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ABSTRACT To improve the safety and antielectromagnetic interference performance of partial discharge
detection in high-voltage DC cables, partial discharge of cables is used as a criterion for characterizing
insulation defects. An ultrasonic detectionmethod for the partial discharge of optical fiber detection is carried
out in a long-distance high-voltageDC operating environment. By analyzing the partial dischargemechanism
and ultrasonic characteristics of DC cables, a correlation model between partial discharge ultrasonic waves
and discharge quantity is established. The partial discharge charge of several common insulation defects is
obtained experimentally, and an ultrasonic characteristic Sagnac fiber detection system is realized. Standard
ultrasonic time domain signal detection and fiber-optic sensing probe directional experiments are performed.
The influence of fiber sensing probes with different lengths on the sensitivity of partial discharge signals is
investigated based on the frequency distribution characteristics of partial discharges. The ultrasonic wave is
measured based on a fiber-optic probe and can perform multipoint detection, and the partial discharge of the
±320 kV flexible DC transmission system was tested based on the developed optical fiber sensing system.
The experimental results show that the partial discharge signal detection of 6 km long cable can be realized,
and the localization accuracy is less than±80 m. It provides a practical monitoring method for the perception
of long-distance transmission equipment operating states.

INDEX TERMS HVDC cable, partial discharge, Sagnac fiber sensing, delay fiber, localization algorithm.

I. INTRODUCTION
The insulation medium of DC cables and accessories suf-
fers from high-intensity local electric fields, polarity reversal
voltages and nonlinear temperature characteristics caused by
space charge accumulation during power transmission [1].
In turn, partial discharges are triggered, and discharge chan-
nels are easily formed, resulting in breakdowns of insulating
material. Partial discharge (PD) measurement is an effective
method to evaluate the operating conditions of high-voltage
DC cables and accessories [2].

In recent years, DC power transmission systems have
been commissioned with higher rated voltages and longer
distances [3], [4]. Predecessors have done some analysis
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in the propagation characteristics of cable PD signals,
which include a three-dimensional simulation model of cable
joints [5]. A measurement of partial discharge (PD) phe-
nomena and clustering in the defect pattern of a cross-linked
polyethylene power cable joint was discussed [6]. The exper-
imental investigation of two PD defects/sources at differ-
ent locations on a medium voltage (MV) cable section was
presented[7]. The PD characteristics of a single source or
multiple sources of DC XLPE cables were obtained from
two different frequency bands by detecting the frequency
response of the antenna [8], and the partial discharge patterns
were distinguished based on image features[9]. A numerical
model that describes the partial discharge characteristics of
high-voltage direct-current HVDC cables was built consid-
ering the effects of the electric field and charge dynam-
ics [10], and the partial discharge position was determined by
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analyzing the time and angle information of UHF elec-
tromagnetic waves generated by partial discharge [11].
A new approach was proposed based on the discrete wavelet
transform for detecting insulated overhead conductor faults
according to partial discharge [12], which achieves the identi-
fication and classification of different types of events, includ-
ing internal PD, corona PD, surface PD, and noise [13].
However, the specific localization algorithm requires large
sensor hardware overhead and is difficult to apply.

Ultrawideband fiber-optic acoustic sensors, with small
size, low cost, and high sensitivity, have been rapidly devel-
oped [14], [15] and are used in the partial discharge detection
of DC cables and accessories. The Fabry-Perot interferometer
(EFPI) ultrasonic sensor [16] has been experimentally veri-
fied to have a minimum detectable ultrasonic pressure from
1.5 mPa/sqrt (Hz) to 0.625 mPa/sqrt (Hz) between 20 kHz
and 40 kHz. Taiyuan University of Technology used optical
fiber sensing and time-frequency analysis of ultrasonic sig-
nals excited by piezoelectric ultrasonic transducers to detect
partial discharges in power cables [17]. A fiber Fabry-Perot
(FP) interferometer integrated with the adaptive fiber ring
laser was configured as a switchable multiwavelength fiber
laser, which can be used to detect the ultrasonic signal of the
discharge source with a variable incidence angle and linear
distance [18]. Partial discharge detection and localization of
the cable was realized by calculating the possible deviation
in the measurement of the acoustic emission sensor to com-
pensate for the measurement noise caused by the aging of
the sensor or the environment [19], [20]. A 10 kV oscillating
wave system was built based on the wavelet transform mod-
ulus maximum method and related methods in the laboratory
by the State Grid Corporation andNorth China Electric Power
University [21], [22]. The system was used to perform partial
discharge detection in a 497m defective cable and analyze the
influence of the wave speed characteristics of the cable on the
localization accuracy of short-distance cables. A zero-drift
delay compensation model for a fiber ring was established by
studying the zero-drift delay response characteristics caused
by the nonreciprocal phase error in the thermal diffusion of
the fiber ring in a fiber optic gyroscope [23]. An FPGA-
based polarization control method was proposed by Tian-
jin University [24], which integrated polarization controller
feedback technology, FPGA hardware parallel structure and
pipeline technology to quickly implement algorithm iteration
and control the polarization controller to adjust the polar-
ization state. A partial discharge detection and localization
system for high voltage cable based on a long-tailed optical
fiber Sagnac interferometer has been proposed and the exper-
imental results show that the accuracy of partial discharge
localization is 0.016 km [25].

These researchers carried out in-depth research on the sup-
pression of polarization phase shift and polarization-induced
signal fading by the optical fiber sensor localization detec-
tion system from the above analysis. There is still a lack of
experimental research on the distributed multipoint detection
of long-distance DC cables, the synchronous demodulation

of PD signals, and the optical fiber localization detection of
partial discharge points.

In this paper, we first analyze the mechanism of the effect
of delay fiber length on the sensitivity of the partial discharge
ultrasonic characteristics optical fiber sensor detection sys-
tem based on Sagnac sensing technology and verify it through
experiments. Second, we analyze the localization principle
and localization algorithm based on the double-loop Sagnac
interference partial discharge localization. Finally, an experi-
mental verification is carried out with fiber optic detection of
the partial discharge ultrasonic characteristics for a DC cable
in a 320 kV DC system.

II. SENSITIVITY ANALYSIS OF THE OPTICAL FIBER
SENSING SYSTEM
Apartial discharge ultrasonic characteristic optical fiber sens-
ing detection system was built based on Sagnac sensing
technology and includes an interference-type Sagnac optical
fiber sensing system, a host computer acquisition system and
a partial discharge simulation device, as shown in Fig. 1.

FIGURE 1. Partial discharge ultrasonic characteristic optical fiber sensing
detection system.

The ultrasonic waves generated by different insulation
defects under the same detection model are different, and the
attenuation rate of the ultrasonic amplitude in the medium
is different according to the transmission characteristics of
the partial discharge ultrasonic wave of the cable. The two
beams of light in the Sagnac interferometer are transmitted in
opposite directions. There is an optical path difference when
the light passes through the same position of the sensing fiber
due to the delay fiber. The optical path difference and the total
optical path in the interference loop change proportionally
when a partial discharge occurs in the cable, which causes
changes in phase and optical power.

According to the principle of light interference, there are
two optical path loops in the optical fiber sensing detection
system that interfere at the 3 × 3 coupler to form an inter-
ference loop. Two beams of coherent light pass through the
optical fiber sensing probe successively, and the modulation
of the partial discharge signal on the two beams of light causes
the phase of the two beams to change, and the phase change
is converted into a change in light intensity. The optical
signal carrying the partial discharge signal is converted into
an electric signal carrying the partial discharge signal through
the photodetector, and the electric signal is collected and
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analyzed through the data acquisition module, and finally the
output signal is displayed by the upper computer.

We focused on the analysis of the mechanism of delay fiber
on the sensitivity of partial discharge detection, which is an
important factor affecting detection sensitivity.

A. ANALYSIS OF THE MECHANISM OF THE EFFECT OF
DELAY FIBER LENGTH ON SENSITIVITY
The partial discharge signal of the DC cable can be set as
y (t) = A0 sin (ω0t + ϕ0). The partial discharge signal is a
continuous small signal, and the i-th signal can be expressed
as y (t) =

∑
Ai sin(ωit + ϕi). The phase change of the two

forward and backward optical paths through the delay fiber
caused by the partial discharge signal in a single pass can be
expressed as:

y1(t)=
N∑
i=1

Ai {sin [ωi (t−ta) t+ϕi)]−sin [ωi (t−tb) t+ϕi)]}

(1)

y2(t)=
N∑
i=1

Ai {sin [ωi (t−tc) t+ϕi)]−sin [ωi (t−td ) t+ϕi)]}

(2)

where tb = (2L2 + L1) n/c, tc = L1n/c, and td =
(LD + L1 + 2L2) n/c. The phase difference between the for-
ward and backward beam paths is:

1y (t) = y1 (t)− y2 (t)

= 4
N∑
i=1

{
Ai sin(ωi

LDn
2c

cos
(
ωi
L2n
c

)
× cos

[
ωi

(
t −

(LD + 2L) n
c

)
+ ϕi

]
)
}

(3)

where L = L1+L2, ta = (LD + L1) n/c, Áîsin
(
ωi

LDn
2c

)
= 0,

ωi =
2kπc
LDn

, ωi = 2π fi, The relationship between the delay
fiber and the frequency of the partial discharge signal is
fi = kc

nLD
. n is the fiber index, and c is the speed of light

in a vacuum. It can be seen from the above formula that
the frequency of the partial discharge signal f is inversely
proportional to the length of the delay fiber LD within a
certain range. It provides a theoretical basis for studying the
relationship between the sensitivity of the fiber-optic sensing
of the partial discharge of the DC cable and the length change
in the delay fiber.

B. EXPERIMENT AND ANALYSIS OF DELAY FIBER
SENSITIVITY
The length of the delay fiber was changed to perform sen-
sitivity experiments according to the system diagram shown
in Figure 1. The sensor fiber is wound into a fiber-optic sensor
probe with a diameter of 10 cm; the total length of the sensor
probe fiber is 50 m, and the sensing fiber length is 2 km at the
beginning of the interference-type Sagnac fiber-optic sensor
partial discharge detection system. We acquired the results,

as shown in Table 1, from repeat tests with a delay fiber of
the different length.

TABLE 1. The data of the partial discharge detection system with
different length delay fibers.

According to Table 1, the variation curve of the central
frequency and the central frequency intensity of the partial
discharge frequency domain collected by the partial discharge
detection system based on the Sagnac optical fiber sensing
technology under different lengths of delay fiber is drawn,
and the statistical results are shown in Fig. 2.

FIGURE 2. The variation curve of the partial discharge frequency domain
signal with the length of the delay fiber.

The center frequency of the partial discharge frequency
domain signal changes with the length of the delay fiber.
When the length of the sensing fiber is 2 km, the other test
conditions remain unchanged. The center frequency of the
partial discharge frequency domain decreases with the length
of the delay fiber when the length of the delay fiber ranges
from 2 km to 12.352 km. The center frequency of the partial
discharge frequency domain signal tends to a constant value
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of 6.95 kHz when the length of the delay fiber is greater
than 14.316 km. The amplitude of the partial discharge center
frequency also changes with the length of the delay fiber. The
center frequency intensity of the partial discharge frequency
domain signal has a maximum value when the length of the
delay fiber is approximately 12 to 18 km.

The frequency characteristics of the 110 sets of partial
discharge signals collected by the system were studied, and
the spectrum of partial discharge signals was obtained by fast
Fourier transform, as shown in Fig. 3.

FIGURE 3. Frequency domain diagram of the partial discharge signal.

The frequency domain waveform interval of the partial
discharge signal ranges from 6 kHz to 40 kHz, and its center
frequency is 7 kHz. Therefore, this experimental scheme
can identify and detect the partial discharge signal. There
was changing in the length of the delay fiber form 2.5km
to 27.5km, and the length of the sensing fiber was set to
0.5 km. Then, we repeatedly obtained the amplitude of the
time domain signal from the above test. The experimental
statistical results are shown in Figure 4 by collecting and
averaging the data of repeated experiments on the same length
of delay fiber.

In Fig. 4, it can be seen that the length of the delay fiber
is different and the amplitude of the time-domain signal for
the partial discharge signal is different. For the sensing fiber
of different lengths, the time-domain signal amplitude of the
partial discharge signal has a similar trend. When the delay
fiber length is approximately 12.352 km, the sensitivity of
the sensing probe to the partial discharge signal time domain
response is higher under different lengths of sensing fiber.

III. THE PARTIAL DISCHARGE OF CABLE BASED ON
OPTICAL FIBER SENSOR LOCALIZATION DETECTION
A. THE LOCALIZATION PRINCIPLE OF A DOUBLE-LOOP
SAGNAC INTERFERENCE-TYPE FIBER
The experimental principle diagram of the partial dis-
charge detection and positioning of the cable based on the
double-loop Sagnac interference optical fiber sensing partial
discharge ultrasonic characteristic detection system is shown

FIGURE 4. The curve of the partial discharge time-domain signal with the
length of the delay fiber.

FIGURE 5. Partial discharge detection system diagram for double-loop
Sagnac interference-type optical fiber sensing.

in Fig 5. The light emitted by the light source is divided into
two beams of equal light intensity through the coupler C, and
there are four light paths passing through C1. The optical path
can be interfered when the light has gone through the delay
fiber LD based on the interference theorem.
Path1: S-C1-Ld-C3-L3-P-L3-FRM2-L3-P-L3-C3-C1;
Path2: S-C1-C3-L3-P-L3-FRM2-L3-P-L3-C3-Ld-C1;
Path3: S-C1-C3-L3-P-L3-FRM2-L3-P-L3-C3-C1;
Path4: S-C1-Ld-C3-L3-P-L3-FRM2-L3-P-L3-C3-Ld-C1;
DAQ, Data Acquisition Card; IPC, Industrial Per-

sonal Computer; PD1, PD2, Photo-detector; DWDM1,
DWDM2, Dense Wavelength Division; Circulator1, Cir-
culator2, Optical Circulator; PC1, PC2, Polarization
Controller; C1, C2, C3, C4, C5, C6, Split Coupler; FRM1,
FRM2, Faraday Rotating Mirror; LD, Delay Fiber; L3,
Guide Fiber; P, Partial Discharge Signal

The phase of the two beams of light will change because of
the influence of the partial discharge signal in the cable. The
expressions of the first two optical paths can be set as P1 and
P2:

P1=P0 exp {j [ωct+ψ (t−τ1)+ψ (t−τ2)+ϕ1]} (4)

P2=P0exp {j [ωct+ψ (t−τ3)+ψ (t−τ4)+ϕ2]} (5)
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The amplitude of the two beams is equal to P0 under the
condition of ideal splitting of the coupler. ϕ1 and ϕ2 represent
the initial phase of the two beams, and ωc represents the
angular frequency of light waves. The phase change of the
first beam of coherent light affected by the partial discharge
ultrasonic signal is ψ (t − τ1) and ψ (t − τ2) at the moments
of t − τ1 and t − τ2, respectively. The phase change of the
first beam of coherent light affected by the partial discharge
ultrasonic signal is ψ (t − τ3) and ψ (t − τ4) at the moment
of t − τ3 and t − τ 4, respectively, where τ1, τ2, τ3, τ4 can be
expressed as:

τ1 =
n (L1 + L3)

c
;

τ2 =
n [L1 + L3 + 2 (L2 + L3)]

c
;

τ3 =
n (L1 + L3 + LD)

c
;

τ4 =
n [L1 + L3 + 2 (L2 + L3)]

c
;

where L1 is the distance from the guiding fiber to the partial
discharge point P, L2 is the distance from P to L3, n is
the refractive index of the fiber, and c is the speed of light
propagating in a vacuum. The interference communication
items of the two beams are:

I12 = P20cos [1ψ1 (t)+ ϕ1− ϕ2] (6)

The total phase change caused by the partial discharge
signal can be expressed as 1ψ1 (t).

1ψ1 (t)=ψ (t−τ1)+ψ (t−τ2)−ψ (t−τ3)−ψ (t−τ4)

(7)

The localization function is expressed as:

θ (t) = ψ (t)− ψ
(
t −

nLD
c

)
(8)

Therefore,

1ψ1 (t) = θ
[
t −

n (L2 + L3)
c

]
+ θ

[
t −

n (L1 + L3)
c

−
2n (L2 + L3)

c

]
1ψ2 (t) = θ

[
t −

n (L2 + L3)
c

]
+ θ

[
t −

n (L2 + L3)
c

−
2n (L1 + L3)

c

]
1ψ1 (t) and 1ψ2 (t) are two signals related to t , of which
the signal indicated by the first item arrives before the sec-
ond item by at least 2nL3/c. The following relationship can
express the time difference of 1ψ1 (t)and 1ψ2 (t) as:
1τ =

n(L1−L2)
c , there, L = L1 + L2, so

L1 =
L +1τ · c/n

2
(9)

B. DOUBLE-LOOP SAGNAC INTERFEROMETRIC
FIBER-OPTIC SENSING PARTIAL DISCHARGE
LOCALIZATION ALGORITHM
The sampling signals of photodetectors 1 and 2 can be
expressed as: x (n) = α1s (n)+ n1 (n),

y (n) = α2s (n−1τ)+ n2 (n)

where α1 and α2 are conversion factors for the two pho-
todetectors, n1 (n) and n2 (n) are interference noise in the
fiber-optic sensing system, and 1τ is the time delay between
the two signals. We can obtain the time delay based on
the cross-correlation function between the two signals and
achieve the localization of the partial discharge signal.

Rxy (m)=
N−1∑
n=0

x (n− m) y (n)

= α1α2

N−1∑
n=0

[s (n)+n1 (n)] [s (n−m−1τ)+n2 (n)]

(10)

It can be considered that s (t), n1 (n) and n2 (n) are not related
to each other when the noise signal is much smaller than the
partial discharge signal. Then, formula (10) can be simplified

asRxy (m) = α1α2
N−1∑
n=0

s (n) s (n−1τ − m), where the offset

of the peak abscissa of the function from zero reflects the
delay between the two signals. When the sampling rate is fs,
the delay can be expressed as 1τ = argmax[Rxy(m)]

fs
, and the

localization where the partial discharge point occurs can be
obtained by formula (9) according to the calculation result of
the delay.

IV. EXPERIMENTAL VERIFICATION OF PARTIAL
DISCHARGE OPTICAL FIBER SENSING FOR HVDC CABLES
To verify the feasibility of detecting the insulation defects of
XLPE HVDC cables under DC voltage, a test cable loop was
constructed using the same batch of 320 kV HVDC XLPE
cables that were used to build the ±320 kV VSC-HVDC
project. The total length of the transmission line is 15.7km,
all of which are land cables.

The DC cable in the ±320 kV flexible DC transmission
systemwas selected for the field test. The cross-sectional area
of the cable is 1800 mm2, and the rated voltage is ± 320 kV.
A schematic diagram of DC cable partial discharge detection
wiring is shown in Fig. 6.

A certain section of cable in the transmission line has been
implemented with artificial insulation defects, which is caus-
ing partial discharge during high-voltage transmission. The
experimental platform for constructing a dual-loop Sagnac
interference partial discharge detection system is shown
in Fig. 7. A piezoelectric transducer (PZT) is used to simulate
ultra-acoustic signal of high voltage cable partial discharge.
The partial discharge signal generation and data acquisition
of high-voltage DC cables are shown in Fig. 8, and partial dis-
charge detection and localization experiments are carried out.
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FIGURE 6. Schematic diagram of DC cable partial discharge detection wiring.

FIGURE 7. Experimental platform of dual-circuit Sagnac interference
partial discharge detection.

FIGURE 8. Partial discharge signal generation and data acquisition of
high-voltage DC cables.

A high-voltage AC transformer is converted into a DC high-
voltage output through a silicon stack rectification method
in this paper, which has less high-frequency interference
and is suitable for the measurement of DC partial discharge
phenomena. The model of the high-voltage AC transformer
is YDTW-50/150, the rated voltage is 150/0.38kV, and the
rated capacity is 50kVA; the parameters of the rectifier silicon
stack are 600kV, 100mA; the partial discharge of the DC
high-voltage output module less than 5pC at the rated voltage.

The parameters of the optical fiber sensor detection system
were set as follows: the length of the delay fiber was 4 km,

FIGURE 9. Dual-loop Sagnac detected partial discharge signal time and
frequency domain signal.

the length of the guide fiber was 2 km, the length of the
sensing fiber was 9.25 km, and the sampling rate of the
high-speed data acquisition card was 80 MHz.

The optical fiber sensing system is used to detect the
partial discharge of the insulation defects applied at 6 km
on the cable, and the time domain and frequency domain
waveforms of the partial discharge signals collected by the
photo-detector are shown in Fig. 9. It can be seen that the
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FIGURE 10. Cross-correlation curve of two-channel photodetector signals.

FIGURE 11. Statistics of the localization results of the partial discharge
signal of the DC cable.

amplitude of the time domain signal is 0.1 V, the decay time
is 10 ms, the frequency is concentrated within 30 kHz, and
the detection frequency range is relatively narrow, which is
suitable for the detection of the partial discharge signal on
the DC cable.

The results for the cross-correlation processing of the two-
channel photo-detector signals are shown in Fig. 10, and the
upper right corner shows a partially enlarged display of the
cross-correlation function. The delay response of the peak
abscissa is 1τ = 11.2µs, which is located on the left side of
the zero axis. The vibration point distance is L1 = 5.94 km
based on the calculation of the localization formula, and the
localization error is ±60 m.
The above experimental process is repeated to perform a

statistical analysis on the localization results of the partial
discharge signal of the DC cable, as shown in Fig. 11. The
localization position is mainly concentrated within 6 km, and
the localization error is approximately±100 m, which shows
that the localization error is not affected by the frequency.

According to theoretical analysis and the experimental
results, the localization accuracy of the dual-loop Sagnac
interferometric partial discharge ultrasonic characteristic
optical fiber sensor detection system can range within±80m.
According to the statistics frommultiple experimental results,
the localization errors have low dispersion.

V. CONCLUSION
The mechanism of the influence of the delay fiber on the
detection sensitivity is analyzed theoretically and experimen-
tally; the amplitude of the partial discharge time domain
signal detected by the system when the length of the delay

fiber is 12.3 km is the highest, and the center frequency of the
frequency domain signal is the highest. A dual-loop Sagnac
interference-type optical fiber sensor partial discharge detec-
tion system was established, and the cable partial discharge
localization algorithm based on the cross-correlation of the
interference signals in the system was clarified. An exper-
imental test was carried out on the partial discharge of the
DC cable in a ±320 kV flexible DC transmission system.
The experimental results show that the optical fiber sensing
system can realize the partial discharge signal detection for a
6 km long-distance cable, and the localization accuracy can
reach ±80 m. The effectiveness of the fiber-optic sensing
system in cable condition monitoring applications is verified,
which provides a practical monitoring method for the per-
ception of long-distance transmission equipment operating
states.
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