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ABSTRACT In winters, China witnesses frequent mixed-phase ice disasters, which have a detrimental
impact on the secure operation of transmission lines. Most of the studies are focused on the conventional
overhead lines, and little attention is paid to the novel carbon fiber composite core wire (CFCCW), which
were widely used in recent years. Besides, the influence rule of frequent mixed-phase icing on the corona
onset characteristics for CFCCW has not been extensively studied across extant literature. Thus, this article
addresses the aforementioned issues by conducting Alternating Current (AC) corona tests for four kinds
of CFCCW that would be coated by mixed-phase ice in a low-temperature laboratory. The results showed
that the impact of mixed-phase ice on the wire corona onset voltage can be reduced by nearly 50%. With
more icing the corona onset voltage would further decrease but at a slower pace. For the wires with a larger
diameter, higher corona onset voltage with low distortion in the electric field strength was observed for the
same icing time. For the freezing-water conductivity, no significant impact on both the icing morphology and
the corona onset voltage was observed. Moreover, the validation for the simulation model was established
by comparing the simulation results with the experimental results. These inferences drawn could act as a
theoretical reference for transmission lines designing and calculating the wire corona onset voltage in the
mixed-phase icing areas.

INDEX TERMS CFCCW, energized icing, mixed-phase, ac corona onset voltage.

I. INTRODUCTION
Compared with conventional LGJ series aluminum con-
ductor steel reinforced, the novel CFCCW possess lighter
weight, higher strength, better corrosion resistance, and larger
capacity, which facilitates its wide-ranging applications in
transmission lines [1]–[4]. The development of UHV and
long-distance transmission technologies had necessitated the
development of the transmission lines that can withstand
extremely harsh physical conditions. In the winter of China,
freezing rain and heavy fog can easily cause mixed-phase
icing, which leads to the formation of iced transmission
lines and causes serious power outages [5]–[7]. The first
two months of 2008 alone had witnessed the occurrence of
massive snow and ice disasters, and their detrimental impact
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on the electric power facilities in China. Since then, there
had been a surge in extensive research on the corona onset
characteristics for iced overhead conductors in China and
elsewhere [8], [9]. The existing studies have confirmed that
icing can cause a change in the surface roughness of the
conductors and thereby induce serious distortion in its sur-
face electric field, leading to an impact on the corona onset
voltage [5]. However, currently, there are only sporadic and
limited investigations on the corona onset characteristics for
iced CFCCW.

A few studies have investigated the characteristics of con-
ductor corona onset under various external environmental
conditions, including clean, dirty, rainy, high altitude and
icy [10]–[19]. In the earlier study, the empirical formula of
the corona onset field strength of conductors was obtained
by summarizing a large number of experiments [20]. How-
ever, the classic Peek’s law used for calculating the corona
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onset voltage does not consider the impact of the external
environment, such as icy conditions. Therefore, in practical
situations, the results obtained of corona onset voltage varied
drastically from laboratory value. As the mixed-phase icing
is an alternating combination of the two layers of glaze and
grime that grows rapidly and causes severe damage to the
conductor [10]–[12]. It was implied that the formation of the
mixed-phase icing can alter the electric field distribution on
the surface of the conductor. The formation of branch-shaped
ice and icicles causes distortions in the electric field of the
conductor. Under such circumstances, corona discharge can
occur even at comparatively lower voltages, which makes
the lowering of the corona onset voltage imperative for the
conductor [13]–[15].

In practical applications, the conductor is covered by both
glaze ice and rime ice and these icing morphologies impact
the corona onset voltage under the frequent mixed-phase
icing conditions. The influence of the alternating current (AC)
electric field on the icing morphology was investigated,
and the corona discharges, under different rime branch for-
mations, were measured [21]. This study inferred that the
variation in rime morphology can also affect the corona
discharge in the case of longer and shaper branch-shaped ice,
the conductor corona discharge occurs at a lower voltage.
The previous studies have established the significance of
knowledge about conductor corona discharges under clean,
rainy, dirty or iced conditions [21]–[23]. Accompanying with
the widespread use of CFCCW, the complex geographical
icy terrains of China have made it necessary to conduct an
in-depth analysis of the corona onset performance under
the icing conditions to overcome the detrimental impact of
corona discharges. As a novelty, CFCCW have rarely been
compared with the ordinary stranded wires for performance
in the icy external environment. Ref. [24], while comparing
the performances of CFCCWwith other standard wires firstly
observed that both types of wires demonstrated a nonlinear
increase in icing thickness and icicle length over time. Sec-
ondly, the study observed that for the same diameter, CFCCW
demonstrated a faster growth in icing thickness but a slower
increase in icicle length as compared to others. Lastly, the
study observed that faster ice thickening and icicle length
growth associates with the decrease in diameter.

Therefore, to investigate the influence rule of the electric
field during mixed-phase icing on the corona onset voltage of
conductors, this article employs an ultraviolet (UV) imager
in a low-temperature laboratory for measuring the corona
onset voltage of CFCCW. The wires, used in testing, were
JRLX/T-150/28, JRLX/T-240/28, JRLX/T-310/40, JRLX/T-
517/71 and the I-U curve fitting method is adopted to analyze
the variation mechanism of the corona onset voltage. Cor-
respondingly, the impact of conductivity and icing level on
corona onset voltage was studied. Based on the mixed-phase
icing morphology and the gas discharge theory, a finite ele-
ment model of corona onset discharge was established to
calculate the electric field and to obtain the electric field
variation trends on the surface CFCCW. These results can

provide a point of reference for the design and selection of
the transmission lines in mixed-phase ice-prone locations.

II. TEST EQUIPMENT, SPECIMENS AND PROCEDURE
A. EXPERIMENTAL EQUIPMENT
The test is implemented in the cryogenic climate chamber
with an internal diameter of 2 m and internal length of 4 m.
The temperature can drop to as low as -30 ◦C and standard
spray nozzles recommended by IEC are installed in the cham-
ber. Therefore, different icing forms can be simulated, such
as glaze, soft rime and hard rime. The fan in the chamber
not only imitates wind at a certain speed but also evenly
distributes indoor temperature and particle size. The test volt-
age is introduced from one side of the chamber by porcelain
casing, and the diagram of the test principle is shown in Fig. 1.
Note, T: voltage regulator, 10 kV. B: AC testing transformer,
ratio is 1:15. R0: protective resistance, 100 k�. H: high
voltage wall bushing, 110 kV. F: AC capacitor divider (ratio
10000:1). C1 and C2: high and low voltage capacitors, 4 µF
and 400 pF. V: voltmeter, P: artificial climate chamber, S:
conductor, N: corona cage, K: insulator, L: grading ring, Ca:
UV imaging instrument.

FIGURE 1. Schematic diagram of AC test circuit.

B. SPECIMENS
The CFCCW undergo energized mixed-phase icing in the
center of a three-section corona cage with a diameter of 2 m
and length of 2.5 m, and the middle section is specifi-
cally designed to measure COV and others grounded. The
wires, used in testing, were JRLX/T-150/28, JRLX/T-240/28,
JRLX/T-310/40, JRLX/T-517/71 with lengths of 2.0 m are
used. The ends of the wires are fitted with grading rings
to eliminate the ending effect. The structural parameters are
shown in Table I, Dr represents the diameter of carbon fiber
core; Dw represents the wire diameter; n represents the num-
ber of strands of conductors; Lw is the length of a single wire.
The mixed glaze is formed by the alternate icing of first glaze
and then rime, and the alternate time is the same. The forming
condition of the mixed-phase Icing in the chamber is shown
in Table II, where da is the droplet diameter,W is the absolute
humidity, Ta is the formation temperature of the glaze in
this test (not a fixed value), γ20 is the water conductivity
in 20 ◦C used to simulate glaze. To, PTU200 which is a
digital temperature, humidity and pressure device is used
to gauge environmental parameters. Droplet diameter and
absolute humidity are measured by a laser particle analyzer.
The conductivity is measured by a DD-810E meter. As the
major extent of the spectra produced by the corona discharge
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TABLE 1. Technical Parameters and Numbers of Four CFCCW.

TABLE 2. Forming Conduction for Mixed-Phase Ice.

is in the invisible UV region, CoroCAM IV+ UV imager is
used to observe the development of corona discharge because
an obvious relationship exists between photon numbers
and COV.

C. CRITERION FOR CORONA ONSET VOLTAGE
We always place the UV camera outside the chamber, fix
the distance between the conductor and the camera, and
directly measure the wires by using the camera through a
big window without glass to measure the COV values after
icing. By applying 90% of the predicted COV to the icedwire,
the boosting speed of the voltage is maintained at 3 kV/s until
the photons are observed through the camera. Therefore, a
30 s video was taken to record the change in photon quantity
after a 1min interval under the voltage [23], [24]. Fig. 2 shows
the photon pictures of JRLX/T-240/28 after icing for 30 min
at 15 kV/cm captured by the UV camera. Only a few photons
appear when the voltage is ≤ 30.1 kV, Fig. 2(a), show that

FIGURE 2. Corona discharge images of JRLX/T-240/28 after mixed
phase icing.

FIGURE 3. Calculation for conductor corona onset voltage.

corona discharge does not occur. When the voltage is set to a
value≥35.6 kV, the camera captures a sudden increase in the
number of photons, Fig. 2(b) to 2(a).

Therefore, we deduced that the COV should be around
35.2-41.5 kV. The average photon number is calculated from
the 30 s video and measured three times. The photon-voltage
curves are shown in Fig. 3(a), where N is the number of pho-
tons, and Ua is the test voltage. The deviation is acceptable
because each couple of three tests is ≤ 7.5%. The voltage
corresponding to the knee point of the photon-voltage curve
is the COV value, as shown in Fig. 3(b).

III. TEST RESULTS AND ANALYSES OF CORONA ONSET
VOLTAGES
A. MORPHOLOGY OF MIXED-PHASE ICE
To investigate the influence of the electric field strength,
during the mixed-phase icing, on the corona onset voltage of
CFCCW, the conductivity of the freezing-water was fixed at
400 µS/cm (calibrated to 20 ◦C), the icing time was fixed at
30 minutes, and the electric field strength was kept at 0∼20
kV/cm. The morphology of the mixed-phase ice on CFCCW
caused the electric field strength ariations, which resulted
in a relatively large difference in the corona onset voltage.
Themixed-phase ice morphology and corona onset voltage of
CFCCW under different electric field strengths during icing
are depicted in Fig. 4. The corona onset voltage of CFCCW
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FIGURE 4. Corona onset voltage under different icing field.

reflected the variation in the electric field strength during the
mixed-phase icing. Consequently, the corona onset voltage
after icing was reduced dramatically. Even at the electric
field strength of 20 kV/cm, with the shortest icicle and the
bluntest ice tip, the residual corona onset voltage was only
around 50% of the original value. The main cause behind
it is that the increase in the mixed-phase ice, there is an
increase in the surface roughness of the wire, causing changes
in its original form. This causes the electric field on the wire
surface distortion and shows corona discharge even at rather
lower voltages.

As depicted in Fig. 4, with the increase in the electric
field strength during icing, the corona onset voltage first
decreased and then increased. For the electric field strength
of 0-10 kV/cm during icing, due to the electric field attrac-
tion, the mixed-phase icicles grew rapidly. Besides, with
higher electric field strengths, the water drops stretched
more along the direction of the electric field. Therefore,
the drop diameter of the water drops that could stably exist
at the tips become smaller and leads to the manifesting of
thinner ice tips. This caused more significant electric field
distortions at the icicle tip and further reduced the corona
onset voltage. With the application of electric field strength
of 15-20kV/cm on the iced wire, the Coulomb impulse
noted in the water drop was positive. The electric field
then exerts a repelling force on the water drop, shortening
the icicle length. Meanwhile, intensifying ion bombardment
and corona discharge activities accelerate the melting and
blunting of the tip of the icicles, leading to the formation
of branch-like ice. Therefore, it can be inferred that by
raising the corona onset voltage, the distortion of the sur-
face electric field, induced by the mixed-phase ice, can be
diminished.

B. INFLUENCE OF MIXED-PHASE ICING LEVEL ON WIRE
CORONA ONSET VOLTAGE
The morphology of the mixed-phase ice changes with the
icing time increases gradually. To investigate the influence

TABLE 3. Coefficient of JRLX/T-517/71 Conductor in 15∼60min
Mixed-Phase Icing Under 5∼20 kV/cm.

of the icing level on the corona onset voltage of CFCCW,
the icing time kept at 15∼60 minutes. The experimental
results obtained are shown in Fig. 5.

As shown in Fig. 5, for different electric fields, with
the icing time increases gradually, the corona onset voltage
decreases gradually. It implies that the increased icing time
led to so ice coating that more significant distortions in the
surface electric field. On the other hand, at the glaze icing
stage, the thickened ice reduces the collision efficiency of the
water drops. Consequently, a longer time is required for the
drops to flow to the ice tip, which mitigates the distortion
effect about the icicles. The icing time has no influence on
the morphology parameters of the branch-shaped rime ice.
Besides, this phenomenon enhanced the effective diameter of
the wire while further reducing the collision efficiency. Ulti-
mately, due to the growth of the mixed-phase ice, a relatively
long time was required for the wire corona onset voltage drop
and eventual saturation.

C. INFLUENCE OF FREEZING-WATER CONDUCTIVITY ON
CORONA ONSET VOLTAGE
The transmission line’s surface has high conductivity, which
affects the corona onset voltage characteristics. To investi-
gate this effect during the experiment, the conductivity of
the freezing water was configured to be 30∼1200 µS/cm
at a temperature of 20◦C. The coating time of mixed-phase
ice was kept at 30 minutes in all four conductivity cases,
and the electric field was varied. The close-up morphology
of the mixed-phase ice and the corona onset voltages are
shown in Fig.6. It can be observed that when the electric field
strength was 15 kV/cm during icing, the conductivity varia-
tion had little effect on the morphology of the mixed-phase
ice. Correspondingly, the corona onset voltages remained
the same and did not change regularly as a function of the
conductivity. Thus, it was inferred that the conductivity has
no influence on corona onset voltage. This was because the
mixed-phase ice was coated alternatively by dry and wet
ice. So, the freezing-water conductivity had little effect on
the corona discharge of the surface rime. Besides, the glaze
icicles at the lower wire surface had no water films, due to the
low external temperature, which could be regard as dry ice.
Moreover, the icing morphology depicted similar even with
different salinities. These factors contributed to an almost
unvaried corona onset voltage for the wire.
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FIGURE 5. Relationship between corona onset voltage and icing time.

IV. INFLUENCE OF MIXED-PHASE ICE ON
SURFACE FIELD STRENGTH
A. FINITE ELEMENT CALCULATION SETTING
The finite element model is established by using Maxwell
software. Considering the iced conductor of the 2.0 m
diameter coaxial electrode, the conductor’s material is set

FIGURE 6. Corona onset voltage under different conductivity.

to Aluminum and relative permittivity of glaze is 75,
the background region is set to vacuum while boundary
of the corona cage is set to the balloon border condition
with an infinity potential of zero, after that, an automatic
mesh is generated and calculated. The glaze parameters of
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FIGURE 7. Field distribution of mixed-phase icing under different field.

FIGURE 8. Field distribution on the surface of JRLX/T-517/71 under
0kV/cm mixed-phase icing.

JRLX/T-517/71 under 5∼20kV/cm and 15∼60min are shown
in Table III, where Ea is the icing field, K is the ice thickness,
L is the length of icicle,O and P are the bottom diameters and
height of the ice branches respectively, M and N are the top
and tip diameters of the icicle respectively, and T is the icing
time.

B. ANALYSIS OF RESULTS FROM DIFFERENT ELECTRIC
FIELD STRENGTHS
From Fig. 7(a), the surface electric field strength of the
JRLX/T-517/71 CFCCW with no icing was 15 kV/cm, under
the 90 kVAC. For the electric field of 0-20 kV/cm, the surface

of iced wire electric field strength at 38.2, 40.2, 42.1, 39.7,
and 35.7kV/cm sequentially, showing a trend of increase at
first and decrease afterward as shown in Fig. 7(b)-(f). The
reason is that from 0-10 kV/cm the icicles became longer
and thinner with the increase in electric field strength and
causes serious distortions in the electric field of the wire
surface. However, from 15-20 kV/cm, a gradual reduction in
the maximum surface electric field strength is observed due
to the icicles shortened and thickened.

C. ANALYSIS OF RESULTS FROM DIFFERENT
MIXED-PHASE ICING LEVELS
As shown in Fig. 8, when CFCCW was iced for a varying
time from 15-60 minutes, the surface electric field strength
was 34.0, 38.2, 43.3, and 45.1kV/cm, respectively, showing
a gradual upward tendency under the same operating voltage
of 90kV. This was due to the diminishing of both the growth
of mixed-phase icicles and the speed of the ice tip diameter,
with an increase in the icing time. Therefore, the increase of
the surface electric field also lowered gradually, consistent
with the trend in the experiment.

V. CONCLUSION
(1) The mixed-phase icing can cause the corona onset voltage
of CFCCW to decrease. At the early stages of icing, there was
an approximately 50% reduction in the corona onset voltage
noted. CFCCW with larger diameter showed higher corona
onset voltage. Further, the corona onset voltage of CFCCW
was observed to be higher than that of a traditional conductor
with the same diameter. For a set icing time, with the increase
in the electric field strength during icing, the corona onset
voltage of CFCCW decreased at first and then increased.

(2) Under the mixed-phase icing condition, with the
increasing level of icing, the corona onset voltage of CFCCW
dropped constantly. However, the speed of corona onset volt-
age dropped gradually slowed and eventually saturated. The
conductivity variation of the freezing water did not manifest
an obvious change in the mixed-phase ice morphology of
CFCCW, and the corresponding variation in the corona onset
voltage was negligible.

(3) The mixed-phase icing can generate serious distortions
in the surface electric field strength of the energized wires,
causing the corona discharge at low voltages. Due to the
increase in the surface electric field strength during icing,
the surface electric field of the iced CFCCW increases at first
and then decreases.With an increase in icing time, the surface
electric field continues to intensify gradually. The maximum
surface electric field strength demonstrated a regular change
when the electric field during icing or even the level of the
icing was varied. This was consistent with the variation law
of the corona onset voltage obtained during the experiments,
which validated the established model.
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