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Abstract

To address severe transmission signal attenuation caused by inter-phase electromagnetic
coupling in three-phase cross-bonded cables, which significantly limits the identification of
insulation defects and fault types, this paper proposes a broadband impedance spectroscopy
differential-frequency decoupling and defect diagnosis method based on three-phase high-
frequency, high-voltage coordinated excitation. First, a decoupled transmission line model
for three-phase cross-bonded cables is established to systematically analyze how the degree
of insulation damage and fault equivalent impedance affect the frequency domain response
at the test terminal. Three core diagnostic parameters, namely the fundamental resonant
peak amplitude variation ratio, the resonant period change rate, and the initial phase offset,
are extracted to construct a multi-dimensional collaborative diagnosis model for accurate
defect and fault identification. Second, a high-voltage topology based on proportional
optical isolation driving is designed to overcome the gain and bandwidth trade-off of
conventional power amplifiers, effectively mitigating excessive high-frequency signal
attenuation and low signal-to-noise ratios in long-distance transmission lines. Using
this topology, a three-phase differential-frequency coordinated excitation test platform is
developed to ensure the accurate, synchronous injection of isolated three-phase differential-
frequency sinusoidal waveforms into the cable sending end. Combined with broadband
impedance spectra acquired by the test system, the proposed diagnostic model enables the
reliable identification of defect and fault types in three-phase cross-bonded cables, offering
practical significance for the safe and stable operation of power transmission systems.

Keywords: cross-bonded cable; broadband impedance spectroscopy; differential frequency
decoupling; high-frequency high-voltage excitation; defect diagnosis

1. Introduction
With the continuous advancement of urban modernization, the proportion of long-

distance high-voltage cables in power transmission networks has increased rapidly. Cross-
linked polyethylene cables have become the mainstream solution for underground power
transmission due to their excellent electrical performance and operational reliability [1,2].
To minimize line losses, high-voltage cables are typically laid with three-phase cross-bonded
grounding schemes. Over long-term service, however, these cables are prone to various
defects and faults driven by overload heating, moisture ingress, and insulation aging [3].
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Therefore, accurately diagnosing defect and fault types in three-phase cross-bonded cables
is of paramount importance for the safe and stable operation of transmission systems [4,5].

Conventional cable defect detection techniques include partial discharge testing, re-
flectometry, and broadband impedance spectroscopy [6]. High-frequency partial discharge
detection utilizes high-frequency current transformers to couple discharge pulses within
a frequency range of 10 kHz to 100 MHz from cable grounding leads, evaluating defect
severity based on pulse amplitude and repetition frequency [7]. However, this approach
suffers from severe signal attenuation and a limited detection range. Discharge signals orig-
inating from the defective phase can easily couple to the sheaths of the adjacent two phases,
making it virtually impossible to determine the phase sequence and exact location of the
discharge source. Furthermore, on-site harmonics and ambient radio frequency signals
frequently interfere with detection results.

Reflectometry methods locate defects by analyzing the arrival time difference between
the injected excitation signal and the reflected wave; however, they remain strongly affected
by inter-cable signal coupling and still fail to identify the defective phase sequence [8].
Time-Domain Reflectometry captures limited high-frequency information and is severely
degraded by signal dispersion, rendering it challenging to detect early local insulation
defects. In three-phase cross-bonded cables, transmitted signals are highly susceptible to
inter-phase electromagnetic coupling at cross-bonding points, producing complex reflected
signal characteristics that cannot be effectively decoupled to distinguish the defective phase,
ultimately impairing localization accuracy over long distances. Similarly, in Frequency-
Domain Reflectometry, incident and reflected waves are strongly frequency dependent,
which increases the difficulty of defect identification and limits positioning precision.

Broadband impedance spectroscopy, featuring non-intrusive measurement, rich fre-
quency domain information, and high sensitivity to early insulation degradation, has
emerged as an important diagnostic tool and has been successfully applied to single-core
cables [9–11]. Nevertheless, its application to three-phase cross-bonded cables faces signifi-
cant constraints. First, the cross-bonded structure forms a closed loop via the three-phase
sheaths, causing mutual coupling among the phase impedance spectra and complicat-
ing independent phase decoupling. Second, the output voltage amplitude of existing
broadband impedance spectroscopy detectors is limited, resulting in poor identification
accuracy for long-distance cables [12]. Moreover, high-frequency signals undergo sub-
stantial amplitude attenuation and phase distortion during long-distance transmission,
which, when compounded by complex on-site electromagnetic interference, results in
severely degraded signal-to-noise ratios. Consequently, both anti-interference capability
and diagnostic accuracy require further improvement [13–15].

To address the challenges of inter-phase signal coupling and attenuation, this paper
proposes a differential-frequency impedance spectroscopy decoupling method based on
three-phase high-frequency, high-voltage coordinated excitation. First, considering the
topology of the three-phase sheath current loop, the transposed coaxial cables within the
cross-bonding box are modeled as high-frequency equivalent impedances; a complete
transmission line model for the three-phase cross-bonded cable is then established to
achieve differential-frequency decoupling of the head-end impedance spectrum for each
phase [16]. Concurrently, a three-phase cascaded high-frequency, high-voltage amplifier is
developed to resolve the severe attenuation in long-distance lines caused by low excitation
amplitudes [17]. On this basis, a differential-frequency coordinated excitation strategy is
implemented to synchronously inject differential-frequency, high-voltage sinusoidal signals
into the three-phase cable, enabling the decoupled extraction of broadband impedance
characteristics across the cross-bonded system. Finally, diagnostic criteria for insulation
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defects and faults are formulated based on these broadband impedance features, achieving
accurate cable defect and fault diagnosis [18].

2. Decoupling Model of Three-Phase Cross-Bonded Cable
Transmission Lines
2.1. Establishment of the Decoupling Model for Cross-Bonded Cables

The structure of a cross-bonded cable is shown in Figure 1. A single main section
consists of nine metal sheath units A1–C3 for the three phases and six sets of intermediate
joints J1–J6. Direct grounding boxes GB1 and GB2 are arranged at both ends of the system,
and sheath transposition is completed through two cross-bond boxes CB1 and CB2 within
the section. To meet the requirements of signal transmission path consistency and anti-
interference ability for broadband impedance spectroscopy detection, medium-voltage
(MV) coaxial cables are commonly used as sheath connection leads [19].

Figure 1. Electrical topology diagram of cross-bonded cable transposition.

In practical installations, each sheath unit is connected to its corresponding cross-
bonding box and direct grounding box via coaxial leads inside the joint. Taking the Phase
A loop as an example, at joint J1, the sheaths of sections A1 and A2 are connected to the
inner conductor and metallic shield of coaxial M4, respectively. Similarly, at joint J4, the
sheaths of A2 and A3 are connected to the inner conductor and shielding layer of coaxial
cable M7 in the same manner.

According to the topology shown in Figure 2, an equivalent transmission line model is
established using Phase A of the three-phase cross-bonded cable as the research object. The
per-unit-length distributed parameters of the three-phase cross-bonded cable are defined
as resistance R1, inductance L1, G1, and C1, respectively. The corresponding distributed
parameters of the medium-voltage cable in the cross-bonded section are denoted as R2,
L2, G2, and C2, respectively. When analyzing the electrical coupling characteristics and
current transmission laws of cable Mi, let I15 and I12 represent the induced currents flowing
through the metallic sheaths of M9 and M5, respectively. Because the electrical length
of the medium-voltage cross-bonding connection cable is much smaller than the signal
wavelength, its distributed parameter effects can be ignored, and the propagation loss
along the lead can be approximately neglected. Consequently, the equivalent impedance of
the medium-voltage cable can be represented by the lumped parameter Zm, leading to the
equivalent circuit model depicted in Figure 3.
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Figure 2. Transmission line model of three-phase cross-bonded cable system.

 
Figure 3. Simplified equivalent circuit diagram of three-phase cross-bonded cable system.

2.2. Analysis of the Transmission Line Model for Three-Phase Cross-Bonded Cables

According to classical lossy transmission-line theory [20], high-frequency signal prop-
agation in cables can be described by a distributed-parameter transmission-line model,
in which the propagation constant, characteristic impedance, voltage, and current sat-
isfy the corresponding fundamental transmission relationships. Based on this theory,
a high-frequency equivalent transmission-line model for three-phase cross-bonded cables
is established by considering the sheath transposition configuration and the correspond-
ing signal transmission paths, and the voltage and current transmission relationships for
different cable sections are further derived.

Unless otherwise specified, the voltage and current quantities used in the following
frequency-domain transmission-line analysis are represented by complex phasors. Instan-
taneous quantities are denoted by lowercase letters v(t) and i(t), while RMS quantities
are explicitly indicated by the subscript “rms”. Impedance quantities are represented as
complex quantities Z, and their magnitudes are denoted by |Z|.

Let Vf−∆f(x) represent the excitation voltage at the sending end of Phase A, and let
ZL denote the terminal impedance. Setting the sending end of the cable as the coordinate
origin x0, the total length of a single-phase cable is defined as L. In a three-phase cross-
bonded system, the metallic sheath is not electrically continuous but is transposed at the
cross-bonding joints located at coordinates x1 and x2, while the cable terminal load side
corresponds to position x3 = L.

In the section extending from the final sheath transposition joint to the cable terminal
where x2 ≤ x ≤ x3, the signal propagation behavior is identical equivalent to that of
a conventional transmission line. The voltage and current in this section are primarily
formed by the superposition of the forward-propagating incident wave and the reflected
wave caused by terminal impedance mismatch.

V(x) = V+eγ(L−x)(1 + ΓLe−2γ(L−x)) (1)

I(x) =
V+eγ(L−x)

Z0
(1 − ΓLe−2γ(L−x)) (2)

In the middle section where x1 ≤ x ≤ x2, the coupling term at joint x2 must be
incorporated into the voltage expression:

•
V(x) = V+eγ(L−x)

(
1 + ΓLe−2γ(L−x)

)
− Zm Ix2

(
eγ(x3−x) + e−γ(x3−x)

)
(3)
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I(x) =
V+eγ(L−x)

Z0
(1 − ΓLe−2γ(L−x)) (4)

For x0 ≤ x ≤ x1, the high-frequency signal is affected by both cross-bonding points,
resulting in the most complex voltage waveform distortion:

•
V(x) = V+eγ(L−x)

(
1 + ΓLe−2γ(L−x)

)
− Zm Ix2

(
eγ(x3−x) + e−γ(x3−x)

)
− Zm Ix1

(
eγ(x3−x) + e−γ(x3−x)

)
(5)

I(x) =
V+eγ(L−x)

Z0

(
1 − ΓLe−2γ(L−x)

)
(6)

where V+ is the head-end excitation voltage, ΓL is the load reflection coefficient, γ is the
propagation constant, and Z0 is the characteristic impedance:

ΓL =
ZL + ZC

ZL − ZC
(7)

γ =
√
(R0 + jωL0)(G0 + jωC0) = α + jβ (8)

Z0 =

√
R1 + jωL1

G1 + jωC1
(9)

where α and β are the attenuation constant and phase constant, respectively.
Based on the transmission-line model established above, the head-end input impedance

of the healthy three-phase cross-bonded cable is further derived in this study as:

Zh = V(L)
I(L) = Z0(

1+ΓLe−2γL

1−ΓLe−2γL )− Zm
(1+e−2γx1−ΓLe−2γL(1+e2γx))

(1−ΓLe−2γL)
−

Zm
(1+e−2γx2−ΓLe−2γL(1+e2γx2 ))

(1−ΓLe−2γL)

(10)

2.3. Analysis of the Transmission Line Model for Three-Phase Cross-Bonded Cables with Defects
and Faults

In cable transmission lines, the gradual development of cable body insulation defects
will lead to system faults in severe cases [21]. This paper first investigates the influence of
insulation defects on the distribution of the head-end impedance spectrum distribution.
Since the two types of commonly occurring insulation defects in high-voltage cable engi-
neering are XLPE main insulation thermal aging and metallic shielding layer damage, they
correspond to abnormal increase and abnormal decrease of the equivalent capacitance of
the insulation layer in the distributed parameter model, respectively [22]. It is assumed
that an insulation defect section with a length of ∆ld exists in section A3 of the three-phase
cross-bonded cable, and its equivalent transmission model is shown in Figure 4.

Based on the transmission-line model established above, this study further establishes
an equivalent transmission-line model for a three-phase cross-bonded cable containing
a local insulation defect. Let ZL denote the terminal impedance, xd denote the starting
position of the defect section, and ∆ld denote the defect length. According to the impedance
transformation and reflection relationships on both sides of the defect section, the reflection
coefficient Γ1 and the input impedance at x = xd + ∆ld are derived as

Γ1 =
ZL − Z0h

ZL + Z0h

(11)

Z(xd+∆ld) = Z0h
1 + Γ1e−2γh(L−xd−∆ld)

1 − Γ1e−2γh(L−xd−∆ld)
(12)
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(a) 

 
(b) 

Figure 4. Transmission line model of cable with insulation defects. (a) Equivalent model with
C− defect. (b) Equivalent model with C+ defect.

To simplify the boundary condition, the cable terminal is assumed to be open-circuited,
i.e., Γ1 = 1. By substituting this boundary condition into the above expressions and applying
the impedance transformation relationships within and on both sides of the defect section,
the reflection coefficient Γ2 and the input impedance Z(xd) are further derived as

Γ2 =
Z0h(1 + e−2γh(L−xd−∆ld))− Z0d(1 − e−2γh(L−xd−∆ld)

Z0h(1 + e−2γh(L−xd−∆ld)) + Z0d(1 − e−2γh(L−xd−∆ld))
=

A − B
A + B

(13)

Z(xd) = Z0d
1+Γ2e−2γhxd

1−Γ2e−2γhxd
= Z0d

A(1+e−2γd∆ld)+B(1−e−2γd∆ld)
A(1−e−2γd∆ld)+B(1+e−2γd∆ld)

= Z0d
AC+BD
AD−BD

(14)

where A represents the equivalent transmission characteristics of the healthy cable section
downstream of the defect section; B represents the impedance combination relationship
resulting from the joint effects of the characteristic impedance of the defect section and
the propagation characteristics of the downstream healthy cable section; and C and D are
propagation characteristic combination terms of the defect section, which characterize the
effects of the propagation constant γd and defect length ∆ld on the round-trip propagation
of high-frequency signals.

By treating the defect section as an equivalent load and transforming its impedance
toward the cable head end, the reflection coefficient Γ3 at the starting position of the defect
section is further derived from the impedance discontinuity on both sides of the defect
point as:

Γ3 =
Z0d(AC + BD)− Z0h(AD + BC)
Z0d(AC + BD) + Z0h(AD + BC)

=
Z(xd)− Z0h
Z(xd) + Z0h

=
E − F
E + F

(15)

Z(x2) = Z0h
E
(
1 + Γ3e−2γhxd

)
+ F

(
1 − Γ3e−2γhxd

)
E(1 − Γ3e−2γhxd) + F(1 + Γ3e−2γhxd)

= Z0h
1 + Γ3e−2γhxd

1 − Γ3e−2γhxd
(16)

The transmission impedances of Sections A1 and A2 are then equivalently transformed
to the terminal position x2, and the resulting equivalent impedance is denoted by Zeq.
Accordingly, the head-end input impedance Zin is further derived as:

Zin =
Z0h · Zeq

[
E
(
1+e−2γhxd

)
+F
(
1−e−2γhxd

)]
Z0h[E(1+e−2γhxd)+F(1−e−2γhxd)] + Zeq[(1−e−2γhxd)+F(1+e−2γhxd)]

(17)
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It can be seen from Equation (17) that the input impedance at the test terminal
can effectively map the characteristic parameters of locally damaged sections such as
γd and ∆ld, thereby causing resonance point offset and amplitude change of the cable
impedance spectrum.

Next, the cable impedance spectrum in the case of cable fault is analyzed. Taking
a fault in section C3 as an example, its equivalent distributed parameter model is shown
in Figure 5.

 

Figure 5. Equivalent model of faulty three-phase cross-bonded cable.

Rf denotes the local equivalent fault impedance at the fault point. When simulating
cable fault conditions, the electrical parameters at the fault node are usually simplified
to a lumped equivalent impedance Rf. The magnitude of this impedance is generally set
as Rf = kZ0, where the coefficient k is used to characterize the specific type of insulation
fault. When k = 0, the cable is considered to have a short-circuit fault; when 0 < k < 10, it is
considered a low-resistance fault; when 10 < k < ∞, it is considered a high-resistance fault;
when k = ∞, it is considered an open-circuit fault.

The input impedance at the cable head end x0 = 0 and the input impedance at x = xf

are, respectively,

Z(0) = Zh

(
1+ΓL1e−2γhxf

1−ΓL1e−2γhxf

)
(18)

Z(x f ) = Zh

(
1 + ΓLe−2γhx f

1 − ΓLe−2γhx f

)
(19)

Accordingly, the reflection coefficient at the fault point is derived as

Z(x2) = Z0h
E(1+Γ3e−2γhxd)+F(1−Γ3e−2γhxd)
E(1−Γ3e−2γhxd)+F(1+Γ3e−2γhxd)

= Z0h
1+Γ3e−2γhxd

1−Γ3e−2γhxd

(20)

In this paper, the cable terminal is set to an open-circuit state, and the cable terminal
reflection coefficient ΓL is 1 at this time.

3. Simulation Analysis of Impedance Spectra for Cables with Defects
and Faults
3.1. Simulation Analysis of Impedance Spectra for Cables with Defects

To quantitatively analyze the above theoretical derivation, this paper carries out
a simulation calculation based on MATLAB (R2024b). The simulation object selects a YJLV
8.7/15 kV XLPE cable with a total length of 1500 m, and all three phases are cross-bonded
and transposed at nodes x = 500 m and x = 1000 m. The frequency sweep range is set from
100 kHz to 60 MHz, with a frequency sampling step of 500 Hz. A defect severity coefficient
kd is introduced to characterize the severity of insulation damage, i.e., the equivalent
capacitance of the defect section C′

1 = kdC1. Taking Phase A as a healthy reference cable,
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C+ defect sections with a length of 10 cm are configured at x = 300 m in Phase B using
kd = 1.05 and kd = 1.10, while C− defect sections with a length of 5 cm are configured at
x = 1200 m in Phase C using kd = 0.95 and kd = 0.90. The obtained impedance spectra are
shown in Figures 6 and 7.

(a) Amplitude spectrum of C+ defect (b) Phase spectrum of C+ defect 

Figure 6. Input impedance spectra under C+ defects.

 
(a) Amplitude spectrum of C− defect (b) Phase spectrum of C− defect 

Figure 7. Input impedance spectra under C− defects.

As demonstrated by the simulation results in Figures 6 and 7, both C+ and C− defects
induce resonant peak amplitude variations in the amplitude spectrum and a global phase
shift in the phase spectrum. For C+ defects, the phase spectrum shifts to the left as a whole.
Conversely, for C− defects, the phase spectrum shifts to the right as a whole, with the shift
magnitude positively correlated with both the defect length ∆ld and the defect severity kd.
Importantly, the initial phase values for both categories of body insulation defects remain
at −90◦.

3.2. Simulation Analysis of Impedance Spectra for Cables with Faults

To investigate how the fault severity coefficient k influences the sending-end input
impedance during system faults, simulations were conducted on the same YJLV 8.7/15 kV
cable model with a total length of L = 1500 m and a frequency sweep range from 0.1 MHz to
60 MHz. The fault position was set at xf = 750 m from the sending end, and the characteristic
impedance Z0 of the test cable calculated by Equation (9) to be 32.56 Ω. Four typical fault
categories were simulated based on the equivalent fault resistance Rf: a short-circuit fault
where Rf = 0, a low-resistance fault where Rf = 5Z0, high-resistance faults where Rf = 11Z0

and Rf = 50Z0, and an open-circuit fault where Rf = ∞ (Figure 8).
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(a) Amplitude spectrum of short-circuit fault 

 
(b) Phase spectrum of short-circuit fault 

(A) Rf = 0 

 
(a) Amplitude spectrum of low-resistance fault 

 
(b) Phase spectrum of low-resistance fault 

(B) Rf = 5Z0 

 
(a) Amplitude spectrum of high resistance fault 

 
(b) Phase spectrum of high resistance fault 

(C) Rf = 11Z0,Rf = 50Z0 

 
(a) Amplitude spectrum of open-circuit fault (b) Phase spectrum of open-circuit fault 

(D) Rf = ∞ 

Figure 8. Impedance spectra of faulty cables.

According to Equations (18)–(20), the equivalent fault impedance R f changes the input
impedance and reflection coefficient at the fault point, thereby affecting the reflected-wave
component and the head-end input impedance Zin. Consequently, different values of
Rf = kZ0 lead to different resonance amplitudes, resonance periods, and initial phase char-
acteristics. A short-circuit fault (Rf = 0) produces strong reflection with phase reversal, re-
sulting in increased resonant peaks, an increased resonant period, and a change in the initial
phase from −90◦ to +90◦. For a low-resistance fault, the finite fault impedance changes the
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impedance discontinuity at the fault point, causing reduced resonant peaks, an increased
resonant period, and an initial phase between 0◦and +90◦. For a high-resistance fault,
the influence of the fault branch weakens as Rf increases; therefore, the resonant frequen-
cies remain nearly unchanged, while the peak attenuation gradually decreases and the
initial phase remains between −90◦and 0◦. As Rf approaches infinity, the fault point ap-
proaches an open-circuit boundary, resulting in increased resonant peaks and an increased
resonant period, while the initial phase remains at −90◦. These variations are consistent
with the dependence of the fault-point reflection coefficient and Zin on Rf described by
Equations (18)–(20).

Based on the aforementioned impedance spectrum simulation results and the ex-
tracted key characteristic quantities, this paper proposes a multi-dimensional parameter
collaborative diagnosis model as shown in Figure 9.

Figure 9. Multidimensional parameter-based collaborative diagnosis model.

4. Principle of Three-Phase High-Voltage High-Frequency
Coordinated Excitation
Design of High-Frequency High-Voltage Linear Cascade Amplification Topology

Conventional power amplifiers and spectrum analyzers generally have limited output
capabilities. For instance, the full-power bandwidth of the Trek 2100HF power amplifier
is limited to 2.6 MHz, whereas the maximum AC output voltage of a WK6500B spectrum
analyzer reaches only approximately 1 V. Consequently, these instruments cannot satisfy the
driving requirements of three-phase high-frequency high-voltage coordinated excitation
systems. Particularly during the testing of three-phase cross-bonded cables, weak AC
detection signals undergo significant attenuation, which ultimately distorts the spectral
characteristics [23]. To overcome this technical bottleneck, a novel high-frequency high-
voltage cascaded amplification topology based on parallel optical-fiber isolation technology
was developed. This topology achieves an effective operating bandwidth of 100 MHz.
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When sixteen single-stage circuit units are cascaded, the system stably outputs a linear
high-voltage signal of 192 Vpp.

As illustrated in the circuit configuration in Figure 10, the core architecture employs
cascaded single-stage isolated-drive differential topologies to achieve progressive voltage
amplification. Theoretically, connecting n single-stage units in series expands the overall
loop gain by a factor of 6n, allowing the differential output voltage amplitude to reach at
least 12n Vpp. In this circuit topology, bias voltages BIAS1 through BIASn correspond to
the reverse-bias voltages of each stage of the avalanche photodetectors. At the excitation
source end, an arbitrary waveform generator (VS0) produces reference signals spanning
the kilohertz to megahertz frequency band according to control instructions from the host
computer software. These reference signals modulate and drive a distributed feedback
laser to emit high-power optical beams. To ensure that the output signals across all
cascaded amplification units remain consistent in both amplitude and initial phase, the
laser energy distribution and spatial directivity received by each avalanche photodetector
stage must remain consistent. Under these conditions, an equal-ratio optical splitting
technique is implemented to perform synchronous high-speed optical fiber driving. This
scheme eliminates the electrical connection between the input signal source and the power
amplification stage, thereby achieving complete electrical isolation.

Figure 10. Single-stage isolated-drive differential amplification topology.

As shown in Figure 11, a three-phase coordinated excitation experimental system
was constructed. In the excitation output stage, the host computer transmits control com-
mands to schedule the high-frequency signal generator, producing three channels of digital
waveforms with distinct frequencies, specifically f − ∆f, f and f + ∆f, in parallel. These
three reference signals are amplified by the high-voltage cascaded amplification modules
corresponding to Phase A, Phase B, and Phase C, respectively. Consequently, high-voltage
sinusoidal waveforms possessing differential frequency characteristics are synchronously
injected into the sending end of the tested cable. In the response measurement stage,
weak current signals from each phase loop are converted into voltage parameters via
current-to-voltage conversion circuits. Multichannel synchronous sampling is subsequently
performed using a virtual digital storage oscilloscope, and the acquired data are transmitted
back to the host computer system in real time for subsequent impedance spectrum analysis.

https://doi.org/10.3390/electronics15174033
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Figure 11. Principle diagram of the three-phase coordinated excitation experimental system.

5. Experimental Design and Analysis
5.1. Experimental Scheme Design

Two three-phase cross-linked polyethylene cable test loops were constructed in
a laboratory environment to validate the effectiveness of the proposed diagnostic method.
In these experiments, six sections of YJLV 8.7/15 kV cross-linked polyethylene cables, each
with a length of 120 m, were divided into two experimental groups. Three sections in
each group formed a complete three-phase cross-bonded grounding system. To accurately
replicate the actual operating environment of power cables, cross-bonding transposition
boxes were installed at locations 40 m and 80 m from the sending end in an identical
manner for both groups. To perform comparative analyses of impedance characteristics
under various insulation conditions, specific defect and fault conditions were introduced
into the three-phase cables of the two groups.

In the first group of cross-bonded cables, phase A serves as the reference control
benchmark with an intact cable structure. For Phase B, a shielding layer structural defect
representing a C- was created at position x4 = 20 m, as shown in Figure 12a, with a defect
length ∆ld of 5 cm. For Phase C, a localized thermal aging defect representing a C+
condition was introduced at position x5 = 100 m, as shown in Figure 12b, with a defect
length ∆ld of 10 cm.

(a) (b) 

Figure 12. Insulation defect section of the main body. (a) Missing shielding layer (b) Part of cable
with local thermal aging.

The second group of three-phase cross-bonded cables:
In the second group of three-phase cross-bonded cables, Phase A again remains intact

as the defect-free benchmark reference. For Phase B, open-circuit and short-circuit faults
were sequentially configured at a distance of 60 m from the sending end. The open-circuit
fault was implemented by severing the conductor, whereas the short-circuit fault was
created by directly shorting two leads. For Phase C, a low-resistance fault with a series
impedance of 150 Ω as well as high-resistance faults with series impedances of 1 kΩ and
10 kΩ were sequentially established at a distance of 60 m from the sending end (Figure 13).
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Figure 13. Simulation of different system faults.

To satisfy the synchronous detection requirements for three-phase cables, an auto-
mated testing platform depicted in Figure 14 was employed to obtain impedance charac-
teristics. The system digitally defines the three-phase differential frequency excitation via
the host PC and outputs isolated high-frequency high-voltage signals with a peak-to-peak
amplitude of 128 Vpp using an eight-stage amplifier array, thereby achieving physical-layer
decoupling of excitation sources. Within the measurement loop, weak current responses are
converted by current-to-voltage conversion units, and multi-channel synchronous signal
sampling is completed using the digital storage oscilloscope. The frequency sweep range
spans from 100 kHz to 60 MHz with a frequency step of 500 Hz, enabling the reconstruction
of high-resolution three-phase digital impedance spectra through a synchronous analysis
algorithm executed on the host PC to provide comprehensive data support for insulation
defect diagnosis.

 

Figure 14. Three-phase high-voltage high-frequency collaborative testing system.

5.2. Experimental Results and Analysis of Impedance Spectra for Three-Phase Cross-Bonded Cables
with Defects and Faults

During impedance spectrum testing of three-phase cross-bonded cables containing
defects and faults, isolated three-phase differential frequency excitation was applied, yield-
ing the output waveforms shown in Figure 15. As the testing frequency increases, both the
amplitude and phase angle of the output voltage exhibit pronounced periodic oscillation
characteristics. When the excitation frequency approaches a system resonant point, the re-
sponse current in the loop reaches its maximum amplitude, while the phase angle difference
between the response current and excitation voltage reaches a minimum. Conversely, when
the testing frequency deviates from the resonant center, the current attenuates accordingly,
accompanied by a synchronous widening of the phase angle difference.
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(a) 100 kHz (b) 60 MHz 

Figure 15. Analysis of three-phase differential frequency coordinated excitation testing.

The decoupled impedance spectra obtained using the proposed test system are pre-
sented in Figure 16. Experimental results for localized cable insulation defects demonstrate
that the resonant characteristics of the input impedance spectrum shift predictably ac-
cording to the defect category. For C− defects characterized by decreased equivalent
capacitance, the resonant frequencies shift systematically to the right. Conversely, for C+
defects characterized by increased equivalent capacitance, the resonant frequencies shift to
the left as a whole. Furthermore, the magnitude of the resonant frequency shift is positively
correlated with the severity of the insulation defect.

  
(a) 

 
(b) 

Figure 16. Experimental results of input impedance spectrum for cables with insulation defects.
(a) Copper shielding defect (b) Thermal aging defects.

When different types of system faults occur in the cable, the reconstructed input
impedance spectrum shown in Figure 17 displays evolution patterns distinct from those
caused by simple insulation degradation. As fault severity increases, the initial phase of the
impedance spectrum flips by 180◦, the spectral amplitude exhibits a trend of initial decrease
followed by an increase, and the overall resonant period undergoes significant attenuation.
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These experimental observations align with the theoretical derivations, thereby confirming
the validity of condition identification based on reconstructed impedance spectrum.

  
(a) 

  
(b) 

  
(c) 

(d) 

Figure 17. Impedance spectrum testing with faulty cable. (a) Short-circuit fault impedance spectrum
(b) Impedance spectrum of low-resistance fault (c) Impedance spectrum of high-resistance fault
(d) Open-circuit fault impedance spectrum.
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To quantify frequency domain features further and achieve precise pattern recognition
for defects and faults, three key characteristic parameters are extracted, namely the funda-
mental resonant peak amplitude variation ratio kf, the resonant period change rate kT, and
the initial phase offset kΨ. Based on this set of characteristic parameters, the specific damage
condition of the cable can be clearly differentiated. A multi-dimensional identification
criterion is established to enable comprehensive and accurate identification of various
insulation defects and faults in three-phase cross-bonded cables, as outlined in Table 1.

Table 1. Multidimensional recognition criterion.

Fault Type

Characteristic
Parameter kf kT kψ

C+ defect −90◦

C− defect −90◦

open-circuit fault >1 >1 −90◦

short-circuit fault >1 >1 +90◦

low-resistance fault >1 >1 0~+90◦

high-resistance fault <1 −1 −90~0◦

6. Conclusions
This paper proposes a broadband impedance spectrum decoupling and defect diag-

nosis method for three-phase cross-bonded cables based on three-phase high-frequency
high-voltage coordinated excitation. The main conclusions are as follows:

• Based on the lossy transmission line theory, high-frequency transmission equivalent
models are established for local insulation defects and system faults of cables, re-
spectively. Through theoretical and simulation verification, the effects of parameters
such as defect type and fault degree on the broadband impedance characteristics
of the head end are systematically revealed. To achieve accurate identification of
defect and fault types, a multi-dimensional parameter collaborative diagnosis model
is constructed. The model extracts the fundamental resonant peak amplitude variation
ratio, resonance period change rate, and initial phase offset, and enables accurate
identification of cable body defects and system faults through multi-dimensional
identification criteria.

• A three-phase high-frequency high-voltage cascaded amplification platform is de-
signed, whose core relies on a differential cascaded amplification architecture. This
hardware scheme effectively overcomes the gain-bandwidth bottleneck of traditional
power amplifiers and successfully outputs high-level excitation signals in a wide
frequency band. Actual measurements show that when eight series units are selected,
the system can stably output a test voltage with a peak-to-peak value of 128 Vpp in the
100 MHz frequency band. In addition, the voltage level can be continuously improved
by increasing the number of cascaded modules, thereby providing anti-interference
guarantee for on-site measurement of long-distance cross-bonded cables.

• An experimental platform for three-phase cross-bonded cables with defects and faults
is built. The three-phase high-voltage high-frequency collaborative test system is
used to obtain the differential-frequency decoupled impedance spectra of three-phase
cross-bonded cables with insulation defects and faults. Based on the constructed
multi-dimensional parameter collaborative diagnosis model, the identification of cable
defect and fault types is realized.
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