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Abstract

Ice accretion on overhead transmission lines increases mechanical and electrical
risks, while de-icing decisions require accurate ice-thickness data at the early
growth stage. Capacitive sensing is compact and low power, but irregular natural
accretion distorts the capacitance–thickness relation and most sensors have been
validated only in climate chambers. Here we develop an online monitoring method
based on a rotating ring electrode array. Four ring-shaped three-electrode units
rotate on a motor-driven insulating shaft, allowing natural accretion to form a
more uniform cylindrical ice layer. Three-dimensional electrostatic finite-element
analysis optimized electrode geometry using signal strength, sensitivity, and pen-
etration depth. A device integrating a 28-bit capacitance-to-digital converter,
temperature–humidity sensing, and GPRS/LoRa transmission was tested under
natural glaze and mixed-rime icing. Capacitance increased monotonically with
thickness and saturated near a penetration depth of 12 mm. Maximum sensitiv-
ity reached 6.1 pF/mm, and mean deviations from computed capacitance were
2.37–4.83%. The results demonstrate the feasibility of rotating ring electrodes
for online ice-thickness monitoring in natural icing environments and provide
measurements for de-icing decisions.

Keywords: Transmission line icing, ice thickness, online monitoring, capacitive
sensor, ring electrode array, natural icing
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1 Introduction

Atmospheric icing increases conductor and tower loads, promotes galloping and
unequal-tension faults, degrades insulation, and can cause outages [1–3]. De-icing
must therefore be triggered from continuous, quantitative information on ice thickness
during the early growth stage.

Existing monitors infer icing from span load or insulator-string tension, image fea-
tures, or meteorological models. Mechanical methods measure integrated load rather
than local thickness and require instrumented structures; optical methods degrade in
fog, precipitation, darkness, and lens icing; meteorological models require site calibra-
tion [4–7]. Capacitive sensing is compact and low power because ice, water, and air
have different permittivities [8–11].

Field deployment is limited by accretion shape and insufficient natural-icing val-
idation. Under unilateral wind, a deposit becomes elliptical or wing-shaped; in our
chamber tests, a 15 mm wing-shaped glaze deposit produced 36.22% less capacitance
than an equal cylindrical deposit, whereas conductivity and ice-type effects were at
most 7.46% and 20.63%, respectively. A fixed electrode therefore cannot transfer a
chamber calibration curve reliably to the field.

This study proposes a rotating ring electrode array that converts irregular accretion
into a more uniform cylindrical shell. Three-dimensional electrostatic finite-element
analysis (FEA) is used to select the electrode geometry, a wireless monitoring device
is implemented, and natural glaze and mixed-rime tests validate the method. The
contribution is a physically shape-stabilized capacitive sensor with a quantified design
procedure and field error analysis.

2 Measurement Principle and Sensor Configuration

2.1 Dielectric behavior and excitation frequency

Ice is a polar dielectric with Debye-type relaxation [13, 14]. Above roughly 100 kHz, its
relative permittivity approaches 3.2 and dielectric loss is small, reducing sensitivity to
water conductivity and temperature. Chamber tests on LGJ-500/35 conductor samples
used water conductivities of 200–1120 µS/cm. At 10 mm equivalent thickness, the
capacitance increase from 200 to 320, 640, and 1120 µS/cm was 2.71%, 3.75%, and
7.46%. The data followed

C = khe, (1)
where C is capacitance, h is equivalent thickness, and k, e are fitting parameters. The
fitted exponent was 0.2857 for glaze, 0.2438 for mixed rime, and 0.2331 for hard rime.

2.2 Rotating electrode concept

Unilateral wind produces eccentric or wing-shaped accretion [4]. At equal 15 mm thick-
ness, the chamber capacitance was 49.12 pF for a cylindrical deposit and 36.06 pF
for a wing-shaped deposit. The array therefore rotates slowly on an insulating shaft
so that all azimuthal positions receive droplets and the deposit approaches a cylin-
drical shell. This removes the dominant shape error at the sensing stage rather than
correcting it after measurement.
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Fig. 1 Structure of the ring electrode array and fringing-field measurement principle.

2.3 Ring three-electrode array

Each unit contains two outer excitation rings and a middle sensing ring. Four units
are mounted on a polytetrafluoroethylene (PTFE) support tube and wired in parallel.
The fringing field between adjacent rings acts as a cylindrical parallel-plate capaci-
tor; replacing air with ice of relative permittivity about 3.2 increases the measured
capacitance (Figure 1).

3 Finite-Element Optimization and Device

Implementation

3.1 Electrostatic model and indices

The non-uniform fringing field was analyzed with three-dimensional electrostatic FEA
(COMSOL Multiphysics):

∇·[ε0εr(x, y, z)∇V (x, y, z)] = 0, (2)

C =
Q

U
=

1

U

∮

S

D · dS. (3)

The air domain was a 700 mm diameter, 1000 mm high cylinder; the ice shell var-
ied from 0 to 20 mm in 1 mm steps with relative permittivity 3.2, PTFE was 2.55,
and the copper electrodes were set to 1 V and 0 V. Signal strength, sensitivity
S = ∆C/∆h, and penetration depth (the thickness at which the increment reaches
95% of saturation) were used as performance indices.

3.2 Parameter selection

Six parameters were swept independently: coverage ratio f , electrode height He, thick-
ness de, outer diameter De, unit number N , and spacing Hc (Figure 2). Increasing
f raises signal and sensitivity but shortens penetration depth; f = 2/3 balances the
indices. Increasing He extends penetration depth at the cost of signal, so He = 8 mm
was selected. Electrode thickness has little field influence and de = 2 mm was selected.
Larger De increases signal and sensitivity, motivating 24 and 36 mm prototypes. Sig-
nal scales nearly linearly with N and N = 4 limits sensor length; Hc has little influence
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Fig. 2 Finite-element model and electrode-parameter optimization. (a) Three-dimensional electro-
static model of the ring electrode array. (b) Influence of electrode coverage ratio and electrode height
on signal strength, sensitivity, and penetration depth.

Table 1 Structural parameters of the ring electrode array and relative error between measured
and computed capacitance.

(a) Structural parameters

Parameter Symbol Value

Electrode height (mm) He 8
Insulating ring height (mm) Hi 6
Electrode thickness (mm) de 2
Support tube thickness (mm) ds 2
Electrode outer diameter (mm) De 24 / 36
Support tube outer diameter (mm) Ds 20 / 32
Number of units N 4
Unit spacing (mm) Hc 18

(b) Relative error (%)

Ice type De Maximum Minimum Mean

Glaze 24 7.18 1.57 3.06
Glaze 36 5.75 1.97 2.37
Mixed rime 24 8.94 1.95 4.83
Mixed rime 36 6.85 1.03 2.58

and was set to 18 mm. The response saturated above about 12 mm. The selected
structural parameters and the measured–computed errors are summarized in Table 1.

3.3 Device implementation

Brass electrodes and PTFE insulating parts were machined into the selected array;
shielded cables and a grounded copper foil reduced parasitic coupling. A Texas
Instruments FDC2214 capacitance-to-digital converter provided four-channel, 28-
bit acquisition at a 10 MHz excitation frequency. An STM32F103RCT6 controller
recorded capacitance, temperature, and humidity, while GPRS and LoRa links trans-
mitted data. Measurements were sampled every 10 s and averaged over 60 s intervals.
The fabricated array and host interface are shown in Figure 3.

4 Natural Icing Field Test

4.1 Test arrangement

Natural icing tests were conducted at a field observation site representative of severe
icing environments. Sensors were mounted on a horizontal frame 1 m above ground,
spaced 1 m apart, and protected by an IP67 enclosure. Wind speed ranged from 0.5
to 11.5 m/s with gusts up to 15 m/s. The device recorded capacitance, temperature,
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Fig. 3 Device implementation. (a) Fabricated rotating ring electrode array. (b) Host interface for
online data acquisition.

and humidity automatically. Ice thickness was measured with a 0–150 mm vernier
caliper (accuracy ±0.02 mm); three diameter readings were taken at each of three
array sections and converted to thickness by

h =
1

2

[∑n

i=1
(Da(i) +Db(i) +Dc(i))

3n
−De

]

, (4)

where n = 3. Caliper-perturbed capacitance samples were discarded, and the immedi-
ately preceding value was paired with each thickness measurement. Each cycle lasted
8–24 h; the shell was then melted, the array dried, and the next cycle started. Pairs
were extracted at 1 mm thickness increments.

5 Results and Discussion

5.1 Natural-icing response

Glaze formed a smooth cylindrical shell, whereas mixed rime was opaque and porous
(Figure 4). For glaze, the bare capacitances were 13.9 and 21.6 pF for De = 24 and
36 mm, increasing to 31.3 and 46.4 pF at 20 mm. Penetration depths were 11.6 and
12.1 mm, and peak sensitivities were 4.9 and 6.1 pF/mm. For mixed rime, the 20 mm
capacitances were 27.6 and 42.7 pF and penetration depths were 12.6 and 12.5 mm
(Figure 5). Its peak sensitivities, 2.6 and 4.1 pF/mm, occurred at 3 mm because the
porous deposit initially covered the electrode incompletely.
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Fig. 4 Natural ice deposits on the rotating ring electrode arrays: (a) glaze and (b) mixed rime.

Fig. 5 Capacitance and sensitivity versus ice thickness under natural icing. (a) Glaze icing. (b)
Mixed-rime icing.

5.2 Simulation–experiment comparison

Measured and computed curves had the same monotonic, saturating shape and diam-
eter dependence (Figure 6). Mean errors were 3.06% and 2.37% for glaze on the 24
and 36 mm sensors, and 4.83% and 2.58% for mixed rime. Errors were largest at small
thickness and for the porous mixed-rime shell. The main causes are the difference
between electrostatic modeling and 10 MHz measurement, parasitic capacitance from
adhesive and water films, natural fluctuations in wind and ice density, and incomplete
shell coverage at early growth.

5.3 Ice type and engineering applicability

At equal thickness, glaze produced a larger capacitance than mixed rime, while pen-
etration depth remained near 12 mm. The response amplitude and fitted power-law
exponent therefore provide an auxiliary ice-type indicator; quantitative inversion is
left for future work. The validated operating band is approximately 0–12 mm, with
sensitivity up to 6.1 pF/mm and mean deviation below 4.83%. The sensor is suited to
triggering and supervising de-icing during early accumulation, not to tracking growth
beyond penetration depth. Larger electrode height can extend the range, while larger
diameter increases signal and sensitivity.

Limitations are saturation beyond 12 mm, upward bias during wet growth, point-
wise rather than span-wide measurement, and the need for longer unattended tests of
the drive mechanism under freezing rain.
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Fig. 6 Measured and computed capacitance versus ice thickness for both ice types and electrode
diameters.

6 Conclusion

A rotating ring electrode array was developed and validated under natural glaze and
mixed-rime icing. The main conclusions are:

1. Rotation converts irregular accretion into a near-cylindrical shell and removes the
dominant shape error; a 15 mm wing-shaped deposit differed from a cylindrical
deposit by 36.22% in capacitance.

2. FEA identified the sensitivity–penetration trade-off and selected f = 2/3, He =
8 mm, de = 2 mm, N = 4, Hc = 18 mm, and De = 24/36 mm, giving a penetration
depth of about 12 mm.

3. Natural-icing tests produced maximum sensitivity of 6.1 pF/mm, penetration
depths of 11.6–12.6 mm, and mean simulation–experiment deviations of 2.37–
4.83%. Ice type affected response amplitude more than measuring range.

Future work will address wet-growth correction, joint inversion of ice type and
thickness, range extension, and integration with load-current-transfer de-icing control.
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