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The fiber optical current transformer (FOCT) with sine wave modulation has been widely used in the DC transmission project,
while its fault rate is much higher than that of an electromagnetic current transformer, which seriously threatens the safe operation
of power grid. In order to investigate the fault mechanism of FOCT, the output signal model of the FOCT photodetector is
established, and its basic methods of modulation and demodulation are analyzed to explore the influencing factors of the signal
processing method used in the calculation of measured current. It is found that the reduction of the second harmonic component
in the photodetector output is the root cause of FOCT fault, and the optical path, modulation signal amplitude, and measured
current are important factors affecting the second harmonic component. The influencing law of three factors on the second
harmonic component is calculated by simulation and the characteristic differences between them are given. Finally, the fault
simulation test of FOCT light intensity and a modulation circuit were carried out in the laboratory, and the results verify the
correctness of theoretical analysis. The research in this paper provides reference for fault analysis and reliability improvement

of FOCT.

1. Introduction

In recent years, the construction of an ultrahigh-voltage
direct current (UHVDC) transmission project has been
speeding up. There are more than 30 converter stations in
operation in China, which constitute the backbone network
of long-distance and cross-regional power transmission
[1-3]. As the main sensor of analog data acquisition for
control and protection system, the DC current transformer
in DC engineering has a direct impact on the safety and
stability of the power grid, and the research on its fault
mechanism has been also increasingly concerned.

The DC current transformer can be divided into two
types according to its working principle: zero-flux type and
photoelectric type [4, 5], and the latter includes active and
passive electronic current transformers, whose typical rep-
resentatives are photoelectric current transformers based on
shunt principle and fiber optical current transformer
(FOCT) based on Faraday magneto-optical effect, respec-
tively [6-8]. Many researchers have analyzed the abnormal
operation characteristics of different types of DC current

transformers, which have received extensive attention. The
Bayesian method is used to make a judgment of operating
state of power supply lasers of the photoelectric current
transformer through measuring the current of MU’s power
source [9]. The methods of condition monitoring and fault
diagnosis in FOCT using the model based on Allan variance
is proposed, and experiment results show that the diagnostic
methods are accurate and effective to identify fault features
[10]. The real-time dynamic simulation model of FOCT is
established, the influences of temperature on the Verdet
constant and (A/4) wave plate of optical fiber are analyzed,
the comprehensive error simulation analysis and experi-
mental verification of FOCT are given when the temperature
fluctuates, and the specific measures of temperature com-
pensation are proposed [11, 12]. According to the topology
of converter station, the configuration matrix of the DC
transformer is built, the real-time diagnosis method of
transformer abnormal state is proposed by using causal
network, and the simulation of transformer abnormal state
proves the effectiveness of the method [13]. The influencing
factors analysis on the detector output signal of the fiber
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optic current transformer is investigated by establishing the
detector output of FOCT, and calculation and simulation are
carried out to study the influencing law of the factors [14].

However, the aforementioned research mainly focuses
on the analysis of DC current transformer fault perfor-
mance, or its measurement error under a certain influencing
factor (such as temperature), while little has been done to
reveal its fault mechanism based on its signal processing
method. In this paper, the output model of the FOCT
photodetector with sine modulation is established to in-
vestigate its fault mechanism, and the factors that affect its
signal processing method are further analyzed to explore the
cause of the fault. It is found that the second harmonic
component of the photodetector output is the key parameter
to calculate the measured current, and the influences of the
optical path, modulation signal amplitude, and measured
current on the second harmonic component are calculated
by simulation and verified by experiment.

2. FOCT Working Principle

FOCT measures the primary current by detecting the in-
terference phase difference of two polarized light beams
under Faraday magneto-optical effect [15, 16]. The sche-
matic diagram in Figure 1 shows the working principle of
FOCT. Driven by the LED source driving circuit, the light
signal from LED source enters the polarizer to form linearly
polarized light after passing through the coupler. After the
splitting of 45° fusion, the linearly polarized light turns into
two perpendicular linearly polarized lights on x- and y- axis,
which still keep orthogonal to each other after phase
modulation and transmission in polarization-maintaining
fiber. Passing through the (1/4) wave plate, the two beams of
orthogonal polarized lights are respectively converted into
left-handed and right-handed circularly polarized lights and
enter the sensing loop, where they generate Faraday phase
shift proportional to the measured primary current under
the action of the Faraday magneto-optical effect. At the
reflector, the polarization states of the two beams are
interchanged, and the Faraday magneto-optical effect of the
magnetic field is experienced again in the sensing loop. The
phase shift between the two circularly polarized light beams
is doubled, and the two beams are recovered to perpen-
dicular lights after the wave plate, which then interfere with
each other and enter the photodetector after the 45° fusion
point. Finally, the light intensity with current information is
sent to the detector through the coupler, amplified by the
amplifier, converted by A/D conversion, and processed by
signal processing unit to calculate the primary current.

During the whole transmission, the light signal is initially
transmitted clockwise, and the left-handed and right-handed
circularly polarized lights produces Faraday phase shift,
respectively; at the reflector, the light signal becomes
counterclockwise, and the left-handed and right-handed
circularly polarized lights produce the same Faraday phase
shift. Therefore, there are two Faraday phase shifts at the
polarizer after interference, and light intensity detected by
the photodetector can be expressed as
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P(t) = 0.5KLP, (1 + cos(AD)), (1)

where K is the photoelectric conversion coefficient of the
photodetector, L is the transmission loss of the optical path,
P, is the light intensity generated by the LED source, and
AB = 4N1V is the Faraday phase shift (N, I, and V represent
the number of sensing loops, magnitude of the primary
current, and Verdet constant of the fiber, respectively).

It can be seen from the abovementioned process that
when the light signal returns to the coil from the reflector,
the incident and reflected polarized light exchanges the
polarization state so that the influences of additional linear
birefringence are eliminated. Meanwhile, there is no reci-
procity for Faraday magneto-optical effect and the phase
shift is doubled. Therefore, FOCT with this reflective in-
terference structure can not only reduce the influence of
linear birefringence but also double the Faraday magneto-
optical effect and improve the sensitivity of measurement.

3. Analysis on FOCT Fault Mechanism

3.1. Output Signal Model of FOCT Photodetector. It can be
derived from equation (1) that the output signal of the FOCT
photodetector cannot distinguish current direction and has
low sensitivity. Therefore, it is necessary to apply phase
modulation to the polarized lights of two beams by using a
phase modulator. Generally, there are two kinds of phase
modulation, namely, sine wave modulation and square-wave
modulation [17, 18]. For sine wave modulation, a PZT
(piezoelectric ceramic) phase modulator is usually inserted
into the fiber coil considering the cost, and the sinusoidal
phase modulation is generated for the light signal in the fiber
ring by applying sinusoidal signal to PZT. The square-wave
modulation generally adopts the photoelectric modulation
mechanism such as lithium niobate crystal, and its modu-
lation frequency reaches to thousands of MHz, which can
achieve better measurement accuracy. However, the sine
wave modulation is widely used in converter stations in
China for the advantage of low cost, no need of field optical
fiber fusion, easy installation, and sufficient measurement
accuracy for engineering requirements.

For FOCT with sine wave modulation, the modulation
signal is given by

¢ (1) = ¢, sin wt, (2)

where ¢, and w represent the amplitude and angular fre-
quency of the modulation signal. Let 7 denote the time delay
in the optical fiber, and the phase modulation generated by
the superposition of forward-transmitting and reflected
beams can be understood from the following:

Ap=¢(t)—¢(t—1)=2¢, sin(%)cos w<t - %) (3)

By introducing equations (2) and (3) into equation (1),
the output of the photodetector is given by

P(t) = O.5KLP0{1 + cos[AG +2¢,, sin(%)cos w(t - %)] }
(4)
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FIGURE 1: Schematic diagram of FOCT working principle.
Let ¢, = 2¢,, sin (w7/2), and define it as the modulation 0 o " P
factor, t' = t — (7/2); then, equation (4) can be written as cos(zcos ) = Jo (2) +2 nzl (=1)"], (2)cos (2n0),
. (6)

P(t) = 0.5KLPy{1 + cos[AB + ¢, cos wt']}
= 0.5KLP,[1 + cos Af cos (¢, cos wt")
AO

(5)
—sin sin (¢, cos wt')].

According to the expansion form of Bessel function,

P(t) = O.SKLPO{ 1+ |:]0 (¢,) +2 i (-1)"],, (¢, )cos (2nwt")

n=1

= 0.5KLIo{1 +[Jo (¢.) — 2], (¢ )cos 2wt’ +2],(¢,)cos dwt’ +--+] -

+2[-J; (¢.)cos wt' + J5(¢,)cos 3wt’ + - --]sin AB},

where ], (¢,) is given by
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3.2. Signal Processing Method. As reported in equation (7),
the output of the photodetector can be regarded as the sum
of infinite harmonic, while each harmonic carries Faraday
phase shift A6 information proportional to the measured
current. In order to calculate the measured current, the
fundamental and second harmonic components are taken
as

P, = -KLP,J, (¢,)sin A6, (9)

P, = —=KLP,J, (¢, )cos A6. (10)

Generally, the Faraday phase shift Af is small, and thus,
the fundamental component P, is far less than the second
harmonic component P,. In order to obtain higher

sin(z cos ) = -2 2 (=1)"J5,_; (2)cos[(2n — 1)6],

where J,,(z) is the 2nd order Bessel function of z. The
output of the photodetector can be expanded as follows:

;

:|cos AO+2 OZO: (—=1)"J 51 (¢, )cos ((2n — Dwt")sin AO

n=1

cos AO

(7)

sensitivity, the amplitude ratio of the second harmonic
component P, to the fundamental P, can be obtained as
follows:

PZ_]Z((/)E)

P 1 - J 1 ((Pe)
Finally, the measured current is obtained by calculating
the Faraday phase shift A6

- AO 1
" 4VN  4VN

cot A6. (11)

PyJ, (¢.)

arccot ——-—=.

P1]2 ((pe)

It can be derived from equation (12) that the funda-
mental and second harmonic components should be
extracted for signal processing for FOCT with sine wave
modulation. However, the real-time calculation is relatively
complicated to obtain the measured current. Since the
Faraday phase shift A9 is small and can be expressed as

P1]2 (¢e)

AO = arctan ——=——°£

P2]1 (¢e).

(12)

(13)



The small angle approximation is usually adopted to save
calculation to meet the requirements of real-time
measurement:

P, (¢e) N PiJ, (¢e)

P2]1 (¢e) - 4VNP2]1 (¢e). (14)

1
1= arctan
4V N

3.3. Fault Mechanism Analysis. Equation (12) indicates that
the calculation of the measured current is related to the
amplitude of the fundamental component P;, second har-
monic component P,, and the first and second order Bessel
functions of the modulation factor ¢,. The sine wave
modulation is completed by the analog circuit, which brings
great electronic noise to FOCT. In order to ensure the ac-
curacy of measured current calculation, certain signal-to-
noise ratio (SNR) is required for signal processing. There-
fore, the amplitude of the effective signal should be judged
and the fault alarm signal should be sent to indicate the
abnormal current working status of FOCT when this signal
is too low to reach enough SNR.

Combining equations (9) and (10), it can be seen that
among the four factors P;, P,, J;(¢,), and ], (¢,)affecting
the measured current in equation (12), the first and second
order Bessel functions of the modulation factor are con-
tained in the fundamental and the second harmonic com-
ponent. Besides, the fundamental harmonic component is
far less than the second due to the small value of Faraday
phase shift A6; thus, the second harmonic component is the
optimum signal to evaluate the working status of FOCT. In
fact, it can be derived from equation (10) that the second
harmonic component P, is not only proportional to the
photoelectric conversion coefficient K, the transmission loss
L, and light intensity P, but also closely related to the
modulation factor ¢, and Faraday phase shift Af. It does not
only represent the working state of the optical path but also
reflect the indicators such as modulation circuit and the
Faraday phase shift Af. Since the number of sensing loops N
and the Verdet constant V are unchanged during the stable
operation, the measured current Iis the indicator of Af.
Therefore, the optical path, modulation signal amplitude,
and measured current are three main factors affecting the
second harmonic component. The change of these factors
may reduce the amplitude of the second harmonic com-
ponent P, and further cause FOCT fault alarm once P, is less
than the threshold value required by SNR for signal
processing.

4. Numerical Calculation

4.1. Simulation Model. In order to analyze the influences of
the optical path and modulation circuit on the second
harmonic and further explore mechanism of FOCT fault, the
changing rule of the second harmonic component under
different optical path and modulation circuit parameters are
calculated. In the simulation model, the product of K, L, and
P, is KLP, =2V for the optical path; for the modulation
circuit, the length of optical fiber is 150 m, corresponding to
the time delay 7 = 1 us for the round trip, and the amplitude
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and angular frequency of modulation signal are ¢, = 4rad
and w = 5.23 x 10° (rad/s), respectively; thus, the modula-
tion factor ¢, = 2.07 rad; for the measured current, N = 20,
I=20004, V=0.95(rad/(T-m))=1.2x10"°(rad/A),
and A0 = 0.192 rad.

4.2. Influences of Optical Path Parameters. According to the
simulation parameters in Section 4.1, the influences of the
optical path parameters on the output of FOCT photode-
tector are compared when KLP, = 2V and KLP, = 1V, and
the results are shown in Figure 2.

The results in Figure 2 show that when the product of
optical path parameters KLP,, reduces from 2V to 1V, the
peak of the photodetector output is also reduced from 2 V to
1V, indicating that there is a positive proportional rela-
tionship between the two. The groove of the output peak is
generated as the output signal is 0.5KLPy{l + cos
[AG - ¢,]}when wt' = 7t in equation (5), and the amplitude
of second half cycle goes through that of the first half.

Figure 3 shows the comparison results of second
harmonic components under the two parameters. Obvi-
ously, the amplitude of the second harmonic is also
proportional to the product of the optical path parameters
KLP,. Therefore, the photodetector output signal and its
second harmonic component containing Faraday phase
shift information will also be reduced when the optical
path attenuation is large in case of defective fiber splicing
process, fiber fusion joint contamination, and loose or
even broken optical fiber connection. If the amplitude of
the second harmonic component is lower than the re-
quirement of SNR, FOCT cannot proceed signal de-
modulation for the measured current and a fault alarm
will be generated. The optical path problems can be
controlled by strengthening management and control of
fusion technology in factory construction process and
regular maintenance, but there are still some hidden
dangers in the fusion of optical fiber due to the poor field
environmental conditions such as dust, temperature, and
humidity.

4.3.  Influences of Modulation Circuit Parameters.
Equation (7) shows that when the Faraday phase shift is
determined, the amplitude of each harmonic output of
FOCT photodetector is closely related to the value of Bessel
function of the modulation factor. In order to intuitively
display the relationship between the amplitude of each
harmonic and the modulation factor, the value of 0-4th
order Bessel function is calculated by simulation and the
results are shown in Figure 4.

As shown in Figure 4, except that the Oth order Bessel
function reaches the maximum value when ¢, is 0, the other
order Bessel functions have a value of 0 when ¢, is 0 and
represent a trend of oscillation attenuation with the increase
of ¢,. In addition, the lower order Bessel function first
reaches the maximum amplitude earlier than the higher
order with the increase of ¢,, and the maximum amplitude
of each order Bessel function also gradually decreases.
Therefore, in order to ensure the sensitivity of signal
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FiGgure 2: Comparison of the photodetector output under different
optical path parameters.
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FiGure 3: Comparison of second harmonic components under
different optical path parameters.

processing, the fundamental and second harmonic com-
ponents should be selected as the suitable signal. It can be
seen that when ¢, = 1.8rad and ¢, = 3.1rad, the funda-
mental and second harmonic components reaches the
maximum, respectively, which is also the common value
zone of the modulation factor of the PZT phase modulator.

In practical engineering applications, the transmission
delay 7 of the optical fiber and the angular frequency w of the
modulation signal are fixed parameters when FOCT is in-
stalled, and only the amplitude ¢, of modulation signal is
easily affected by the long-distance modulation cable be-
cause of the distribution parameter of the long cable,
resulting in the amplitude attenuation of the modulation

Value of bessel function

Modulation factor ¢ (rad)

—— Oth order 3rd order
------ 1st order % 4th order
-.- 2nd order

FIGURE 4: The relationship between the value of Bessel function and
the modulation factor ¢,.

factor ¢, and further affect the FOCT output. Figure 5 shows
the FOCT photodetector output when ¢, is 4 rad, 2 rad, and
1 rad, respectively.

Obviously, when ¢, is 4rad, 2rad, and 1rad, respec-
tively, the maximum value of the photodetector output keeps
2V, while the minimum value is 0.36 V, 1.34V, and 1.75V,
respectively, indicating a decrease of the output range with
the reduction of ¢,. This is because when ¢, declines, the
modulation factor ¢, also decreases, resulting in the increase
of the minimum value 0.5KLI;(1 + cos(A8+ ¢,)) of the
photodetector output signal in equation (5). The groove
value 0.5KLP,{1 + cos[AO — ¢,]} for different modulation
signal amplitudes also increases gradually, which is caused
by the decrease of ¢,.

Figure 6 is the comparison of second harmonic com-
ponents under different modulation signal amplitudes.
When ¢, is 4 rad, 2rad, and 1 rad, the peak value of second
harmonic components is 0.71V, 0.22V, and 0.05V, repre-
senting a fast decreasing trend.

This is because the decrease of ¢, leads to the drop of ¢,,
which reduces the amplitude of ], (¢,) in the second har-
monic component (as shown in Figure 4, there is a positive
proportional relationship between ¢, and its 2nd order
Bessel function J, (¢,) when ¢, is no greater than 3.1 rad).
Obviously, when the amplitude attenuation of the modu-
lation signal causes the amplitude of the second harmonic
component to be smaller than the requirement of SNR,
FOCT will not be able to normally calculate the measured
current and generate a fault alarm. The modulation signal
attenuation can be avoided connecting capacitors at CMB to
stabilize the modulation voltage.

4.4. Influences of Measured Current. It can be derived from
equation (10) that the second harmonic component fluc-
tuates when the Faraday phase shift changes with the
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FiGgure 5: Comparison of the photodetector output under different
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FiGUre 6: Comparison of second harmonic components under
different modulation signal amplitudes.

measured current. In order to analyze the influences of
measured current on the output of FOCT photodetector, the
output signal of the photodetector and second harmonic
components are calculated when the measured current is
2000 A and 10000 A, respectively, and the results are shown
in Figure 7.

The Faraday phase shift A9 is 0.192rad and 0.96 rad
when the measured current I is 2000 A and 10000 A, re-
spectively. It can be seen from Figure 7 that the value of the
photodetector output decreases when the measured current
increases. It is 0.39V when I is 2000A, which is
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Photodetector output (V)
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FIGURE 7: Comparison of the photodetector output under different
measured currents.

0.5KLPy{1 + cos[AO + ¢,]}. However, the groove of the
photodetector output rises as measured current increases,
which is caused by the increase of A6 and
0.5KLPy{1 + cos[AB — ¢,]}.

The peak value of the second harmonic component in
Figure 8 is 0.7 V and 0.4 V when the measured current is 2000 A
and 10000 A, respectively, which indicates that the second
harmonic component decreases as the measured current rises.
This is because cos A8 decreases with the increase of AO.
Therefore, the increase of the measured current will also lead to
the reduction of the second harmonic component, which may
lead to FOCT measurement fault when the second harmonic
component is smaller than the requirement of SNR. In such
occasion, it is necessary to reduce the number of sensing loops
to achieve the measurement of large current.

5. Experimental Verification

5.1. Overall Design of Experiment. According to the theo-
retical analysis results, the fault simulation of FOCT is
carried out by experiment and the overall design of the
experiment is shown in Figure 9. Due to the limitation of the
output current amplitude of DC current source, only the
influencing experiment of optical path and modulation
circuit parameters was carried out. In Figure 9, FOCT is
mainly composed of the electronic unit in the measurement
interface cabinet, the cable management box (CMB) located
in the switch field, and the fiber optical sensor head, which
are connected by the cable and optical fiber. The modulator
is located at the base of the fiber optical sensor head, and its
modulation signal is led out by the electronic unit, trans-
mitted by modulated signal cable to the CMB, and finally
connected to the base of the sensor head. In order to simulate
the change of optical path and modulation circuit param-
eters, and further analyze their influencing mechanism on
FOCT fault, the optical path attenuator and modulation
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FIGURE 9: Overall design of the experiment.

signal attenuator are added to the optical path and modu-
lation circuit, respectively. By adjusting the attenuation of
the two, the change of optical path and modulation circuit
parameters are realized.

The peak value of the FOCT photodetector output is about
1.7V, and the amplitude of the modulation signal is 4.5 V. The
other parameters such as the length of optical fiber, the angular
frequency of modulation signal, and the number of sensing
loops are consistent with the simulation data in Section 4.
Figure 10 is the field wiring diagram of the experiment. For the
convenience of wiring, the optical path attenuator and mod-
ulation signal attenuator are connected to the optical path and
modulation signal transfer circuit in CMB. The optical path
attenuator achieves the attenuation of the optical path by
changing the light intensity, and the modulation signal at-
tenuator has an adjustable resistance which changes the

modulation signal change by turning the load of the whole
circuit.

The specific working process of the experiment is as
follows: the DC current source provides DC current for the
test. When the system is in a stable and normal working
state, the optical path attenuator and the modulation signal
attenuator are respectively used to realize the parameter
attenuation of the two circuits. The working state parameters
of FOCT are monitored in real time by the computer
connecting electronic unit, and the change of the FOCT
photodetector output and its second harmonic component
are recorded in case of fault alarm.

5.2. Simulation Results of Optical Path Parameters. In the
simulation test of optical path parameters, the
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FIGURE 10: Field wiring diagram of the fault simulation test. (a) Layout of the experiment. (b) Internal layout of CMB.

attenuation degree of the optical path attenuator is
monitored by using an optical power meter. Under
normal working condition, the optical power of the path
is 150 yW. In order to simulate the optical path fault, the
optical path attenuator is adjusted to reduce the power to
30uW, and the FOCT fault indicator light is on. The
photodetector output and the second harmonic signal
under normal and fault conditions are collected and
recorded, respectively. The results are shown in Fig-
ures 11 and 12.

It can be seen from Figure 11 that the peak value of the
photodetector output is about 1.7V in normal condition,
and when the optical power of the system is reduced to
30 yW in fault condition, the peak value of the photodetector
output is reduced to 0.4V, indicating a attenuation ratio
similar to that of optical power reduction. This shows that
the parameters of the light intensity in the optical path are in
direct proportion to the amplitude of the photodetector
output and verifies that the decrease of the light intensity will
lead to the decrease of the photodetector output in the same
proportion.

Figure 12 is the comparison diagram of the second
harmonic component in normal and fault conditions after
optical power attenuation, and the peak value of the
second harmonic component is reduced from 0.62V to
0.13V. According to the description of FOCT working
parameters provided by the manufacturer, a fault alarm
will appear when the peak value of the second harmonic
component is lower than 0.36 V. Therefore, FOCT is in
fault condition when the optical power is reduced to
30 uW.

5.3. Simulation Results of Modulation Circuit Parameters.
The simulation of modulation circuit parameters is realized
by reducing the modulation signal amplitude of FOCT.
Under normal condition, the modulation signal amplitude
of FOCT is 4.5V. The modulation signal attenuator is

Photodetector output (V)

04 AN

0.2 F

0 10 20 30 40 50 60 70 80
Time (us)

rrrrrr Normal condition
- - - Fault condition

FiGure 11: Comparison diagram of the detector output signal
under optical power attenuation.

adjusted to reduce the amplitude to 2.25V applied to the
modulator through voltage division, and thus, the FOCT
fault alarm light is on. Figures 13 and 14 show the photo-
detector output and the second harmonic component under
different modulation signal amplitudes.

As shown in Figure 13, the amplitude of the detector
output signal fluctuates from 0.3V to 1.7V in normal
condition. When the modulation signal is reduced to half
of the normal condition, the peak value of the photode-
tector output remains unchanged, while its minimum
value rises to 1.15V, which shows that the decrease of the
modulation signal will reduce the modulation factor and
further lead to the increase of the minimum value of the
photodetector output as proved in the simulation results in
Section 4.3.



Mathematical Problems in Engineering

0.8 T T T T T T T

Second harmonic component (V)

~0.8 . . . . . . .
0 10 20 30 40 50 60 70 80

Time (us)

rrrrrr Normal condition
- -~ Fault condition

FiGure 12: Comparison diagram of the second harmonic com-
ponent under optical power attenuation.
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FIGURE 13: Comparison diagram of the photodetector output
under modulation signal attenuation.

When the modulation voltage is reduced to half of the
normal condition value, the peak value of the second
harmonic component is reduced from 0.6V to 0.2V, as
shown in Figure 14. This is because the reduction of the
modulation signal causes the modulation factor to de-
crease in the same proportion, from 2.33rad in normal
condition to 1.165rad in fault condition. It can be seen
from Figure 4 that when the modulation factor is less than
3.1 rad, the reduction of the modulation factor will cause
the rapid decrease of the second harmonic component,
and then, FOCT will send a fault alarm when the second
harmonic component is lower than the normal parameter
range.

0.8 T T T T T T T

Second harmonic component (V)

~0.8 . . . . . . .
0 10 20 30 40 50 60 70 80

Time (us)

rrrrrr Normal condition
- -~ Fault condition

FiGUure 14: Comparison diagram of the second harmonic com-
ponent under modulation signal attenuation.

6. Conclusion

In order to investigate the fault mechanism of FOCT with
sine wave modulation, the photodetector output model is
established and the signal processing for the calculation of
measured current is further studied in this paper. Theo-
retical analysis indicates that the reduction of the second
harmonic component in the photodetector output is the
root cause of FOCT fault, and the parameters of the optical
path, modulation circuit, and measured current change
the working state of FOCT by affecting the second har-
monic amplitude, and the influences of three main pa-
rameters on the photodetector output and second
harmonic component are analyzed by simulation, and the
results show that the parameters of the optical path are
directly proportional to the photodetector output and
second harmonic component, while the decrease of
modulation signal amplitude reduces the dynamic range
of photodetector output signal and further reduces the
second harmonic component. The increase of measured
current reduces the second harmonic component by in-
creasing the Faraday phase shift. The simulation experi-
ment of the optical path and modulation circuit
parameters verifies the correctness of the theoretical
analysis, and the research results can be used for trou-
bleshooting and reliability improvement analysis of
FOCT.
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