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When the polarization-maintaining fiber (PMF) delay coil of a fiber optic current transformer (FOCT) is impacted, external forces on the optical fibers and change of their birefringence may lead to extra phase errors during the propagation of optical signals in the fibers. These errors increase the error in current measurement. In the paper, the environmental impact mechanisms influencing the PMF delay coil of FOCT were investigated with a mathematical error model. The method of replacing PMF with a polarization-maintaining photonic crystal fiber (PCF) as the delay coil was proposed. Also, the relationship between structural parameters of air holes and linear birefringence of the polarization maintaining PCF subjected to stress was investigated. The structural parameters of optical fibers were also optimized subsequently. Simulated impact experiments of FOCT with polarization-maintaining PCF and PMF as the delay coil, respectively, demonstrated the effective impact resistance of FOCT with polarization-maintaining PCF delay coil after the optimization of its structural parameters. The current measurement errors of the FOCTs with polarization maintaining PCF delay coil reduced by approximately 35% with respect to the FOCT with PMF delay coil.
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1 INTRODUCTION
As a kind of current transformer based on the Faraday effect, the fiber optic current transformer (FOCT) can be used as one of the key test instruments for the ship’s integrated power system due to its good insulation and high reliability or later [1–6]. Due to the high-energy weapons (electromagnetic guns, laser systems, etc.) and detection systems equipped in modern ships, the impact and large ambient temperature fluctuations resulting from the impulse load greatly increase the current measurement error of FOCT. This error increase causes the protection circuit on the ship to trigger incorrectly [7–9]. Consequently, the FOCT loses its original monitoring and control function of the integrated power system of the ship. Therefore, the integrated power system of the ship puts forward higher requirements on the environmental adaptability of the FOCT.
As one of the important applications of FOCT, the integrated power system of a ship has been proposing the requirements of high environmental adaptability to FOCT, which mainly involves adaptability to temperature and impact. Reference [10] proposed the appropriate delay length of a λ/4 wave plate to compensate for the change in the Verdet constant of a fiber sensing coil, which could compensate for the influence of temperature on current measurement error well. So we need to focus on the effect of environmental impact on the FOCT and compensate for the current measurement error.
The effect of external impacts on FOCT is mainly through a polarization-maintaining fiber (PMF) delay coil [11], but the winding method of the PMF delay coil has not been taken into consideration so far in the research. In fact, different layers of a fiber coil have different forces. Reference [12] analyzed the forces of a PMF delay coil under an impact environment and established a resulting phase error model. However, the model is not applicable to FOCT, and the error model needs to be rebuilt to analyze the relationship between environmental impact and current measurement error quantitatively. In addition, there have been no studies to provide a suitable solution for the current measurement error of FOCT caused by an impact. Taking practical application into account, the requirements for FOCT to be lightweight and of small size are proposed, so adding an impact-proof shell to FOCT cannot satisfy our requirements. Therefore, we believe that it is of great significance to establish the error model of impacts on a fiber delay coil and to explore appropriate solutions.
In the article, we first analyzed the force of the PMF delay coil in in-line Sagnac FOCT under an impact condition. We subsequently established the phase error model of the fiber delay coil and revealed the essential relationship between linear birefringence, phase error, and current measurement error. Based on this error model, a polarization-maintaining photonic crystal fiber (PCF) was proposed to replace PMF as the delay coil. Then, the change of linear birefringence under forces of polarization maintaining PCFs with different sectional structural parameters was analyzed. Based on the analysis, the structural parameters of the polarization maintaining PCF were optimized. The study proved that the linear birefringence fluctuation of the PCF with the optimized structural parameters is smaller compared to that of the PMF under the impact environment in theory. Finally, this study verified the accuracy and rationality of the model and confirmed the effectiveness of the proposed solution using the two types of optical fibers. The optical fibers were used for the test of the current measurement error of the FOCT fiber delay coil under the normal and the impact environments, respectively. It is proved that the proposed solution can improve the current measurement stability of the FOCT under impact by using the optimized design of the polarization-maintaining PCF delay coil.
2 THE ESTABLISHMENT OF THE ERROR MODEL OF FOCT
2.1 Optical circuit and force analysis of FOCT
Figure 1 shows the optical circuit structure of FOCT as the mainstream scheme [4]. The natural light from a super-luminescent diode (SLD), which has a center wavelength of 1,310 nm, is converted into a linearly polarized light along the x-axis (slow axis) of the panda PMF after passing through a fiber coupler and a polarizer. The linearly polarized light is split into two orthogonal linearly polarized lights after entering the next PMF through the 45° fusion point one. The two orthogonal linearly polarized beams are changed into left-handed and right-handed fundamental mode lights after passing through the 45° fusion point two and λ/4 wave plate. The lights enter a fiber sensing coil and are reflected back to the λ/4 wave plate by the reflector at the end of the optical fiber to change back to the linearly polarized light at the same time. The information of the measured current carried in the optical signal is finally interfered with by two linearly polarized light beams at the polarization, and the optical signal is converted into an electrical signal by a photoreceptor. Finally, the information of the measured current is outputted as a digital signal by a signal processing system.
[image: Figure 1]FIGURE 1 | The schematic diagram of the in-line Sagnac FOCT structure.
When a FOCT is affected by external impacts, only the photoelectric devices related to optical fiber are influenced. Since the lengths of the fiber coupler, phase modulator, and λ/4 wave plate are very short compared to the length of the PMF delay coil and fiber sensing coil, the effect of impacts on these devices can be ignored. With respect to the fiber sensing coil, based on the analysis of the above system, the relative magnitude that the impacts brought to the left-handed and right-handed fundamental mode light and their respective polarization directions are small and can also be ignored. Therefore, the PMF delay coil is affected mostly by the impacts in FOCT. The above theoretical analysis has also been verified by the experimental results of Ref. [11]. Therefore, only specific force analysis will be conducted on the PMF delay coil.
When a ship is sailing in the sea, the impact on the ship’s integrated power system generally comes from sudden changes in the underwater environment, such as an explosion. Impact experiments usually use waveforms such as rectangular, semi-sinusoidal, and back-peak serrated to simulate different impacts. According to Refs. [12,13], the impulse signal can be equivalent to an ideal semi-sinusoidal pulse, and the change of its force over time can be expressed as
[image: image]
where τ represents the duration of impact received by the fiber delay coil of the polarization-maintaining fiber, and F0 represents the amplitude of the function F0(t). t represents the time. The winding structure diagram of the PMF delay coil is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The structural diagram of PMF delay coil. (A) The three-dimensional structure of the PMF delay coil. (B) The side view structural diagram of the PMF delay coil.
Figure 2A shows the three-dimensional structure of the PMF delay coil [14]. Figure 2B shows the side structure of the delay coil. All fibers are closely connected using an ultraviolet-curing adhesive. It is defined that each horizontal line represents a layer wound of the optical fiber, and each vertical line represents a turning wound of the optical fiber. Assuming that the total number of the turning wound is M, and the number of layers is N, an optical fiber at any position is defined to be in the nth (n = 1, 2. . . .N) layer and mth (m = 1, 2. . . , M) turning. As can be seen from Figure 2B, there are dense arrangements between any two optical fibers. Considering that the actual conditions can only be suitable for simulated impulse experiments, the impact force applied on the PMF delay coils is in the vertical direction, and it is considered that the force between each turning wind of the fiber in the same layer is uniform. Under the above premise, we simplify the fixed model and consider that a small damped oscillation system is formed between each layer of fiber when the whole PMF delay coil is impacted. Subsequently, we establish the corresponding under-damping oscillation model with a single degree of freedom. To analyze the specific motion and force of the PMF delay coil, we need to carry out a two-step analysis. First, we need to consider the PMF delay coil as a whole system and analyze its motion and force. Then, based on the above conditions, we separately analyze the motion and force of each layer of the PMF delay coil. The motion and force of the whole PMF delay coil system are shown in Figure 3.
[image: Figure 3]FIGURE 3 | The equivalent model of the PMF delay coil system.
Here, the blue part represents the PMF delay coil whole system. The movement of the whole system can be considered equivalent to a simple harmonic vibration of a spring with gradual attenuation amplitude in the vertical direction, and the corresponding equation of motion is
[image: image]
where mcoil represents PMF delay coil mass, F0(t) represents the external impact force, and Fe represents the elastic restoring force, which is equal to kx. k and x represent the stiffness coefficient and displacement in the vertical direction of the equivalent spring, respectively. Fd represents the viscous damping force, which is equal to γdx/dt. γ and dx/dt represent the viscosity coefficient and velocity of spring, respectively. According to Eq. 2, the displacement of the spring x1 during the process of impact (t < τ) can be expressed as
[image: image]
where ω0 represents the natural angular frequency of the whole system with the value of √k/mcoil, δ represents the damping coefficient of the whole system with the value of γ/2mcoil, ω represents the impact frequency with the value of π/τ, g represents gravitational acceleration, and hd represents the falling height. When the impact is over (t > τ), the displacement of spring x2 can be calculated as
[image: image]
where x0 and v0 represent the displacement and velocity, respectively, of the equivalent spring when t = τ. For each layer of the PMF delay coil, the whole motion is the same as the process described in Figure 3. According to Ref. [12], for the nth line fiber, the stiffness coefficient of the equivalent spring can be calculated as k = EΔS/L, and the damping coefficient of the fiber is η. E represents the elasticity modulus of the fiber. L represents the distance between the bottom of the fiber coil and each layer of the fiber with the value of (2n-1)D/2. ΔS represents the basal area of the fiber coil with the value of (√3(M-1)LdD)/(2NM). Ld represents the length of the PMF delay coil, and D represents the diameter of the fiber. Therefore, the stiffness coefficient k can be calculated as
[image: image]
In the actual process, when the whole system vibrates due to force, each line of the fiber and its coil bottom move simultaneously, and the corresponding dynamic equation of each line of fiber can be expressed as
[image: image]
Here, the first differential equation of motion corresponds to the stage of continuous impact (t < τ), and the second differential equation of motion corresponds to the stage of no impact (t < τ). Finally, the solutions of Eq. 6 are
[image: image]
According to Eq. 7, we can solve the impact force Fn of the nth layer PMF delay coil at two stages of 0 < t ≤ τ (F1n) and t > τ (F2n). The total impact force Fh can be written as
[image: image]
The specific values and names of all the symbols in Eqs 7, 8 are shown in the Supplementary Material S1. The relationship between Fh and t is shown in Figure 4. The simulation parameters can be found in Table 1 [13].
[image: Figure 4]FIGURE 4 | The curves of the variation of total force Fh with the time increase.
TABLE 1 | Simulation parameters.
[image: Table 1]As shown in Figure 4, the change curve of force with time shows a sinusoidal trend of decay. During the first stage of t ≤ 10 ms, the external impact force plays a leading role, causing a small degree of attenuation of the total impact force. During the second stage of t > 10 ms, there is no external impact force acting on the fiber delay coil. The damping of the ultraviolet curing adhesive plays a leading role, causing a gradual decrease in the amplitude of the total force. The higher the dropping height is, the smaller the total force will be. The results in Figure 4 prove that the total force variation trend over time is consistent with the motion process analyzed above.
2.2 Phase delay error of FOCT caused by impact
To simplify the force analysis mechanism and process of the optical fiber, the force analysis of the nth layer of the PMF delay coil is carried out in this study, and the force analysis diagram of the layer is shown in Figure 5 [15].
[image: Figure 5]FIGURE 5 | The diagram for the force analysis of PMF delay coil.
Figure 5 represents the diagram for the force analysis of the PMF delay coil. There is a transverse force Fn in the fiber; from the direction of the force, the x-axis is deviated by an angle θρ. nx and ny are the refractive indices of the x and y-axes of the PMF delay coil, respectively. Δn is the linear birefringence of the PMF delay coil with a value of nx-ny. Considering the external force of the PMF delay coil, the refractive index of the axis of the PMF delay coil can be calculated according to Eq. 4 in Ref. [16].
[image: image]
where nx0 and ny0 represent the original refractive index without the external force of the x and y-axes, respectively. σx and σy represent the transverse stress along the x and y-axes, respectively. B1 and B2 represent the longitudinal and transverse elastic optical coefficients, respectively. The specific equations for stress are
[image: image]
where Fny denotes the component of the external force Fn along the y-axis with a value of Fnsinθρ. According to Eqs 9, 10, the relationship between Δn and Fn is
[image: image]
In practice, the angle between the direction of the external force and that of the x-axis is a residual value. Hence, we need to consider the greatest effect of the impact on the fiber. So, we consider a maximum value of 90° for the residual value. The above analysis focused on the change of the birefringence of any layer of the fiber under impact, and the extra phase error is marked as Δϕsn and obtained by summing up the phase error of each layer. According to Eq. 4 in Ref. [10], the specific equation for the extra phase error is
[image: image]
where LB represents the beat length of the PMF delay coil and is equal to λ/Δn. λ denotes the center optical wavelength of the light source, and τsn represents the light transmission time of a single-layer PMF delay coil and is equal to n0Ld/c. c and n0 represent the light speed and average refractive index of fiber, respectively. According to Eqs 8, 11, 12, the final current measurement error can be simplified as
[image: image]
where Nsc represents the number of turns of the fiber sensing coil, V represents the Verdet constant of the fiber sensing coil, and I denotes the measured current. From Eq. 13, the simulation results of the current measurement error of FOCT caused by impacts are shown in Figure 6. The simulation parameters can be found in Table 1.
[image: Figure 6]FIGURE 6 | FOCT current measurement error caused by impacts under a PMF delay coil. (A) The variation of FOCT current measurement error with different free-fall heights when the length of the fiber delay coil is 80 m. (B) The variation of FOCT current measurement error with different lengths of fiber delay coil when the free-fall height is 50 cm.
As can be seen from Figure 6, the error of the fiber delay coil reaches the maximum value when the time duration of impacts is less than 10 ms, and the error at each peak value almost does not attenuate and is close to the maximum error value. When the time duration lasts for more than 10 ms, the error decreases over time and becomes even smaller when the time duration reaches 60 m. As can be seen from Figure 6A, the peak error decreases with the decrease in the free-fall height of the FOCT. The peak errors of the FOCT in free falling at 50, 20, and 10 cm are 35.8, 22.7, and 16%, respectively. As can be seen from Figure 6B, with the shortening of the length of the fiber delay coil, the peak error also decreases gradually. The peak errors corresponding to the lengths of 110, 80, and 50 m are 65.9, 35.8% and 14.9%, respectively. The above results proved that the phase error of the FOCT will be affected by different impact forces or changes in the fiber length of the fiber delay coil during the impacts.
3 THEORETICAL ANALYSIS OF THE POLARIZATION MAINTAINING PCF
It can be seen from Eq. 13 that the phase error of the FOCT induced by impacts is mainly affected by its length, the beat length of the PMF delay coil, the beat length variation rate with the force, and the force variation rate with time. The change of force with time is determined by the external environment. In a panda PMF, the beat length is generally fixed. The length of optical fiber is mainly affected by the modulation speed of the FOCT circuit, so the choice of length reduction for phase error minimization is limited. Therefore, to greatly reduce the phase error, the way of reducing the sensitivity to forces of the beat length should be followed. The beat length of the fiber is related to the linear birefringence, and the linear birefringence of the fiber can be considered as the linear birefringence of the fiber core. The fundamental reason why the linear birefringence of the fiber changes with the force is the elastic effect. Therefore, from the perspective of weakening the elastic effect of the fiber core, polarization maintaining PCF can fundamentally solve the problem of the high sensitivity of linear birefringence of the fiber to force [17]. Reference [18] also pointed out that the air hole covering of the PCF can effectively reduce the influence of the elastic optical effect of the fiber core.
3.1 Force analysis of polarization maintaining PCF under impacts
The structure of the polarization maintaining the PCF of this research is shown in Figure 7. The cross-sectional structure of the polarization-maintaining PCF shown in Figure 7 contains five layers, and the air holes in each layer are arranged in a hexagonal pattern. Among the six air holes in the innermost layer, the diameters d1 of two holes are larger than the diameters d2 of the other air holes, and the distance between every two adjacent holes is Λ (lattice constant). Although the polarization maintaining PCF is not only limited to this structure, the panda PMF is adopted in the fiber tails of all the optical devices in the FOCT system. Therefore, the optical fiber with the structure shown in Figure 7 as the fiber delay coil of FOCT can make the mode fields between fibers more similar, allowing easier axis fusion and ensuring relatively small fusion loss. As for the force of the fiber, although the direction of force cannot be determined, it can be clearly seen from Eq. 11 that when the force direction of the fiber coincides with the y-axis (fast axis) of the fiber, the linear birefringence caused by elastic optical effect changes the most. Meanwhile, the polarization maintaining PCF of this structure is similar to the ordinary panda PMF structure. Although Eq. 11 cannot be completely used for quantitative analysis, its properties are similar to those of the panda PMF, so the same qualitative analysis method as the one in the case of the panda PMF can be used. In addition, since we believe that the optical fiber receives a uniform force in the vertical direction and the changes in the length and refractive index of the optical fiber in the vertical direction can be ignored, the force of the optical fiber can be simplified as two-dimensional. The force direction of the polarization maintaining PCF is marked in Figure 7.
[image: Figure 7]FIGURE 7 | The cross-sectional structure diagram of the polarization maintaining PCF.
Combined with a finite element method according to Eq. 11, we gradually increase the stress of the two kinds of optical fibers, and the relationship between the change of fiber beat length and the change of force can be obtained, respectively, as shown in Figure 8A. The red solid line represents the panda PMF, while the blue full line represents the polarization maintaining PCF. The parameters corresponding to the two kinds of optical fiber in the simulated experiment can be found in Table 1.
[image: Figure 8]FIGURE 8 | (A) The beat length variation with the change of force of the two kinds of fiber. (B) The beat length relative variation rate with the change of force of two kinds of fiber.
Although it can be seen from Figure 8A that the beat length of the two kinds of optical fibers changes with the increase of the force, it cannot be intuitively seen which optical fiber beat length is less sensitive to the external force. Therefore, we defined the relative change rate O (LB) of an optical fiber (when the beat length changes with the force of the optical fiber) as
[image: image]
In Eq. 14, LB (Fny1) and LB (Fny2) represent the beat lengths of the optical fibers corresponding to the initial and changed force condition, respectively. According to the original data of the beat lengths of the optical fiber corresponding to the force conditions in Figure 8A, the calculation and processing are performed according to Eq. 14. It can be concluded that the relative change rates of beat lengths of the two kinds of PMFs vary with their forces, as shown in Figure 8B. It can also be clearly seen from Figure 8B that during the process of the force increasing from 0 to 1,500 N, the relative change rate of beat length of panda PMF is always greater than 2.2%, while that of the polarization maintaining PCF is always less than 1.8%. Therefore, it can be proved from the results of the simulated experiment that, under appropriate structural parameters, the polarization-maintaining PCF has less sensitivity compared to the panda PMF to the beat length force, and the results are also consistent with those of Ref. [17]. Therefore, according to Eqs 12, 14, under the same force, compared with the panda PMF, the polarization-maintaining PCF has lower beat length change rates. As the fiber delay coil of FOCT, the polarization-maintaining PCF can reduce the current measurement error caused by impacts.
3.2 Optimization of structural parameters of a polarization maintaining PCF
To increase the impact resistance ability of the polarization maintaining PCF as a delay coil of FOCT, we need to analyze and optimize the structural parameters of the air holes of the optical fiber. In the polarization maintaining PCF, the main structural parameters are the diameters of the two larger air holes (d1), the diameters of smaller outer air holes (d2), and the lattice constant (Λ) of the optical fiber. The influence of the changes of each of these three parameters on the relative change rate of the beat length is studied under the same force with the other two parameters fixed. The simulated results are shown in Figure 9, where the red solid line represents the panda PMF, and the blue solid line represents the polarization maintaining PCF.
[image: Figure 9]FIGURE 9 | (A) The variation of relative change rate O (LB) of beat length of fiber with the change of lattice constant Λ, d1 = 5.2 μm and d2 = 3.2 μm. (B) The variation of relative change rate O (LB) of beat length of fiber with the change of large air holes d1, Λ = 5 μm, and d2 = 3.2 μm. (C) The variation of relative change rate O (LB) of beat length of fiber with the change of small air holes d2, d1 = 5.2 μm and Λ = 5 μm.
It can be clearly seen from Figure 9A that for polarization maintaining PCFs, the relative change rate of the corresponding fiber beat length increases from 0.02% to 0.06% with the increase of lattice constant. As can be observed from Figures 9B, C, the increase of diameters d1 and d2, respectively, decreases the relative change rate of the optical fiber beat length. In particular, the change of diameters of the larger air holes has a greater impact on the relative change rate of optical fiber beat length compared to the change of diameter of the smaller air holes. Notably, the relative change rate of optical fiber beat length decreases from 0.05% to 0.027% and from 0.034% to 0.028% for the change of the larger and smaller holes’ diameters, respectively. The reason for the above results is that the decrease of lattice constant or the increase of the diameters of the air holes increases the filling ratio of air in the fiber. In fact, the function of air holes can be equal to that of the protective layer of the optical fiber core, which can reduce the interference of external force when the light is transmitted in the fiber core. The increase of the air-filling ratio further reduces such interference, weakens the change of refractive index caused by the elastic optical effect, and reduces the force sensitivity of the optical fiber beat length. If the changes in the diameters of the air holes remain the same, compared with the smaller air holes, the increase in the diameter of larger air holes can significantly reduce the relative change rate of the optical fiber beat length. The reason for this significant reduction is that the increase in the diameter of the larger air holes can significantly change the optical fiber beat length. So, in conclusion, the range of the relative change rate of the optical fiber beat length of large air holes is more obvious.
To further reduce the influence that impacts bring to the beat length of the polarizing maintaining PCF delay coil and taking the mathematical rationality of the actual size of the optical fiber and the possibility of production into account, the structural parameters of the optical fiber are designed accordingly. The final values are lattice constant Λ = 4.8 μm, d1 = 5 μm, and d2 = 3 μm. According to Eq. 13, the decrease in the length of the fiber delay coil can also reduce the aftermath brought by impacts. However, considering the limitation brought by the modulation period of the FOCT signal processing unit, the length of the fiber delay coil is reduced to 50 m here. After the polarization maintaining PCF corresponding to the above structural parameters serves as the fiber delay coil of the FOCT, the additional phase delay error curve diagram can be obtained during impacts according to Eq. 13. The diagram is shown in Figure 10.
[image: Figure 10]FIGURE 10 | The current measurement error caused by FOCT after using polarization maintaining PCF with optimized parameters as the fiber delay coil.
As can be seen in Figure 10, for a 50 m-long fiber delay coil, when the free falli height of the FOCT is 50 cm, the current measurement error of FOCT with the polarization maintaining PCF delay coil is reduced to 8.4%, compared to the 14.9% with the PMF delay coil. When the free fall height of the FOCT is 10 cm, the current measurement error of the FOCT with the PCF delay coil is reduced to 3.8% compared with the 6.6% error of FOCT with the PMF delay coil. The above results proved that the FOCT with the polarization maintaining PCF delay coil can reduce the influence of extra phase error caused by impacts better in theory.
4 COMPARISON AND ANALYSIS OF EXPERIMENT RESULTS
4.1 The verification of the current measurement error model
To verify the reasonableness of the impact-induced FOCT current measurement error model, PMF was adopted as the optical fiber delay coil of the FOCT, the length of which was set at 80 m. Other relevant parameters were consistent with the parameters in Table 1. The specific experimental process is shown in Figure 11.
[image: Figure 11]FIGURE 11 | The process of the simulated impact experiment.
In the experiment, we simulate the effect of free fall impact on the whole FOCT from free-fall under different heights of the photoelectric module of the FOCT. First, the height of the free-fall is measured to the left side of the FOCT photoelectric module and marked. Then, the FOCT photoelectric module is lifted to the height of the marked position. Finally, the FOCT photoelectric module is allowed to free fall and the impact is captured by the data acquisition software.
The free-fall height of the FOCT photoelectric module is set to 50 and 10 cm, respectively, and the actual current measurement error of the FOCT can be obtained, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | The actual current measurement error of the FOCT under different free-fall heights.
As can be seen from Figure 12, when the height of the FOCT in free falling is 50 and 10 cm, the corresponding peak current measurement errors are 32.44% and 18.82%, and both errors reach the peak within 10 ms. After 10 ms, the errors corresponding to the two free-fall heights tend to decrease gradually, and the errors can be reduced to the range of noise current at about 60 ms. The results are roughly the same as those shown in Figure 6A in terms of trend and peak current errors, which can prove the rationality and accuracy of the impact-induced error model in this paper.
4.2 Comparison of current measurement errors of two kinds of optical fibers as the fiber delay coils results
To verify the error suppression effect under the impact of the polarization maintaining PCF as the FOCT fiber delay coil, we conducted a comparative experiment of polarization maintaining PCF and PMF as the FOCT fiber delay coils, respectively. The lengths of the two optical fiber delay coils are 50 m, and the free-fall heights of the FOCT photoelectric module are 50, 20, 10, and 5 cm, respectively. The corresponding current measurement errors are shown in Figure 13, and the specific values are shown in Table 2.
[image: Figure 13]FIGURE 13 | The comparison of current measurement errors of two kinds of fiber delay coils with different free-fall heights. (A) 50 cm free falling height. (B) 20 cm free falling height. (C) 10 cm free falling height. (D) 5 cm free falling height.
TABLE 2 | The comparison of current measurement errors with two kinds of FOCT fiber delay coils.
[image: Table 2]For the convenience of comparison, the current measurement error values marked in Figure 13 are all absolute values. As can be seen from Figure 13 and Table 2, compared with the FOCT corresponding to the PMF delay coil, the peak current measurement error in the FOCT using the polarization maintaining PCF delay coil reduced by about 35%, which proved that the method of using polarization maintaining PCF as the FOCT delay coil can reduce the current measurement error caused by impacts more effectively.
5 CONCLUSION
In this article, the forces on the polarization-maintaining fiber (PMF) delay coil of a fiber optic current transformer (FOCT) under environmental impact were investigated, and a current measurement error model based on the delay coil winding method was established. Also, the essential correlation of linear birefringence with phase error and current measurement error was derived. According to the proposed model, both the magnitude and force sensitivity of the beat length of fibers contribute to current measurement errors induced when FOCT is impacted. Apart from reasonably reducing the delay coil length, a polarization-maintaining photonic crystal fiber (PCF) is proposed as the delay coil of FOCT to reduce its phase error under impact conditions. Changes in linear birefringence of fibers under stress were also analyzed based on the structural parameters of different cross-sections of polarization maintaining PCF to optimize its structural parameters. This analysis thereby demonstrated by numerical simulation that the fluctuation of the linear birefringence of the polarization maintaining PCF under environmental impact is reduced by optimizing the structural parameters. In addition, the current measurement errors of FOCT with the two delay coils under environmental impact were investigated. The current measurement errors of FOCT based on the PMF delay coil in cases of different free fall heights obtained by measurements were compared with corresponding simulation results. The proposed current measurement error model is accurate for the FOCT under environmental impact. The current measurement results of FOCT with PMF and polarization maintaining PCF as the delay coil, respectively, in cases of different free-fall heights were compared. The comparison demonstrated that the FOCT with optimized polarization maintaining PCF as the fiber delay coil shows less current measurement error than the FOCT with PMF as the fiber delay coil. Specifically, the peak error of the current measurement of FOCT with the polarization maintaining PCF as the fiber delay coil was 35% less than that with the PMF as the fiber delay coil when the delay coil has a length of 50 m. Hence, the polarization maintaining PCF as the delay coil in FOCT provides an effective measure for the improvement of the environmental impact adaptability of the FOCT.
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