simulate the charge distribution on the surface of the electrode.
To avoid damaging the electric field equation of the solved region,
these charges should be set up outside the region; here, we set
them inside the electrode.
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Fig. 5. Schematic of the
Taking the hemisphere electrode as an example, the point
charge Q0 is set in the center of the hemisphere head of the elec-
trode, and the line charge is set in the axis of the rod. We use n
� 1 roots of linear line charge of semi-infinite length at different
initial positions to be superimposed. The density of the line charge
is s1, s2,. . .sn � 1 respectively. Considering the influence of the
earth, based on the mirror principle, in the symmetrical position,
we set the charge of the same charge quantity and opposite polar-
ity. Based on the CSM, n matching points are gotten on the surface
of the electrode, and the potential equation is given as:

PQ ¼ u ð1Þ
Among them,

Q ¼ ðs1; s2; . . . sn�1;Q0ÞT ð2Þ

Pij ¼ 1
4pe

ln
zj þ zi þ ½r2i þ ðzj þ ziÞ2�

1=2

zj � zi þ ½r2i þ ðzj � ziÞ2�
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Pin ¼ 1
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q � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2i þ ðz0 þ ziÞ

q
2
64

3
75 ð4Þ

In these equations, zj indicates the starting coordinate of each
line charge, and zi and ri are the coordinates of the matching points
on the electrode boundary. The potential and axial field strength at
any point in the axial position of rod–plate gap can be obtained. In
this calculation, the rod electrode potential is set to 1 kV. Fig. 6
gives us the calculated electric field distribution on the axis of
the rod–plate gap for three different electrodes under a voltage
of 1 kV.

As the sensor height decreases, the Laplace axis electric field of
the three electrodes decreases gradually and tends to saturate.
Around the electrode, compared with these, the axis electric field
of the cone electrode is maximum, while that of sphere electrode
is maximum far from the electrode.

To obtain the Laplace electric field, the lightning impulse volt-
age is applied to ensure that the air in the gap is not obviously ion-
ized. The electric-field sensor is placed at a certain height in the
axis direction of the 1-m rod–plate gap. To ease comparison, the
measured electric fields are all converted to values under a voltage
te 3*3 m
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0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 E
 (k

V/
cm

)

 Time (µs)

 30cm
 40cm
 50cm
 60cm
 70cm

0

200

400

600

800

Vo
lta

ge
 (k

V)

Applied U

Fig. 7. Time-domain waves of the electric field distorted by space charge at sensor
heights of 30–70 cm.

Fig. 8. Example of the space electric field measured by the field sensor, captured by
a high-speed camera.
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of 1 kV. Table 1 compares the calculated and measured Laplace axis
electric field. The listed value at a given sensor height is the aver-
age of 20–30 measurements at the same applied voltage.

The measured results agree well with the calculated results. The
error at most positions is within ±2%, though one position reaches
+5%. This result shows that the electric-field sensor measures the
space electric field accurately, with controllable error.

Measurement of the Poisson electric field formed by space
charge

At a sufficiently high applied impulse voltage, the measured
electric field near the head of the rod electrode obviously deviates
from the calculated value [19]. The time-domain waveform of the
measured electric field has an obvious jump, and analysis of mea-
surements suggests that the jump was caused by space charge
[20]. The space charge generated by the streamer can be regarded
as a whole, so the electric field of the external region is the super-
position of the Laplace electric field generated by the applied volt-
age and the Poisson electric field generated by the space charge.
The electric-field sensor measures the external field of the space
charge region, reducing the impact of the space charge present
on the sensor surface. Fig. 7 shows the typical measured electric
field outside the space charge region.

Fig. 7 shows the output waveform of the electric-field sensor at
various sensor heights. Here, the head curvature radius of the cone
electrode is 2.5 cm, and the amplitude of the applied positive light-
ning impulse voltage is 200 kV. The electric-field sensor is placed
outside the space charge region, as shown in Fig. 8. It was captured
by a high-speed camera, as shown in Fig. 5. The camera can capture
discharge images at the microsecond scale. The sensor is supported
Table 1
Comparison of calculated and measured Laplace electric fields, with various sensor
heights in the axis direction.

Sensor height (cm) 30 40 50 60 70

Cone Calculation (V/m) 201 218 250 299 380
Measurement (V/m) 208 217 255 297 372
Error % 3.6 �0.5 2 �0.6 �2

Rod Calculation (V/m) 221 242 275 329 427
Measurement (V/m) 223 255 278 324 436
Error % 0.9 5.3 1.2 �1.5 2.1

Sphere Calculation (V/m) 274 299 338 411 548
Measurement (V/m) 277 304 335 412 545
Error % 1.4 1.5 �0.8 0.2 �0.5
by an epoxy resin strut which is completely insulated and does not
influence the space electric field. In Fig. 8, the shape of the tip of the
rod electrode is spherical and the amplitude of the applied impulse
voltage is 200 kV. Commonly, the sensor is located outside the
streamer channel, which is hard to happen to be positioned inside
the streamer channel, so it measures the space electric field.

By comparing the measured electric field with the applied light-
ning voltage at a sensor height of 70 cm, as the applied lightning
voltage increases, the increases of voltage and electric field remain
consistent. This result shows that the space electric field is initially
only the Laplace electric field. After some time, the streamer seems
to initiate, and space charge forms at the head of the electrode. This
space charge distorts the space electric field because the new Pois-
son field superimposes over the original Laplace field. At this point,
the time-domain waveform of the space electric field obviously
increases. The field jump is caused by the space charge, and jump
occurs when the streamer initiates. The waveforms in Fig. 7 were
measured under the same applied lightning impulse voltage, so
the initiation time of the streamer has some dispersion. Fig. 7 also
shows that the amplitude of the electric field jump increases as the
sensor height from the ground increases. Because the streamer
channel has a certain density of space net charge and the charge
density of the streamer head is the largest, the electric field of
the region closer to the streamer head is greater.
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Discussion and analysis of the distorted electric field caused by
space charge

Quantitative analysis of the distorted electric field

According to the results in the last section, the electric field
caused by space charge is the field increment. To accurately obtain
the distortion of the electric field, the results of three different elec-
trodes are shown in Figs. 9–11. These results are measured at
heights of 30–70 cm under an applied lightning impulse voltage
at four amplitudes: 200, 230, 270, and 300 kV. Each data point is
the amplitude of the field increment averaged from 20 to 30 mea-
surements. The time between two discharges is several minutes,
which is sufficient to ensure the full dissipation of space charges
generated in the previous discharge as well as the surface charges
that may attach to the sensor surface.

These figures show the increment amplitude of the electric field
formed by the space charges on the axis of the 1-m rod–plate air
gap. For the same rod electrode under the same lightning impulse
voltage, the space electric field increases as the streamer region
becomes closer to the space charge. For example, take the hemi-
sphere electrode with the 1-cm head radius: when the sensor
height increases from 30 cm to 70 cm, the space electric field
increases by 1.8 kV/cm under an applied voltage of 200 kV. For a
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sensor with fixed height, as the lightning impulse voltage
increases, the space electric field also significantly increases. The
greater the applied voltage, the bigger the total space charge gen-
erated by the streamer discharge. In the meantime, the streamer
region lengthens, so the space charge region gradually approaches
the sensor. Thus, the measured space electric field distorted by
space charge at the same position increases.

Fig. 12 shows that, for the hemisphere and cone electrodes at an
applied voltage of 300 kV, the measured space charge field is less at
a height of 70 cm than at 60 cm. This result is inconsistent with the
previous analysis of the change regulation of the space charge elec-
tric field amplitude. The most likely reason for this inconsistency is
that when the applied lightning impulse voltage is high enough,
the streamer propagates intensely, so the length of the streamer
region becomes greater than 30 cm, and at this time the sensor,
at a height of 70 cm, should be inside the space charge region.
The charge density of the streamer head is very high and the elec-
tric field of streamer head is huge, reaching more than 100 kV/cm
[21]. As the sensor approaches the head of the streamer, the mea-
sured field becomes bigger and bigger. Once the sensor is inside
the streamer region, the sensor changes to measure the electric
field inside the streamer channel. However, the electric field of
the streamer channel is far less than that of the streamer head,
which is generally considered to be 4–5.5 kV/cm for long air gap
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discharge [22]. Thus, the electric field measured at a height of 70
cm is most likely the streamer channel electric field, which is smal-
ler than that at a height of 60 cm. Fig. 13 shows the various strea-
mer region lengths of the cone electrode under various applied
lightning impulse voltages, captured by a high-speed camera.

The average distorted electric field measured at a height of 70
cm is 3.45 kV/cm, averaged from 25 measurements using the cone
electrode under the 300-kV lightning impulse voltage. This electric
field is slightly smaller than the electric field of the streamer chan-
nel. This behavior occurs because when the sensor is placed in a
relatively strong impulse electric field, a fraction of space charge
inevitably accumulates on the surface of the electric field sensor,
and this surface space charge can further distort the electric field.
Although we have not yet quantified the effects of this cumulative
charge, our electric-field sensor provides a more reliable method to
directly measure the streamer channel field, which will be key in
later research.
180 200 220 240 260 280 300 320
150

200

250

300

350

400

St
re

am
er

 re
gi

on
 le

ng
th

 (m
m

)

Amplitude of the applied voltage (kV)

Fig. 13. Length of the streamer region as a function of the amplitude of the applied
lightning impulse voltage.

Fig. 14. Space charge re
Compared with results calculated by the analytical model

The model of streamer space charge has been widely
researched. Early Dawson-Winn [27] used the point charge to sim-
ulate the space charge concentrated at the head of the streamer in
order to study on the possibility which the streamer developed
into the low electric field region. Goelian [7] thought that the space
charge region consisted of N same streamers and uniformly dis-
tributed cylindrical charges were used to simulate branches of
the streamer. The research group of Cooray has established the sta-
tic model of the space charge [8]. They assumed the streamer
region was a cone and adopted many groups of annular charges
to simulate the streamer region. They have calculated the distribu-
tion of the charge density in the streamer region based on the con-
sideration that the field inside the streamer region was the field of
the stable development of streamer. In this paper, the distribution
of the space charge density is considered as a function of spatial
coordinates and the model of the space charge has been estab-
lished. On the basis of those, the axial electric field on the axis of
rod-plate gap can be calculated.

The space charge region of streamer is equivalent to a part of
the space sphere emitted from the tip of the rod electrode, as
shown in Fig. 14.

The sphere takes the tip of the rod electrode as its origin. Its
radius L is the length of the streamer region and the solid angle
X describes the size of the space charge region.X has the following
relationship with the plane angle a:

X ¼ 2pð1� cosaÞ ð5Þ
The space charge of the streamer region can be regarded as a

continuous distribution and the electric field inside the streamer
region is well distributed. The spherical coordinate system is estab-
lished by taking the tip of the rod electrode as the origin of coordi-
nate. The space charge density can be expressed as below:

qðr;u; hÞ ¼ A
r

ð6Þ

Among them, A is a constant, A = 2e0Es, and Es is the field of
streamer. For the rod-plate gap, the electric potential at any point
on the axis can be expressed as:
gion of the model.
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uð~rÞ ¼ uLð~rÞ þ
1

4pe0

Z Z Z
V

qðr;u; hÞ
j~r �~r0j dV ð7Þ

Thereinto, uLðr
!Þ is the background potential, which is deter-

mined by the applied voltage. qðr!Þ is the space charge density, r0
!

is origin coordinate and r
!
is coordinate of target point. V is the vol-

ume of the space charge region. From the relation between electric
field and electric potential, the space field at any point is:

Eðr!Þ ¼ ELðr
!Þ þ 1

4pe0

Xqðr;u; hÞ e!

j r!� r0
! j2

ð8Þ

e
!
is unit vector. ELðr

!Þ is Laplace electric field and the jump part of
an electric field can be calculated by the second term on the right
side of the Eq. (8). This equation is limited to the calculation of
the electric field at a certain point outside space charge region.

For the rod electrode with a tip radius of 1 cm, according to the
configuration of the captured streamer discharge in experiments,
the length of the streamer region is 20–30 cm and the plane angle
of that is in the range of 40–80 degrees. In this paper, the ampli-
tude of the axial electric field outside the space charge region on
the axis of the 1 m rod-plate gap is calculated by using the above
model. In the calculation, we assume that L is 25 cm and a is 60
degrees. As shown in Fig. 15, the comparison between calculated
and measured results is presented.

Overall the calculated values are in good agreement with the
measured values. Also from that figure, when the applied impulse
voltage is great enough, there are several differences between the
calculated and measured values at some positions close to the rod
electrode. In the calculation, the length of the space charge region
is assumed to be 25 cm and the points on the curves are all outside
the space charge region. In fact, under 300 kV impulse voltage, the
obtained streamer length can reach 35–40 cm. So the sensor is very
close to the space charge region or inside the space charge region.
Because the space charges can adhere to the surface of the sensor,
the measured electric field is often smaller than the actual value.
Conclusions

We used an electric-field sensor to measure the Poisson electric
field produced by space charge and the Laplace electric field on the
axis of the 1-m rod–plate gap under positive lightning impulse
voltage. We compared these measurements to calculated results
from CSM, finding that our sensor accurately, quantitatively mea-
sured the changing space electric field. When the sensor is outside
the space charge region, the measured electric field is the superpo-
sition of the Laplace electric field, generated by capacitive voltage
between electrodes, and the Poisson electric field, generated by
space charge. The time-domain waveform shows that an obvious
jump occurred at the inception time of the streamer, and the
amplitude of the jump is the distorted electric field generated by
space charge. Also, the closer the streamer region is to the space
charge, the greater the amplitude of the distorted electric field
becomes. When the streamer region is long enough, the sensor
should be located inside the streamer channel. Because the space
charges can adhere to the surface of the sensor, the measured elec-
tric field is often less than 4 kV/cm. We established the space
charge model to calculate the distorted electric field in space.
The accuracy of the measured results can be confirmed by com-
pared the calculated and measured values. At present, the electric
field of the streamer channel can only be measured by using spec-
tral technology [23–25]. However, spectral measurement of strea-
mer discharge often has limited accuracy [26]. If we can quantify
the impact of the surface charges of the sensor on the measured
results in the future, our sensor can provide another way to
directly measure the streamer electric field. This will be the focus
of our future research.
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