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Abstract

To address the difficulty of effectively sensing weakly distorted electric fields generated
during the early stage of insulation degradation in power equipment, this paper proposes
a miniaturized high-sensitivity multilayer flexible electric field sensor optimized using an
improved GOOSE algorithm. First, based on the electric field coupling mechanism, the
enhancement effect of the flexible arc-shaped structure on local distorted electric fields
is analyzed, and an equivalent model that discretizes the flexible curved surface into
parallel-plate micro-elements is established. Furthermore, a multilayer sensor equivalent
circuit model considering the effects of parasitic capacitance and conductive ink electrode
resistance is developed, and the relationship between sensor sensitivity and structural
parameters is derived. Subsequently, an electric field–circuit-coupled simulation model is
established in COMSOL Multiphysics to systematically investigate the influence of param-
eters such as electrode layer number, electrode thickness, dielectric layer thickness, and
electrode side length on the output response. The results show that the multilayer struc-
ture can effectively improve the equivalent sensing capacitance and electric field coupling
capability, while the electrode thickness and dielectric layer thickness exhibit significant
nonlinear effects on the output voltage. To achieve the coordinated optimization of high
sensitivity and miniaturization, Tent chaotic mapping initialization and nonlinear dynamic
adaptive inertia weight are introduced to improve the traditional GOOSE algorithm, and a
multi-objective optimization model is constructed with the objectives of maximizing the
output voltage and minimizing the electrode area. The optimization results indicate that the
improved GOOSE algorithm achieves faster convergence and better optimization stability.
Among the Pareto solution sets with different electrode layer numbers, the seven-layer
structure exhibits the best size–performance trade-off. The final optimized design achieves
an electrode area of only 1.746 mm2 and an output voltage of 2.565 × 10−6 V. These re-
sults demonstrate that the proposed multilayer flexible structure and improved GOOSE
optimization method can significantly enhance the response capability to weak electric
fields while maintaining device miniaturization, providing a new sensor design concept
and optimization approach for non-contact detection of early-stage insulation degradation
in power equipment.

Keywords: weakly distorted electric field; flexible electric field sensor; multilayer
parallel-plate structure; multi-objective optimization; GOOSE algorithm; insulation
condition monitoring
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1. Introduction
With the development of power systems toward higher voltage levels, larger capaci-

ties, and higher reliability, early monitoring of the insulation condition of power equipment
imposes increasingly stringent requirements on sensing technologies. During long-term
operation, key equipment such as transformers, cables, switchgear, and insulators is sub-
jected to the combined effects of electrical, thermal, mechanical, and environmental stresses,
leading to space charge accumulation, local dielectric degradation, and the evolution of
microstructural defects inside insulating materials. Previous studies have investigated
space-charge behavior in multilayer oil–paper insulation and reported that space-charge ac-
cumulation can distort the local electric field distribution and increase local electrical stress,
thereby accelerating insulation degradation and increasing the risk of breakdown [1–4].
However, at the early stage of insulation degradation, power equipment usually does not
exhibit obvious fault features such as partial discharge, abnormal temperature rise, or
significant leakage current. Instead, the degraded region is often characterized only by
local variations in permittivity, conductivity, or charge distribution, which generate low-
amplitude and highly localized distorted electric fields in the surrounding space. Therefore,
effective sensing of weakly distorted electric fields before fault features are fully developed
is a key issue in early insulation condition identification of power equipment.

At present, partial discharge detection, infrared detection, ultraviolet detection, dis-
solved gas analysis, and ultrasonic detection have been widely used for insulation condition
assessment of power equipment. Wen et al. reviewed advanced signal-processing methods
for partial-discharge analysis and summarized their role in improving the processing, inter-
pretation, and diagnostic application of partial-discharge signals [5]. Álvarez et al. further
combined ultra-high-frequency and high-frequency current detection techniques for online
partial discharge monitoring, improving the effectiveness of insulation defect diagnosis [6].
However, partial discharge detection generally relies on the occurrence of discharge pro-
cesses and requires the discharge signal to reach a certain intensity, making it insufficiently
sensitive to early degradation states where obvious discharge has not yet formed. Tao et al.
reviewed recent advances and remaining challenges in aging-monitoring and diagnostic
techniques for power cables, providing a focused summary of methods used for power
cable insulation condition assessment [7]. Nevertheless, these methods mostly use external
features after fault development as diagnostic criteria, making it difficult to directly capture
weak electric field disturbances caused by early changes in dielectric parameters.

Electric field detection provides a more direct means of characterizing local electric
field distortion induced by insulation defects. Gao et al. studied spatial electric field
detection for degraded insulators and indicated that insulator degradation can cause
changes in the waveform and amplitude of the spatial electric field, enabling insulation
condition assessment through non-contact electric field measurement [8]. Liu et al. further
investigated high-voltage insulation condition assessment based on electric field detection
and suggested that electric field detection offers advantages such as live-line measurement
capability, good environmental adaptability, and low cost [9]. However, traditional electric
field detection structures usually contain metal electrodes or metallic packages, which
may disturb the original electric field distribution in the region under test. Moreover, they
still suffer from insufficient sensitivity in detecting weakly distorted electric fields. Mou
et al. and Lei et al. proposed MEMS electric field sensors for spatial DC electric field
measurement, respectively, improving the miniaturization and integration of electric field
sensors [10,11]. However, in practical applications, such sensors are susceptible to surface
charge accumulation, packaging structures, and external environmental disturbances, and
their stability in weak-field detection still requires further improvement.
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Non-contact sensors based on the electric field coupling principle provide a new
approach for weak electric field detection. Tan et al. proposed a non-contact adaptive
voltage sensor for non-invasive conductor voltage measurement [12]. Xiong et al. adopted
multilayer ceramic capacitors to improve the electric field coupling capability of a non-
contact voltage sensor, thereby enhancing the output response by increasing the equivalent
capacitance [13]. However, the above structures are mainly designed for conductor volt-
age measurement and usually rely on relatively regular electric field distributions and
fixed installation conditions. They have not yet been specifically designed as flexible and
miniaturized structures for local weakly distorted electric fields generated by early insula-
tion degradation. For early insulation degradation detection, the sensor should not only
exhibit high output sensitivity but also satisfy the requirements of low field disturbance,
miniaturization, and adaptability to complex spatial environments.

To improve the response capability of sensors within a limited size, flexible structures
and multilayer capacitive structures have gradually attracted attention. Chiurazzi et al.
proposed a multilayer flexible capacitive proximity sensor, in which a multi-cell capac-
itive structure was used to expand the detection range and enhance proximity sensing
capability [14]. Fu et al. designed a double-layer flexible capacitive pressure sensor and
improved the pressure detection sensitivity and measurement range by modifying the
dielectric layer structure [15]. These studies indicate that flexible structures and multilayer
capacitive structures can improve the equivalent coupling capability and output response
of sensors. However, existing flexible capacitive sensors are mostly intended for pressure,
strain, proximity detection, or wearable monitoring, and their sensing targets are mainly
mechanical quantities or changes in contact states. They have not been specifically designed
for spatially weak, distorted electric fields. Meanwhile, in multilayer parallel-plate struc-
tures, the number of electrode layers, electrode thickness, dielectric layer thickness, and
lateral size jointly affect the equivalent capacitance, interlayer coupling, parasitic effects,
and port output voltage. These factors still lack systematic analysis in weakly distorted
electric field detection scenarios.

The structural design of multilayer flexible electric field sensors involves a trade-off
between output response and device size. Increasing the number of electrode layers or
enlarging the electrode area generally helps improve the output voltage, but it also increases
the device size and the complexity of interlayer coupling. Reducing the lateral size is benefi-
cial for miniaturization, but it may decrease the effective sensing capacitance and weak-field
output amplitude. Traditional empirical design or single-factor parameter scanning is diffi-
cult to simultaneously account for the coupling effects among multiple structural variables,
and it is also difficult to obtain comparable trade-off solutions. Reference [16] proposed the
Multi-Objective Greylag Goose Optimization algorithm for solving multi-objective opti-
mization problems and obtaining Pareto-optimal solution sets, providing an algorithmic
basis for balancing competing optimization objectives. In addition, the GOOSE algorithm
realizes global exploration and local exploitation by simulating behaviors such as goose
flock cooperation, leadership rotation, and foraging strategy switching [17]. However, the
original algorithm may still be affected by strong randomness in the initial population,
insufficient local search capability, and limited convergence stability. Zhang and Wang
developed an improved Whale Optimization Algorithm by introducing a nonlinear adap-
tive weight and a golden sine operator, providing a specific example of enhancing the
search performance of a metaheuristic algorithm through adaptive weight adjustment and
search-strategy modification [18]. Tent-map-based population initialization and iteration-
dependent nonlinear inertia-weight strategies have been employed in population-based
optimization algorithms to improve initial population diversity and regulate the balance
between global exploration and local exploitation [19]. Based on these methodological
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considerations, this study introduces Tent chaotic mapping initialization and a nonlinear
dynamic adaptive inertia weight into the GOOSE algorithm to improve the stability and
convergence efficiency of sensor structural parameter optimization.

To address the above issues, this paper proposes a miniaturized high-sensitivity
multilayer parallel-plate flexible electric field sensor for detecting weakly distorted electric
fields caused by early insulation degradation in power equipment. The sensor uses a
flexible arc-shaped structure to enhance the coupling capability for local distorted electric
fields and employs a multilayer parallel-plate stacked structure to improve the equivalent
sensing capacitance and output response within a limited size. To accurately describe the
output characteristics of the sensor, an equivalent circuit model considering the effects of
parasitic capacitance and conductive ink electrode resistance is established [20]. An electric
field–circuit-coupled simulation model is then constructed in COMSOL Multiphysics to
analyze the effects of the number of electrode layers, electrode thickness, dielectric layer
thickness, and electrode side length on the output voltage. On this basis, a multi-objective
optimization model is established with the objectives of maximizing the output voltage
and minimizing the electrode area, and the Pareto solution sets of the sensor structural
parameters are obtained using the improved GOOSE algorithm. The main contributions of
this paper are as follows:

(1) A multilayer parallel-plate flexible electric field sensor structure is proposed to en-
hance the local coupling capability for weakly distorted electric fields generated by
early insulation degradation.

(2) An equivalent circuit model considering the effects of parasitic capacitance and con-
ductive ink electrode resistance is established, and the relationship between the output
voltage and structural parameters is derived.

(3) The influence mechanisms of the number of electrode layers, electrode thickness, di-
electric layer thickness, and electrode side length on the output response are revealed.

(4) A multi-objective optimization model considering output voltage and electrode area
is constructed, and Pareto trade-off solutions under different numbers of electrode
layers are obtained.

2. Theoretical Modeling and Structural Optimization of the Sensor
2.1. Capacitive Electric Field Sensing Theory

During the degradation stage of insulating materials, the dielectric anomaly region
formed is extremely small, typically on the micrometer scale, and is much smaller than
the distance between the anomaly and the external sensor. Therefore, the distorted electric
field induced by insulation degradation is very weak. When the spatial dimensions of an
insulation anomaly are much smaller than its distance from the sensor, a localized anomaly
can be approximated as a point charge located at its center. For an elongated anomaly,
when its longitudinal dimension is much larger than both the sensor side length l and the
defect-to-sensor distance D, and the sensor is located near the central region of the anomaly,
the end effects can be neglected. The elongated charge distribution can therefore be locally
approximated as an ideal infinite line charge with a uniform linear charge density λ [21].

For a miniaturized sensor, its thickness is much smaller than the distance from the
charge to the electrode plate; therefore, the sensor thickness can be neglected. The length
and width of the sensor are both denoted as l, the distance between the electrode plate and
the line charge is denoted as D, and the angle between the electric field line and the normal
direction of the electrode plate is denoted as θ. The electric field acquisition mechanism of
a conventional parallel-plate sensor under the action of a point charge or a line charge is
shown in Figure 1.
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Figure 1. Electric field sensing mechanism of the conventional planar sensor: (a) point-charge model;
(b) ideal infinite-line-charge approximation. The finite segment is shown only to schematically
indicate the direction of the line-charge distribution.

The point-charge and line-charge models are considered as two independent idealized
excitation cases for representing insulation anomalies with different spatial distributions.
The electric field intensities E1 and E2 generated by a point charge with a total charge
Q and an ideal line charge with a linear charge density λl, respectively, are expressed
as Equation (1): {

E1 = 1
4πε0

Q
rp2

E2 = 1
2πε0

λ
rl

(1)

where Q is the total point charge with the unit of C, λl is the linear charge density of
the ideal line charge with the unit of C/m, rp is the distance from the point charge to
the observation point, rl is the perpendicular distance from the ideal line charge to the
observation point, and ε0 is the vacuum permittivity. The two source models are analyzed
independently, and no direct numerical comparison is made between Q and λl. For the
conventional planar sensor, the effective electric field fluxes through the electrode surface
under the point-charge and ideal line-charge excitation cases are denoted by µ1 and µ2,
respectively. The surface integration is performed over the entire square electrode surface
S, which has a side length of l, as expressed in Equation (2).

µ1 =
s

S E1 cos θdS =
Q

πε0
arctan

 l2

4D

√
D2 +

l2

2


µ2 =

s
S E2 cos θdS =

λl
πε0

arctan
(

l
2D

) (2)

where S denotes the entire l × l square electrode surface shown in Figure 1. The integration
covers the complete sensing surface of the electrode in both excitation cases. The quantities
µ1 and µ2 represent the effective electric field fluxes intercepted by the planar sensor under
the point-charge and ideal line-charge excitation cases, respectively. Their unit is V·m,
equivalent to N·m2/C. These quantities are used to characterize the geometric electric field
coupling capability of the sensor under identical source conditions and do not represent
local electric field intensities.

The operating principle of a capacitive electric field sensor is based on the capacitive
coupling between the external alternating electric field and the sensing electrodes. The
electric field induces charge redistribution on the electrodes, thereby producing a dis-
placement current and a corresponding AC voltage across the load resistance [22]. Under
an alternating electric field, the time-varying induced charge on the sensing electrodes
produces a displacement current whose amplitude is related to the rate of change of the
external electric field. Therefore, the electric field excitation can be represented by an
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equivalent current source id(t). The electrode plates and dielectric layer form a capacitance
Cx, which characterizes the charge storage effect. The load resistance Rload represents the
input impedance of the external measurement circuit and is used to convert the induced
current into a measurable voltage signal.

Figure 2 shows the model and equivalent circuit of the conventional parallel-plate
sensor, which are used to derive the sensor sensitivity.

Figure 2. Parallel Plate Sensor: (a) Model Diagram (b) Equivalent Circuit Diagram.

In Figure 2a, d denotes the spacing between the two parallel plates, while VOUT(t) in
Figure 2b represents the output voltage of the sensor. The expression for the capacitance Cx

is given in Equation (3):

Cx =
εS
d

(3)

where S is the effective overlapping area of the two electrode plates, with the unit of m2.
For the square electrode considered in this study, S = l2. In insulation degradation detection
applications for power equipment, sensor sensitivity is a core performance parameter, as
it directly determines the system’s capability to detect weak signals. Based on the above
analysis, the sensor sensitivity H1(ω) can be derived as Equation (4).

H1(ω) =
Vout(t)

E
=

djωCxRload
1 + jωCxRload

(4)

where ω is the variation frequency of the external electric field E, and the magnitude of the
sensitivity can be written as Equation (5).

|H1(ω)| = dωCxRload√
1 + (ωRloadCx)

2
=

dωεSRload√
(d)2 + (ωRloadεS)2

(5)

2.2. Optimization of Sensor Flexibility

To address the low collection efficiency of parallel-plate sensors for distorted electric
fields generated during the degradation stage of insulating materials, the sensor is designed
as a flexible arc-shaped structure with the same length.

The electric field acquisition mechanism of the flexible sensor is shown in Figure 3.

Figure 3. Electric field acquisition mechanism of the flexible sensor: (a) point charge; (b) line charge.
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For the idealized flexible sensor shown in Figure 3, the sensing surface is assumed
to conform to the electric field distribution. The point-charge case is represented by a
spherical surface segment centered on the point charge, while the ideal line-charge case
is represented by a cylindrical surface segment coaxial with the line charge. Therefore,
the local normal direction of each surface element is parallel to the electric field direction,
giving θ = 0 and cos θ = 1. The sensing surface also remains at a constant distance D
from the corresponding charge source, and its total area remains S = l2. Accordingly, the
effective electric field fluxes coupled through the flexible sensing surface are expressed
as Equation (6). 

ν1 =
s

S E1 cos θdS =
Ql2

4πε0D2

ν2 =
s

S E2 cos θdS =
λl2

2πε0D

(6)

where ν1 and ν2 denote the effective electric field fluxes coupled by the flexible sensor
under the point-charge and ideal line-charge excitation cases, respectively. Both quantities
have the unit of V·m. Equation (6) is based on an ideal conformal-surface approximation
and is used to compare the geometric coupling capabilities of the planar and flexible sensor
structures under identical charge-source conditions.

To compare the electric field acquisition capabilities of the two structures, their ratios,
η1 and η2, are defined by Equation (7). η1 = µ1

ν1
= 4D2

l2 arctan

[
l2

4D
√

D2+ l2
2

]
η2 = µ2

ν2
= 2D√

4D2+l2

(7)

According to Equation (7), when D » l: η1 = 4D2

l2 arctan

[
l2

4D
√

D2+ l2
2

]
= 4D2

l2 × l2

4D
√

D2 = 1

η2 = 2D√
4D2+l2 = 2D√

4D2 = 1
(8)

In all other cases, η1 and η2 are less than 1. The above analysis indicates that the
normal direction of the flexible sensor can remain aligned with the direction of the electric
field lines of the distorted electric field. This geometric optimization enables the sensor to
couple a higher effective electric flux under the same projected area, thereby significantly
improving the acquisition efficiency and integrity of the electric field signal.

2.3. Multilayer Parallel-Plate Structure Optimization

On the basis of the enhanced electric field coupling capability provided by the flexible
structure, a single-layer electrode remains limited by its effective sensing area, making
it difficult to simultaneously achieve miniaturization and a high output response [23].
Therefore, a multilayer electrode stacking structure is further introduced in this paper.

It should be noted that, in the distorted electric field generated by insulation degrada-
tion, the normal direction at each point on the surface of the flexible sensor is approximately
aligned with the direction of the local electric field line. Therefore, the flexible curved sur-
face can be discretized into numerous infinitesimal elements, each of which can be regarded
as a local parallel-plate unit. Since each infinitesimal element satisfies the parallel-plate
sensing mechanism, the flexible multilayer structure can be theoretically equivalent to a
model composed of multiple parallel-plate units [24,25]. Based on this equivalent con-
cept, the improved multilayer parallel-plate sensor model and its equivalent circuit are
established, as shown in Figure 4.
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Figure 4. Multilayer flexible electric field sensor: (a) equivalent schematic of infinitesimal elements in
the flexible structure; (b) multilayer parallel-plate model; (c) expanded and simplified equivalent
circuits of the multilayer structure, in which the sensing capacitances and parasitic capacitances are
separately identified.

Figure 4a shows the equivalent schematic, illustrating the equivalence process from the
flexible curved structure to local parallel-plate units. This equivalent treatment preserves
the electric field coupling characteristics of the flexible structure while facilitating the
establishment of an analytical model for the multilayer sensor. In Figure 4b, the sensor
model consists of n electrode layers, where di denotes the plate spacing of the odd-layer
sensing units, dj denotes the plate spacing of the even-layer sensing units, εi denotes the
dielectric permittivity of the odd-layer sensing units, εj denotes the dielectric permittivity
of the even-layer sensing units, and dc denotes the electrode thickness. In Figure 4c, Ci and
Cj represent the capacitances of the odd-layer and even-layer sensing units, respectively,
with the parasitic capacitance effect taken into account.

In the expanded equivalent circuit shown in Figure 4c, Cs,i and Cs,j denote the sensing
capacitances formed by the adjacent electrodes and dielectric layers of the two types
of sensing units, respectively. Cp,i and Cp,j denote the corresponding lumped parasitic
capacitances caused mainly by electrode-edge fringing fields and unintended coupling
between nonadjacent electrodes. The sensing capacitances and parasitic capacitances are
shown separately to clarify their respective physical meanings. In the simplified equivalent
circuit, Ci and Cj denote the corresponding effective branch capacitances after the parasitic-
capacitance effects are incorporated, and the complete multilayer capacitance network is
further simplified as the overall equivalent capacitance Ceq.

In addition, the conductive-ink electrode resistance Rc is introduced to characterize the
conductor loss in the electrodes, and κ is a dimensionless positive correction coefficient used
to approximately relate the effective resistance of the multilayer electrode network to Rc.

In the alternating multilayer structure, adjacent sensing units produce induced-voltage
contributions with opposite polarities relative to the defined output-voltage direction.
Therefore, deq is introduced as a signed equivalent differential spacing rather than the total
physical thickness of the sensor. Under the adopted sign convention, the contributions
of the units with spacing di are positive, whereas those of the units with spacing dj are
negative. For an odd number n of electrode layers, the numbers of these two types of
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units are (n + 1)/2 and (n − 1)/2, respectively. Similarly, the capacitance terms associated
with the two alternating sensing-unit groups contribute with opposite signs relative to
the defined output-voltage polarity. The subtraction in Ceq therefore represents a signed
differential combination of the capacitance contributions, rather than the direct subtraction
of passive physical capacitors. Each individual sensing capacitance remains positive. The
equivalent spacing deq, the equivalent capacitance Ceq, and the electrode resistance Rc can
be expressed as Equation (9):

deq = n+1
2 di − n−1

2 dj

Ceq = S( (n+1)
2

εi
di
− (n−1)

2
ε j
dj
)

Rc =
ρlc
Sc

= γ
dc

(9)

deq denotes the signed equivalent differential spacing determined by the opposite-
polarity contributions of the alternating sensing units; it does not represent the total
geometric thickness of the multilayer sensor and Sc is the cross-sectional area of the elec-
trode plate, ρ is the resistivity of the conductive ink, lc is the length of the conductive ink
electrode, and γ is a constant.

Where Sc is the effective cross-sectional area of the conductive path, ρ is the resistivity
of the conductive ink, lc is the effective current-path length, and dc is the electrode thickness.
For an electrode with an effective conductive width wc, Sc = wc dc. Therefore, γ is defined
as γ = ρlc/wc, and the electrode resistance can be written as Rc = γ/dc. The coefficient
γ is a lumped material–geometry parameter with the unit of Ω·m. Under the adopted
output-polarity convention, the differential equivalent capacitance remains positive when
(n + 1)εi/(2di) > (n − 1) εj/(2dj), or equivalently, when (n + 1) εi dj > (n − 1) εj di. This
condition is imposed on the admissible design domain. Equality corresponds to zero net
differential coupling. If the inequality is reversed, the sign indicates a reversal of the output
polarity rather than a negative passive capacitance, and the physical equivalent-capacitance
magnitude is given by |Ceq|. Based on the above analysis, the sensor sensitivity and its
magnitude can be expressed as Equation (10):

H(ω) = Vout(t)
E =

jωdeqCeqRload
1+jω(Rload+κ

γ
dc
)Ceq

|H(ω)| =
SRloadω( n+1

2 di− n−1
2 dj)(

(n+1)
2

εi
di
− (n−1)

2
ε j
dj
)dc√

(dc)
2+[ω(Rload+κ

γ
dc
)S( n+1

2
εi
di
− n−1

2
ε j
dj
)]

2

(10)

3. Parameter Optimization Method Based on the Improved
GOOSE Algorithm

To improve the sensor’s detection capability for weakly distorted electric fields gen-
erated during the insulation degradation stage while maintaining miniaturization, it is
necessary to optimize the key structural parameters of the sensor. In this paper, the max-
imization of the sensor output voltage and the minimization of device size are taken as
the optimization objectives, and an improved multi-objective GOOSE algorithm is used to
optimize the sensor structural parameters. The five parameters di, dj, dc, n, and l are selected
as the variables to be optimized. In addition, n is constrained to be an odd integer greater
than or equal to 1, and the constraint expressed in Equation (11) must also be satisfied.

hc − (n + 1)dc =
(n + 1)

2
di +

(n − 1)
2

dj (11)
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where hs denotes the overall thickness of the multilayer sensor. Let n∈{1,3,5,7,9}. The above
problem can then be abstracted as Equation (12).

X = (di, dj, dc, n)
F = F(di, dj, dc, n)
Xmin ≤ X ≤ Xmax

Max : M = M(X)

1 ≤ n, n ≡ 1(mod2)

(12)

X denotes the optimization variables, M and A are the objective functions, F represents
the constraint in Equation (11), and Xmin and Xmax denote the lower and upper bounds of
the optimization variables, respectively.

The GOOSE optimization algorithm first initializes the population. The position of
each goose, namely the optimization variable, is defined as the matrix X = [X1, X2, . . ., Xm].
The fitness value of each goose position is then determined in each iteration using a
normalized benchmark function. The fitness of each goose position in the search space is
calculated and compared with those of the other goose positions to identify the best fitness
value and the corresponding best position. The algorithm then enters the exploitation
and exploration stages. A random parameter β is generated; if β falls between 0.5 and 1.0,
the algorithm enters the exploitation stage; otherwise, it enters the exploration stage. The
above stages are repeated until the maximum number of iterations is reached. After the
iteration process is completed, the algorithm outputs the optimal goose position.

However, the basic GOOSE algorithm suffers from strong randomness in population
initialization and a relatively rigid balance strategy between exploration and exploitation.
To overcome these limitations, this paper improves the original GOOSE algorithm in two
aspects. First, a Tent chaotic mapping initialization strategy is introduced to enhance the
diversity and ergodicity of the initial population. Second, a nonlinear dynamic adaptive
inertia weight is introduced to dynamically adjust the search capability of the algorithm at
different iteration stages.

In the population initialization stage, Tent chaotic mapping is adopted to generate the
initial population, and its mapping relationship is defined as Equation (13).

xn+1 = f (xn) =

{
xn/α, xn ∈ [0, α)

(1 − xn)/(1 − α), xn ∈ [α, 1)
(13)

where xn is the chaotic value at the current iteration step, xn+1 is the chaotic value at the next
iteration step, and α is the initialization coefficient, α ∈ [0, 1], and the initialized solution
vector can be written as Equation (14).

X0 = Xt + xn(Xmax − Xmin) (14)

where X0 denotes the population initialized using the Tent chaotic map, and the mapping
operation is performed elementwise within the variable bounds defined by Xmin and Xmax.

In the exploitation and exploration stages of the algorithm, a nonlinear dynamic
adaptive inertia weight is introduced during each generation of the random number β

to dynamically balance the global exploration and local exploitation capabilities of the
algorithm. This mechanism enables the algorithm to maintain a larger inertia weight
in the early stage of iteration, thereby promoting global exploration. In the later stage
of iteration, the inertia weight decreases to enhance local exploitation around potential
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optimal solution regions. The expression of the nonlinear dynamic inertia weight Λ is
given in Equation (15):

Λ = 2 − 2

1 + e[−10τ( 2t
N −1)]

(15)

where τ is a uniformly distributed random number generated in the interval [0, 1], t denotes
the current iteration number, and N denotes the preset maximum number of iterations.

Through the above two improvements, the algorithm enhances population diversity
during the initialization stage and dynamically adjusts the global exploration and local
exploitation capabilities during the iterative process, thereby improving the convergence
speed and optimization stability.

The flowchart of the improved GOOSE algorithm is shown in Figure 5.

Figure 5. Improved GOOSE algorithm process.

4. Simulation Design and Optimization of Sensors
An electric field–circuit-coupled model was established using COMSOL Multiphysics 6.3

(COMSOL AB, Stockholm, Sweden) to compare the basic parallel-plate structure, the
three-layer structure, and the five-layer structure. The effects of structural parameters
on the output voltage and sensor size were analyzed to provide a basis for subsequent
multi-objective optimization.

Conductive ink was used as the electrode material, while polytetrafluoroethylene
(PTFE) with a relative permittivity of 2 and polyvinylidene fluoride (PVDF) with a relative
permittivity of 10 were selected as the dielectric materials. The applied electric field was
set to 1000 V/m along the z-axis.

The electric field–circuit-coupled model was established in COMSOL Multiphysics 6.3
using the Electric Currents and Electrical Circuit interfaces under a frequency-domain study.
The sensor was placed at the center of a spherical air domain, and the outer boundary
conditions were configured to generate a uniform electric field of 1000 V/m along the z-axis.
The remaining external boundaries were treated as electrically insulating boundaries. For
the capacitive electric field sensor, the two electrode groups were defined as electrical
terminals and coupled to the external circuit through the terminal connections. A 1 MΩ
load resistor was connected between the two terminals, allowing the electric field-induced
current to generate a voltage drop across the resistor. The terminal current calculated by
the Electric Currents interface was transferred to the Electrical Circuit interface, and the
resulting terminal voltage was coupled back to the field model. A voltage probe was placed
across the load resistor, and the measured voltage difference was taken as the sensor output
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voltage. Under identical external electric field conditions, this output voltage was used to
evaluate and compare the sensitivity of different sensor structures.

A mesh-independence study was conducted by progressively refining the computa-
tional mesh while keeping all other simulation settings unchanged. Local mesh refine-
ment was applied to the thin electrode and dielectric layers and their interfaces. The
output voltage across the load resistance was used as the convergence quantity, and the
mesh was considered sufficiently converged when further refinement resulted in a rel-
ative output-voltage variation of less than 1%. The final converged mesh was used in
all subsequent simulations.

The simulation models of the sensors are shown in Figure 6.

Figure 6. COMSOL simulation model: (a) Traditional structure (b) three-layer structure (c) five-layer
structure (d) spherical solution domain.

A logarithmic frequency sweep with 12 frequency points was performed over the
range of 10–300 Hz, and the variation in the output voltage of sensors with different
numbers of layers as a function of frequency is shown in Figure 7.

Figure 7. Relationship between output voltage and frequency for flexible capacitive electric field
sensors with three different numbers of layers.

Across the entire frequency range, the five-layer structure consistently produced a
higher output voltage than the three-layer structure and the conventional single-layer
structure. The obvious differences in output voltage among structures with different
numbers of layers indicate that the number of sensor layers has a significant influence on
the electric field coupling capability. Based on this analysis, the number of layers n was
introduced as a discrete design variable in the subsequent multi-objective optimization
model and jointly optimized with the other structural parameters.
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With the sensor length and width kept identical and constant and the total thickness
fixed, the effects of electrode spacing and electrode thickness on the output voltage were
first analyzed. The parameters of the three sensor structures are listed in Table 1.

Table 1. Parameters of the three sensor structures with constant length and width.

Sensor Length and
Width/mm

Sensor Thickness
/mm

Radius of Spherical
Solution Domain/mm

1 0.8 3

Under a 50 Hz electric field, the relationship between the output voltage of the three
sensors and the electrode thickness is shown in Figure 8.

Figure 8. Relationship between output voltage and electrode thickness for the three sensors.

Figure 8 shows that the electrode thickness has a pronounced effect on the sensor
output voltage, and the relationship is not simply linear. When the electrode is relatively
thin, the cross-sectional area of the conductive ink electrode is small, resulting in a large
equivalent resistance. Consequently, considerable ohmic loss occurs during the transfer
of induced current through the electrode, leading to a low output voltage at the load
terminal. As the electrode thickness increases, the electrode resistance decreases and the
charge transfer efficiency improves, thereby increasing the output voltage. However, a
further increase in electrode thickness compresses the effective thickness of the dielectric
layer and enhances interlayer parasitic coupling and fringing-field distortion, causing
the output response to approach saturation or even decrease. Therefore, the effect of
electrode thickness on the output voltage reflects a competing relationship between reduced
conductor loss and enhanced parasitic coupling, indicating the existence of an appropriate
optimal thickness range.

Since the PVDF layer thickness in the multilayer structure significantly affects the
electric field distribution and equivalent capacitance, the relationship between the output
voltage and PVDF layer thickness for the three-layer and five-layer structures was further
analyzed, as shown in Figure 9.

Figure 9 shows that the PVDF layer thickness also has a non-monotonic effect on the
output voltage. Owing to the high relative permittivity of PVDF, increasing the PVDF layer
thickness at relatively small thicknesses increases the proportion of the high-permittivity
material, enhances electric field concentration within the dielectric layer, and improves
the capability for induced charge accumulation, thereby increasing the output voltage.
However, when the PVDF layer becomes excessively thick, part of the electric field is overly
confined within the high-permittivity dielectric, weakening the effective penetration of
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the external distorted electric field toward the internal electrodes. Meanwhile, the internal
potential gradient in the multilayer structure decreases, suppressing the increase in induced
current and leading to a reduction in the output voltage. Therefore, an optimal PVDF layer
thickness exists, which essentially reflects the balance between electric field concentration
and electric field penetration. Compared with the relatively smooth dependence of the
three-layer structure, the five-layer structure exhibits small local fluctuations because it
contains more electrode–dielectric interfaces and internal capacitive branches. Variations
in the PVDF layer thickness simultaneously affect the effective capacitance, electric field
distribution, interlayer shielding, and parasitic coupling among the sensing layers. The
competition among these effects results in local redistribution of the electric field and
induced charge, making the five-layer output response more sensitive to thickness variation.
Therefore, the fluctuations in Figure 9 should be understood as local non-monotonic
variations rather than periodic oscillations.

Figure 9. Relationship between output voltage and PVDF layer thickness for the two improved sensors.

With the electrode spacing and electrode thickness kept identical and constant, the
overall sensor thickness was fixed at 0.8 mm for all structures to ensure a fair comparison
under the same size constraint. The effect of the sensor length and width on the output
voltage was then analyzed. The parameters of the conventional parallel-plate sensor are
listed in Table 2, while those of the three-layer and five-layer sensors are listed in Table 3.

Table 2. Parameters of the conventional parallel-plate structure with constant electrode spacing and
electrode thickness.

Electrode Plate Layer
Thickness/mm

PVDF Layer
Thickness/mm Sensor Thickness/mm Radius of Spherical

Solution Domain/mm

0.2 0.6 0.8 3

Table 3. Parameters of the three-layer and five-layer structures with constant electrode spacing and
electrode thickness.

Electrode Plate Layer
Thickness/mm

PVDF Layer
Thickness/mm Sensor Thickness/mm Radius of Spherical

Solution Domain/mm

0.145 0.4 0.8 3

Under a 50 Hz electric field, the relationship between the output voltage of the three
sensors and the electrode side length l is shown in Figure 10.
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Figure 10. Relationship between output voltage and electrode side length for the three sensor structures.

Figure 10 shows that, when the other structural parameters remain unchanged, the
electrode side length l is generally positively correlated with the output voltage. From the
perspective of electric field acquisition, a larger electrode area provides a stronger capability
to intercept electric flux, thereby generating a higher induced current and output voltage.
However, increasing the electrode side length also enlarges the overall sensor size, which
is unfavorable for installation and deployment on complex power equipment surfaces.
Therefore, an inherent trade-off exists between output voltage enhancement and structural
miniaturization, which provides the main motivation for subsequent structural parameter
optimization using a multi-objective optimization algorithm.

The above analysis aims to verify the influence of each structural parameter on the sen-
sor output performance and to reveal the coupling relationships among these parameters,
rather than to determine a single optimal structure. Based on the identified influence char-
acteristics of the variables, a multi-objective optimization model is further constructed. The
improved multi-objective GOOSE algorithm is then employed to jointly optimize the above
variables and obtain the Pareto-optimal solution set of the sensor structural parameters.

To evaluate the convergence performance of the improved GOOSE algorithm, the
conventional GOOSE algorithm and the improved GOOSE algorithm were compared
under the same conditions. The magnitude of the sensor output was selected as the
fitness function for algorithm performance evaluation. The initial population size of both
algorithms was set to 30, and the maximum number of iterations was set to 500. Figure 11
shows the convergence curves of the two algorithms.

Figure 11. Algorithm convergence curves.

As shown in Figure 11, both algorithms gradually converge as the number of iterations
increases. However, compared with the conventional GOOSE algorithm, the improved
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GOOSE algorithm exhibits a lower initial fitness value, a faster convergence rate, and better
convergence performance. This indicates that Tent chaotic initialization and the adaptive
weight mechanism can effectively enhance the global search capability and optimization
accuracy of the algorithm.

Based on the above convergence analysis, the improved multi-objective GOOSE al-
gorithm was further employed to optimize the structural parameters of the multilayer
flexible electric field sensor, with the aim of simultaneously satisfying the requirements of
miniaturization and high sensitivity. The preceding comparison among the conventional
single-layer, three-layer, and five-layer structures has verified the enhancement effect of
multilayer stacking on the output response and the five-layer structure exhibits the best
performance. To further analyze the size–performance trade-off of multilayer structures
with higher numbers of layers, five-layer, seven-layer, and nine-layer structures were se-
lected for Pareto front comparison. With electrode area minimization and output voltage
maximization as the optimization objectives, the population size was set to 30 and the
maximum number of iterations was set to 50. The Pareto solution sets obtained for sensors
with different numbers of layers are shown in Figure 12.

Figure 12. Cont.
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Figure 12. Pareto-optimal solution sets and compromise optimal solutions: (a) five-layer structure;
(b) seven-layer structure; (c) nine-layer structure.

Figure 12 presents the Pareto fronts obtained from the parameter optimization of the
five-layer, seven-layer, and nine-layer structures, with the output voltage plotted on the
horizontal axis and the electrode area on the vertical axis. Overall, compared with the
five-layer structure, the Pareto front of the seven-layer structure shifts further toward the
lower-right region, indicating that a higher output voltage can be achieved under the same
electrode area, or a smaller structural size can be obtained under the same output voltage.
However, when the number of electrode layers increases to nine, the Pareto front does not
continue to move toward the high-performance region, and some solutions even exhibit
degradation. This indicates that simply increasing the number of electrode layers does not
necessarily lead to better performance.

This phenomenon can be attributed to the competing effects introduced by the mul-
tilayer structure. On the one hand, increasing the number of layers improves the electric
field coupling capability by increasing the equivalent capacitance. On the other hand, it
also introduces internal electric field shielding and parasitic coupling. When the number of
electrode layers becomes excessive, the external distorted electric field gradually attenuates
after passing through the upper electrodes, resulting in a weaker effective electric field
sensed by the deeper electrodes. Meanwhile, the increase in parasitic capacitance paths
makes it more difficult for part of the induced charge to be effectively transferred to the out-
put terminal. Therefore, the performance improvement of the multilayer structure is jointly
constrained by capacitance enhancement, shielding effects, and parasitic coupling. Overall,
the seven-layer structure provides the best trade-off between output voltage enhancement
and electrode area control.

The selected compromise solution in Figure 12 was finally adopted as the optimized
design, and the corresponding structural parameters are listed in Table 4.

Table 4. Final optimized design obtained from the Pareto front.

Electrode Plate Layer
Thickness/mm

PVDF Layer
Thickness/mm

Number of Sensor
Electrode Layers

PTFE Layer
Thickness/mm

Sensor Length and
Width/mm

0.138 0.422 7 0.240 1.321

With the optimized structural parameters listed in Table 4, the corresponding electrode
area and output voltage are 1.746 mm2 and 2.565 × 10−6 V, respectively, as shown in
Figure 12b. Under the applied electric field intensity of 1000 V/m, this output voltage
corresponds to an electric field-to-voltage sensitivity of 2.565 × 10−9 V/(V/m), or equiva-
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lently 2.565 µV/(kV/m). These results verify the effectiveness of the proposed multilayer
flexible structure and the improved GOOSE algorithm in simultaneously achieving sensor
miniaturization and high sensitivity.

5. Conclusions
This study focused on the insufficient sensing capability for weakly distorted electric

fields generated during the early stage of insulation degradation in power equipment, and
investigated the theoretical modeling, simulation analysis, and multi-objective optimization
of a multilayer parallel-plate flexible electric field sensor. Theoretical analysis shows that
the flexible arc-shaped structure improves the alignment between the surface normal
of the sensor and the direction of the local electric field lines, thereby enhancing the
effective coupling capability for weakly distorted electric fields. Based on the equivalent
representation of the flexible curved surface as local parallel-plate infinitesimal elements,
a multilayer equivalent circuit model was established. This model can characterize the
effects of parasitic capacitance and conductive ink electrode resistance on the sensor output
response, providing a theoretical basis for subsequent structural parameter analysis.

The electric field–circuit-coupled simulation results indicate that the multilayer
parallel-plate stacked structure can improve the equivalent sensing capacitance and output
voltage within a limited size. However, the performance enhancement does not increase
monotonically with the number of electrode layers. Both electrode thickness and dielectric
layer thickness exhibit non-monotonic effects on the output voltage, reflecting the com-
bined influence of conductor loss, dielectric field concentration, field penetration capability,
and parasitic coupling. Increasing the electrode side length improves the electric field
interception capability and output voltage, but also increases the device area, revealing an
inherent trade-off between output response enhancement and sensor miniaturization.

The algorithm comparison results show that, after introducing the Tent chaotic map-
ping initialization strategy and the nonlinear dynamic adaptive inertia weight, the im-
proved GOOSE algorithm outperforms the original GOOSE algorithm in terms of con-
vergence speed and optimization stability. The Pareto solution sets obtained using the
improved algorithm further demonstrate that, as the number of electrode layers increases
from a single layer to seven layers, the sensor output response gradually improves under
the same electrode area. However, when the number of electrode layers increases to nine,
enhanced internal shielding and parasitic coupling cause the output response to approach
saturation and even degrade, indicating that simply increasing the number of layers does
not necessarily lead to better performance.

By comprehensively comparing the Pareto solution sets under different numbers of
electrode layers, the seven-layer structure exhibits a better compromise between output
voltage enhancement and electrode area control. The selected compromise solution on
the Pareto front was finally adopted as the optimized design, achieving an output volt-
age of 2.565 × 10−6 V with an electrode area of 1.746 mm2. These results indicate that
the multilayer electrode stacked structure should be designed by balancing equivalent
capacitance enhancement, internal shielding effects, and parasitic coupling. Within the
scope of the present theoretical modeling and simulation study, the proposed multilayer
parallel-plate flexible structure and improved GOOSE-based multi-objective optimization
method provide a design reference for miniaturized weakly distorted electric field sensors.
Their capability for detecting actual insulation degradation remains to be verified through
prototype development and experimental testing.

It should be noted that the present study is limited to theoretical modeling, equivalent-
circuit analysis, COMSOL simulation, and numerical optimization. A physical prototype
has not yet been fabricated, and the predicted sensor response and optimized structural
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parameters have not been experimentally validated using controlled electric field tests or
actual insulation-degradation samples. Therefore, practical factors such as manufacturing
tolerances, electrode–dielectric interface characteristics, measurement noise, environmental
disturbances, and long-term stability remain to be evaluated through subsequent pro-
totype development, calibration, and experimental testing. Future work will focus on
prototype fabrication, controlled electric field testing, and validation under representative
insulation-degradation conditions. Alternative flexible dielectric and electrode materials
will also be investigated to further improve the sensor sensitivity, mechanical adaptability,
manufacturability, and long-term stability.
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