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Abstract

:

Compared with the traditional Rogowski coil, printed circuit board (PCB) Rogowski coil has the advantages of high measurement accuracy, simple manufacturing process and low cost. It has become an important device in current measurement. However, the existing PCB Rogowski coils are mostly closed, and the open-ended structure PCB Rogowski coils are susceptible to external magnetic field interference. This paper proposes an open-ended structure PCB Rogowski coil based on a new winding method, so that the two open-ended PCB Rogowski coils are evenly distributed when closed, while improving the coil’s immunity to external magnetic fields based on the winding method of equal area of the de-wired and loop. In addition, this paper uses the hybrid integration circuit and the back-end matching method to achieve the broadband measurement performance of the sensor. Finally, the experimental results show that the mutual inductance difference between the closed and open-ended structure PCB Rogowski coil is less than 0.5% under the same wiring mode. Under the equivalent current interference at 50 mm from the measured current, the maximum interference coefficient of the open-ended structure coil is 1.45%; in sine sweep and pulse current test conditions, the frequency band is 34 Hz–3.5 MHz.
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1. Introduction


Rogowski coils are widely used in high-frequency current measurement conditions because of their simple structure, good linearity, and wide measurement band [1]. Conventional Rogowski coils are wound manually or by means of a winding machine, and the wires are wound on non-magnetic materials such as rubber and Bakelite. This fabrication method does not guarantee the consistency of the parameters of the mass-produced Rogowski coils [2]. Therefore, the scholar Kojovic first proposed the idea of designing a new type of Rogowski coil based on (PCB) [3,4,5,6]. This type of coil can be designed by computer aided design software. Moreover, mature PCB processing technology can be used to improve manufacturing accuracy and reduce production costs, while ensuring the uniformity and consistency of multiple production coils [7]. Most of the existing PCB Rogowski coils are closed-ended. In order to avoid breaking the circuit and to facilitate installation and disassembly in practical use, it must be designed as an open-ended structure. In the open-ended structure, the loop at the opening is incomplete. How to ensure that the opening has no effect on the anti-interference ability of the external magnetic field of the coil has become an urgent problem to be solved. In Reference [8], a Rogowski coil structure with differential winding design was proposed to eliminate the interference of external magnetic fields in the vertical direction. However, there are too many holes and the winding cannot guarantee uniform distribution at the opening, which cannot reduce the interference of external magnetic fields in the horizontal direction. In the Rogowski coil winding method, reference [3] uses two opposite PCB Rogowski coils to offset the interference caused by external magnetic fields, but due to the number of turns and doubling of layers, its frequency band will be significantly reduced. Reference [9] proposed a PCB Rogowski coil design with symmetrical double-sided wiring and equal area loop. This monolithic structure avoids the interference caused by the inter-plate gap [10], but the parameter calculation is complex. In Reference [11], the loop was designed as a return coil, which traveled along the same path as the main coil; however, in the opposite direction, a circular arc was used to bypass the adjacent holes of the outer ring. This achieved the purpose of staggering the different distribution line, avoiding the complex calculation. This method did not make full use of the measurement space. Reference [12] proposed a method to design PCB Rogowski coil with multiple turns and large mutual inductance in a limited space, but this winding method has a right-angle line, which will have a negative impact on the signal [13].



The output voltage of Rogowski coil is the derivative of the measured current. In order to recover the current to be measured, it must be used with an integrator. High bandwidths can be achieved with Rogowski coils by means of an external RC integrator, but such integrators cannot accommodate both high and low frequency measurements [14,15,16]. Reference [17] proposed a kind of non-inverting integrator. It has high gain bandwidth and large voltage swing rate, which can improve the peak di/dt ability of the Rogowski coil, but its high-frequency integration is limited by the amplifier. Reference [18] proposed a hybrid integrator, which consists of a passive RC integral network and an active integral network. Passive RC integrator for high frequency range, active integrator for lower frequency is beneficial. A key issue is the impedance matching between the Rogowski coil and the back-end integration. Based on this, this paper proposes an improved symmetrically-wiring open-ended PCB Rogowski coil, which makes the PCB Rogowski coil have fewer holes and is easy to be mass-produced. By using the method of transition at the holes and other places with blunt angles, as well as uniform wiring and equal area loop, the anti-interference ability of the coil in measuring current is effectively increased. Finally, the broadband measurement performance of the sensor is realized by using the hybrid integral circuit and the back-end matching method.




2. The Principle of the Rogowski Coil


2.1. Principle of Measuring Current by Rogowski Coil


The N-turn hollow ring coil is wrapped around the skeleton of nonferromagnetic material, which is the simplest Rogowski coil. The working principle of measuring current is shown in Figure 1a [19]. The current flowing through the wire will generate a magnetic field around it, when the wire is infinitely long, the wire medium is uniform and there is no return current, according to Ampere’s circuital law that is:


  B =    μ 0  i ( t )   2 π r    



(1)




where,  B  is the magnetic induction intensity at the spatial point,  r  is the distance between the spatial point and the current-carrying conductor,   i ( t )   is the current flowing through the current-carrying conductor,    μ 0    is the vacuum permeability. The flux through the coil is:


  Φ =    ∫ a b  B   • d A  



(2)




where,   d A   is the cross-sectional area of the coil.



PCB Rogowski coil structure is shown in Figure 1b. a is the inner diameter of the coil, b is the outer diameter of the coil, r is the distance from the center of the current-carrying conductor on the PCB, h is the height of the PCB, N is the number of turns of the coil. Therefore, the total flux through the PCB conductive trace is:


  Φ =    ∫ a b   N  μ 0       i ( t )   2 π r   h d r =   N  μ 0  i ( t ) h   2 π   ln  b a   



(3)







According to Biot-Savart law and Faraday’s law, when the measured current   i ( t )   changes, the induced potential of the coil is [20]:


  V ( t ) = −   N  μ 0  h   2 π   ( ln  b a  )   d i ( t )   d t   = M   d i ( t )   d t    



(4)




where   V ( t )   is the induced electromotive force of the coil, and  M  is the mutual inductance of the coil with the input circuit (the wire circuit) [21].



According to Equation (4), the induced electromotive force of Rogowski coil is a derivative relationship with the measured current, and is proportional to the number of turns, thickness and the natural logarithm of the ratio of outer diameter to inner diameter of the coil.




2.2. Equivalent Circuit Model of Rogowski Coil


The equivalent circuit model of the Rogowski coil can be divided into a lumped parameter model and a distributed parameter model [22]. The distributed parameter model of Rogowski coil is an active distributed model based on the transmission line model theory [23,24]. The electrical parameters and the induced voltage generated by each coil are distributed along the line. The transfer function of the output voltage and the measured current contains a hyperbolic function [25]. In addition, the electrical components are dispersed, which hinders the in-depth simulation and modeling analysis of the Rogowski coil. The lumped parameter model represents the distributed electromagnetic parameters with lumped elements, which is more conducive to simplifying the modeling process and parameter analysis. Therefore, the lumped parameter model is used for design analysis in this paper, and its equivalent circuit to the first resonant frequency is shown in Figure 2 [26,27,28] where,    L o    is the self-inductance,    R o    is the coil resistance,    C o    is the lumped capacitance of the coil, Rd is the load resistance,    V  I N     is the induced electromotive force of the coil, and    V o    is the output voltage at both ends of the coil.



According to Figure 2, the RLC circuit behavior for the Rogowski coil can be described by Equations (5) and (6) [19,29].


   V  I N   =  L 0    d  i 0    d t   +  R 0   i 0  +  V 0   



(5)






   i 0  =  C 0    d  V 0    d t   +    V 0     R 0     



(6)







Combining (5) & (6) yields:


   V  I N   =  L 0   C 0     d 2   V 0    d  t 2    + (    L 0     R d    +  R 0   C 0  )   d  V 0    d t   + ( 1 +    R 0     R d    )  V 0   



(7)







Hence the transfer function of the RLC circuit is proposed in (8):


     V o  ( s )    V  I N     =  1   L o   C o  (  s 2  +  1   L o   C o    (  R o   C o  +    L 0     R d    ) s +  1   L o   C o    (    R 0     R d    + 1 ) )    



(8)







Comparing the denominator with a standard second-order equation, the angular frequency for the RLC circuit is:


   ω 0  =  1     L 0   C 0           R d  +  R 0     R d       



(9)




when    R d   >>   R 0   , The angular frequency depends only upon self-inductance and equivalent capacitance. The damping factor for the RLC circuit is:


  ξ =  1  2    L 0   C 0           R d     R d  +  R 0      (    L 0     R d    +  C 0   R 0  )  



(10)







In order to obtain fast rise time without oscillation, damping matching must be carried out on the circuit.




2.3. Interference Analysis of External Three-Dimensional Magnetic Field on Rogowski Coil


Rogowski coil in the actual measurement environment, will be affected by external, three-dimensional magnetic field interference, thus affecting the measurement results. This effect usually comes from the adjacent current. According to the position of the interfering magnetic field relative to the coil plane, the external three-dimensional magnetic field interference is divided into parallel and vertical aspects for analysis.



When the magnetic field of the interfering current  I  is perpendicular to the coil plane, the vertical interfering magnetic field    B z    is parallel to the cross section where the Rogowski coil is located, so no induced electromotive force is generated in the winding. However, the coil windings are connected in a series, creating an equivalent large circle after the coil has been wound once around, as shown in Figure 3a. As    B z    varies with time, an induced electromotive force   e ( t )   will be generated in the Rogowski coil. A loop of equal area to the original winding needs to be designed to produce an equivalent reverse induction electromotive force to counteract this interference, as shown in Figure 3b, so that the induced electromotive force   e ( t )   in the Rogowski coil is equal to zero.



When the interference magnetic field is parallel to the coil plane, the interference magnetic field produces two opposite induced voltages on the left and right sides of the coil. According to the external magnetic line and the spatial geometric position of the Rogowski coil, the structure diagram is drawn. The left side of the coil is shown in Figure 4a, and the right side of the coil is shown in Figure 4b.



Where  I  is the measured current,    I ’    is interference current,  r  the distance from the measured current to the coil reference point  A ,    r ’    the distance from the measured current to the coil reference point    A ’   ,  R  is the distance from the interference current to the coil reference point  A ,    R ’    is the distance from the interference current to the coil reference point    A ’   , D is the distance between the interference current and the measured current;  B  is the magnetic induction intensity generated by the interference current at the reference point  A ,    B ’    is the magnetic induction intensity generated by the interference current at the reference point    A ’   ,    B x    is the radial component of magnetic induction intensity at point  A ,    B x ’    is the radial component of magnetic induction intensity at point    A ’   , which is parallel to the coil winding and does not produce interference induced electromotive force,    B y ’    is the tangential component of the magnetic induction intensity  B  at point  A ,    B y ’    is the tangential component of the magnetic induction intensity  B  at point    A ’   , this part is perpendicular to the coil winding, will produce interference induced electromotive force;    θ 1    is the angle between  R  and  D  at reference point    I ’   ;    θ 1 ’    is the angle between    R ’    and  D  reference point    I ’   ,    θ 2    is the angle between  r  and  D  at the reference point  I ;    θ 2 ’    is the angle between    r ’    and  D  reference point  I ;  α  is the angle between the parallel interference magnetic field B and the coil tangent at the reference point  A ,    α ’    is the angle between the parallel interference magnetic field B and the coil tangent at the reference point    A ’   .



According to the relevant analysis in reference [30], when the number of turns of the coil is n, the cross-sectional area of the coil is s, the coil is uniformly wound, and the winding shape of the symmetrical position is the same, the induced electromotive force on the left side of the coil is:


   e 1  ( t ) = n s [    μ 0    π r   arctan (   D + r   D − r   ) −    μ 0    4 r   ]   d I   d t    



(11)







The induced electromotive force on the right side of the coil is:


   e 2  ( t ) = - n s [    μ 0    π r   arctan (   D + r   D − r   ) −    μ 0    4 r   ]   d I   d t    



(12)







The total interference induced electromotive force produced by the parallel interference magnetic field on the whole coil is:


  e ( t ) =  e 1  ( t ) +  e 2  ( t ) = 0  



(13)







In order to eliminate the interference caused by the external parallel interference magnetic field, it is necessary to ensure that the coil winding is evenly distributed when the coil is closed, the cross-sectional area is uniform, and the plane of the single-turn coil should pass through the central axis of the Rogowski coil.





3. Open-ended PCB Rogowski Coil Structure Design


3.1. Determination of Rogowski coil Skeleton Parameters


The Rogowski coil skeleton is related to the stability of coil operation. In this paper, FR-4, which combines the advantages of good strength of glass fiber and good toughness of epoxy resin, is selected as the skeleton material of Rogowski coil.



Usually the thickness of the PCB board is 1.6 mm, and with increased thickness, processing costs will continue to improve. Thicker substrate will cause CNC or laser drilling difficulties, such as hole offset., With hole copper plating, it is difficult to ensure long-term reliability, so the thickness of the substrate is 1.6 mm.



For the determination of winding inner diameter and external b/a value of the coil. under the constraints of both measurement accuracy and production process, the most reasonable category of the ratio of b/a is between 1.6 and 2.4. This article sets the b/a value at 2.2.




3.2. Design of Rogowski Coil Winding Method


According to the characteristics of PCB processing technology, PCB processing can ensure the uniformity and consistency of Rogowski coil winding. As for the open-ended structure, the main consideration is whether the winding can be continuously and evenly distributed at the opening. As shown in Figure 5, the symmetrical wiring method is used to make the two half-rings of the opening completely symmetrical, and the distance between the left and right turns of the winding at the opening is consistent with that of other windings, i.e.,    d 1  =  d 2   . when the two half-rings are completely closed, the winding of the whole coil is evenly distributed, which enhances the ability to resist the interference of external magnetic field changes in the parallel direction. On the double-layer PCB board, two rows of holes in the inner ring and one row of holes in the outer ring are placed in each half of the coils. The small circle is the through hole, the red line is the interactive route at the top, and the blue line is the interactive route at the bottom. The path of clockwise winding is the same as that of counterclockwise winding, but the direction is opposite. They contain the same planar region, increasing the ability to resist the interference of externally varying magnetic fields in the vertical direction. A layer of copper wire is placed on the outermost ring of the winding to resist the influence of the external electric field on the coil.



In Figure 5, on the semi-ring PCB are set three rows of holes from inside to outside, labeled A, B, C. In addition, a transition hole D is added to each semiring, and a wiring in obtuse angle form is used at the vias for transition. The number of the hole starts counterclockwise sorting from A1, B1, C1. The PCB coil with 20 turns in the upper half loop is taken as an example. The winding along the winding path is C1–A1–C3–A2–...–C19–A10. After passing through D, the winding begins to turn back, and the winding path is D-B10–C20–B9–C18–...–B1–C2. This winding method should keep the same direction of the wire winding skeleton when it is winding along and winding back, otherwise it will offset the measured induced electromotive force generated by the winding along and winding back. The winding wiring of the lower half-ring coil is the same as that of the upper half-ring coil, E1 and E2 are connected to make the induction voltage of the upper and lower half-ring superimposed. F1 and F2 are the output terminals of the Rogowski coil signal.




3.3. Design of Coil Winding Parameters


Considering the existing PCB processing technology, the number of turns of the PCB coil is limited by its inner diameter and through hole size. The distance between the two holes is at least three times the width of the pad, making PCB manufacturing convenient, the narrower the width of the wire, the greater the difficulty of processing. The winding parameters of the designed coil are shown in Table 1:



There are two types of windings in the coil design: AC and BC, whose total mutual inductance is the sum of the mutual inductances of the different types of turns. As with the total mutual inductance, the same is true for the self-inductance of the Rogowski coil. The two parameters are calculated as follows.


  M = N ×   μ × h   2 × π   × ( ln  b   R A    + ln  b   R B    )  



(14)






   L 0  =  N 2  ×   μ × h   2 × π   × ( ln  b   R A    + ln  b   R B    )  



(15)







Internal resistance of the coil:


   R 0  = ρ ×  l A   



(16)




where   ρ = 1.68 ×   10   − 8     Ω / m   is resistivity of copper.



The lumped stray capacitance of a PCB Rogowski, which mainly includes the capacitance between the wires on the same side of the double panel, the capacitance distributed between the wires on both sides, and the shielding capacitance, can be obtained by complex numerical analysis or measurement. In this paper, the total stray capacitance of the coil will be measured using experimental methods.




3.4. Measurement of Rogowski coil Parameters


According to the lumped parameter modeling analysis of Rogowski coil in Section 2.2, the equivalent impedance Z(s) in s-domain circuit is derived as follows:


  Z ( s ) =    L o  s +  R o     L o   C o   s 2  +  R o   C o  s + 1    



(17)







The electrical parameters of Rogowski coil were measured by LCR3535 impedance meter of HOKA company. Figure 6a is the physical diagram of the open-ended PCB Rogowski coil, and Figure 6b is the schematic diagram of the coil electrical parameters measurement experiment. The inductance of the coil is 9 μH, and the resistance is 25.6 Ω. The lumped stray capacitance in the coil cannot be directly measured. Usually, the first resonant frequency of the amplitude-frequency response of the impedance is used for theoretical deductions. The formula is as follows:


   C 0  =  1   L 0   ω 0 2       R d  +  R 0     R d     



(18)







The impedance of the Rogowski coil is measured by sweep frequency, and the measurement results are shown in Figure 7a. From the measured impedance sweep curve, it is known that the first resonance point of the coil’s impedance is at 14.68 MHz. According to Equation (18), the total set stray capacitance is 12 pF. According to Equation (17), the theoretical sweep frequency curve is obtained and compared with the measured impedance sweep frequency curve. The results are shown in Figure 7b.



It is known that the theoretical impedance agrees well with the measured impedance. In summary, the basic parameters of the coil set total parameter model are determined as shown in Table 2 below:





4. Design of Integrator


The output of Rogowski coil is a is a signal proportional to the current derivative. In order to recover the current to be measured, it must be used with an integrator. The working state of the Rogowski coil is divided into self-integrator and external integrator, as shown in Figure 8. Among them, the self-integrator is suitable for measuring high frequency and large current, the measurement bandwidth is limited, the sensing gain is small and the output signal is weak. The external integration can measure the low frequency components with relatively high sensitivity. In this paper, we need to cover the measurement from low frequency to high frequency, so we use external integration.



External integrator has source integrator and active integrator. The simplest passive integrator is only composed of a resistor R and a capacitor C. The passive integrator must use the integrator with large RC time constant to ensure that the low frequency component of the signal is not distorted, and the high frequency response ability of the integrator will deteriorate. Different from the passive integrator, the active integrator is not easily affected by the load at its output end, and its range can be extended to the low-frequency part. However, since the active integrator will increase its low-frequency gain, amplify the low-frequency noise and affect the measurement results, the range of active integrator should not be excessively expanded. Reference [18] proposed a hybrid integrator, as shown in Figure 9:



The integrator scheme consists of a passive RC integrator network and an active integrator network. In the active integrator part, the in-phase integrator circuit is selected to overcome the shortcomings of the traditional inverse integrator. The passive integrator integrates the high frequency, and the active integrator integrates the low frequency. In this way, the amplifier can maintain its wide bandwidth. Due to the large number of turns of the coil and the winding height of several meters, the impedance matching of the measurement system must be considered when using this circuit in conjunction with the PCB Rogowski coil. Considering that the characteristic impedance of the Rogowski coil is different from that of the hybrid integral circuit, it is necessary to connect the Rogowski coil and the hybrid integral circuit with a 50  Ω  coaxial cable. A 50  Ω  resistor is connected between the coaxial cable and the passive integral circuit by using the principle of back-end matching. At the same time, a capacitor is replaced by two capacitors in parallel to reduce the series inductance of the capacitor and the refraction and reflection of the high frequency measurement. The improved integral circuit, as shown in Figure 10:



In the integrator circuit, the measured signal passes through a passive integration to realize the integration of high frequency signal, and then through a high-pass filter to eliminate the low frequency interference of amplifier output. Finally, it passes through an active integrator to realize the integration of the low frequency part. The transfer function of the hybrid integrator is as follows:


  H ( s ) = (  1   R 1  (  C 1  +  C 3  ) + 1   ) (    R 3     R 2    ×    R 2   C 2  S + 1    R 3   C 2  S + 1   ) (    R h   C h  S    R h   C h  + 1   )  



(19)







In order to achieve a constant sensitivity of the sensor in the operating frequency range, it is necessary to match the passive and active integrator time constants. In order to achieve a smooth integration transition between passive and active integration, it is necessary to make    R 1  (  C 1  +  C 3  ) =  R 2   C 2    Combined with the parameters of the open-ended Rogowski coil in Section 3.3, the specific parameters of the hybrid integrator are shown in Table 3.



The simulation software is used to draw the frequency characteristics of the integrator, and the characteristics of the active in-phase integrator are shown in Figure 11a, which obviously proves that the signal with frequency range f1 < f < f2 can be integrated, where:


   f 1  =  1  2 π   R 3     C 2     = 33.86   Hz  



(20)






   f 2  =  1  2 π   R 2     C 2     = 23.41   kHz  



(21)







The frequency characteristics of the passive integrator are shown in in Figure 11b, and its integration range is   f >  f 2   . The total frequency characteristic curve of the hybrid integrator obtained after compounding the two is shown in Figure 11c, which can achieve the integration above 33.86 Hz. The frequency response curve shown in Figure 11d is obtained by using the signal generator to sweep the frequency of the hybrid integrator. The results show that the hybrid integrator designed in this paper can meet the integration requirement of up to 10 MHz.



In addition, the selection of load resistance is also crucial for the whole measurement system, and its reasonable selection can better broaden the high frequency cutoff frequency of the measurement system. According to the optimal damping coefficient, the second order system is 0.707 and, in Equation (10), the load resistance of Rogowski coil is 610 Ω. Figure 12 simulates the amplitude-frequency response curves of several sensors with different load resistance. From the graph, the system response is better when the load resistance is 610 Ω.




5. Experiment Results


5.1. Effect of Opening on PCB Rogowski Coil


In order to verify the performance of the open-ended PCB Rogowski coil probe, the experimental platform in Figure 13a was built using a signal generator, a power amplifier, a non-inductive resistor, a host computer and an oscilloscope. The upper computer is programmed by LabVIEW. It controls the signal generator and oscilloscope, changes the frequency of the sine of the signal generator, outputs a voltage of constant amplitude and varying frequency, and controls the oscilloscope to collect the output voltage signals of the HIOKI CM-100-M, and both the closed and open-ended PCB Rogowski coil. (The parameters such as Wiring method, number of turns and size of the closed PCB Rogowski coil are the same as those of the open-ended Rogowski coil). The three signals are processed to obtain the measured amplitude-frequency response curves of the open and closed-ended Rogowski coils. As can be seen from Figure 13b, when the measurement conditions are the same, the output amplitude-frequency characteristic curves of the closed and open-ended PCB Rogowski coils are basically the same, and the difference between the mutual inductance values is less than 0.5%.




5.2. Interference Test of External Three-Dimensional Magnetic Field on Open-Ended Rogowski Coil


In order to verify the influence of external three-dimensional interference magnetic fields on the output characteristics of open-ended Rogowski coil, it is necessary to test the output frequency characteristics of the coil when there are parallel external magnetic field interference and vertical external magnetic field interference.



The experimental platform for generating the interference current and the measured current is set up as shown in Figure 14a. The current generated by the power amplifier is separated into two identical current signals through two inductanceless resistors with the same resistance value in the two branches of a and b, where branche a is the interference signal and branche b is the measured signal. Figure 14b is the experimental scene. The interfering current and the measured current are placed in the same plane and parallel to each other, the distance between the two centers is 50 mm, and the current magnitude is equal to 1A. The interfering current-carrying conductor is positioned parallel or perpendicular to the coil opening, as shown in Figure 15a. The results of the coil amplitude-frequency response curves of the two placement methods are shown in Figure 15b. It can be seen that when the coil interference current is perpendicular to the coil opening, the magnetic field interference parallel to the PCB plane has a very small effect on the output characteristics of the coil, only 0.73%, which is due to this placement method. The wiring of the left and right half-loops of the coil is basically the same. This makes the parallel interference current in the left and right loops of the coil, generated by the induction potential, of equal size and opposite polarity, thus canceling each other. When the coil interference current is parallel to the coil opening, the effect of the magnetic field interference parallel to the PCB plane on the coil output characteristics is also relatively small, only 1.45%. This is because the coil closure is not guaranteed to be absent of any air gap at all.



When testing the influence of vertical interference on the output characteristics of the open-ended PCB coil, the placement modes of interference current, coil and measured current are shown in Figure 16a, where the interference current is parallel or perpendicular to the position of the coil opening, the current is 1A, and the distance from the measured current is 50 mm. The measurement results of the coil are shown in Figure 16b. It can be seen that whether the position of the interference current carrier and the coil opening is parallel or vertical, the influence of the vertical interference magnetic field on the amplitude-frequency response characteristics of the coil output is very small, only 0.56%.




5.3. Sensor Overall Performance Testing


In order to verify the influence of different integral configurations on the overall performance of open Rogowski coil current sensor, using the platform built in Figure 13a, the open Rogowski coil is connected with three different integral configurations, such as no coaxial cable, coaxial cable, coaxial cable and back-end matching. The amplitude-frequency characteristics of the sensor under three configurations are compared. Repeat the above experiments, the amplitude-frequency response curve of the sensor shown in Figure 17 is obtained. It can be seen that in the frequency range of 34 Hz–20 kHz, the amplitude-frequency characteristic curves of the sensor in the three integration configurations remain the same. In the frequency range of 20 kHz–1 MHz, a very obvious resonance appears under the condition that the coil is not connected to the integrator with coaxial cable, and after adding the coaxial cable, the resonance appears to be better, and after adding the coaxial cable and adding the back-end matching, the resonance appears to be significantly better. The experimental results show that the high frequency measurement can be significantly improved by connecting the Rogowski coil to the integrator with the coaxial cable and adding the back-end matching circuit.



It is very difficult to realize a frequency response measurement up to MHz with a current amplitude in the measurement range of the current sensor. Therefore, different measurement methods need to be used to verify the wide bandwidth of the current sensor. In Figure 17, the purple line depicts the measurement frequency response curve of an open-ended PCB coil sensor with a measurement frequency up to 1 MHz. The input current to be measured has a constant amplitude and the output is normalized to the input value to achieve a response amplitude of about −44 dB in the measurement range.



In addition, rectangular current waveform contains more harmonic components than other waveforms (such as triangular waveform), so it is very effective for current sensors [31]. This paper uses the rectangular current method to measure the high-frequency response. The rectangular current pulse is generated by a voltage pulse source (its rise time is up to 100 ns) and an external inductanceless resistor. A longer duration is selected to display the low frequency performance of the current sensor. The input signal and the output signal of the open Rogowski coil are recorded simultaneously by a signal cable with a characteristic impedance of 50Ω, which matches the output impedance of the pulse source of 50Ω and the input impedance of the measuring instrument of 50 Ω. The experimental scene is shown in Figure 18.



In order to better observe, the pulse current signals measured by Reference HIOKI CM-100-M and open-ended PCB Rogowski coil are normalized to obtain the response diagram of the sensor pulse signal, as shown in Figure 19. It is known that the response process of the reference current sensor matches well with the response process of the Rogowski coil current sensor. The measurement signal of the open-ended PCB Rogowski coil current sensor shows high signal fidelity, but oscillates around the measurement signal of the reference sensor. These oscillations are caused by the capacitive coupling of the Rogowski coil to the pulsed power supply and are mainly concentrated during the rising and falling edges of the current pulse. The rise times of the reference current probe and the open-ended sensor were measured to be 100 ns and 102 ns, and the high-frequency cutoff frequency of the measurement system was calculated to be >3.5 MHz based on the relationship between the rise time   T r   and the highest frequency measured   B W   [32]. The calculation formula is as follows:


  B W =   0.35   T r    



(22)









6. Conclusions


In this paper, an open-ended type, wide frequency PCB Rogowski coil based on a new winding method is designed. By improving the method of loop winding, the holes of the Rogowski coil are less and it is easy to batch production. It also adopts obtuse angle wiring at the over-hole as well as other places, and a uniform wiring method at the mouth opening, which effectively increases the anti-interference ability of the coil when measuring current. The high-frequency measurement performance of the sensor is improved by using a compound integration circuit and back-end matching. Through the test, the mutual inductance difference between the closed-ended coil and the open-ended coil is less than 0.5% under the same wiring method of the PCB coil. Under the interference of the equivalent current 50 mm away from the measured current, the influence of the interference current-carrying conductor parallel to the measured wire on the mutual inductance of the coil is 0.59%. This is in comparison to the measurement results—(0.69%) of the closed PCB Rogowski coil under the equivalent current interference, at 43 mm from the measured current proposed in Reference [9]. They are basically consistent. Additionally, in this paper, when the interfering current-carrying conductor is on the same side as the coil and 50 mm away from the center, the effect of the interfering current-carrying conductor, parallel to the wire under test on the mutual inductance of the coil, is measured to be 1.45%, which is also very small. The sensitivity is 6.3 mV/A in the frequency range of 34 Hz–1 MHz when the open-ended PCB Rogowski coil is used with the hybrid integrator. Under the impulse square wave, the time-domain response waveform and the input waveform follow well, and the measured rise time is 102 ns, which can realize the current measurement of up to 3.5 MHz.
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Figure 1. Principle of a Rogowski Coil. (a) Structure Diagram of traditional Rogowski coil; (b) Structure Diagram of PCB Rogowski coil. 
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Figure 2. The lumped parameter model of Rogowski coil. 
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Figure 3. Diagram of interference of external vertical magnetic field on coil. (a) Equivalent large turn without return line; (b) Rogowski coil with the return line. 
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Figure 4. The impact of horizontal magnetic field (a) Interference to left coil; (b) Interference to right coil. 
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Figure 5. Schematic diagram of winding mode of open-ended PCB Rogowski coil. 
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Figure 6. Coil electrical parameter measurement. (a) Physical diagram of open-ended PCB Rogowski coil; (b) Experimental diagram of coil electrical parameter measurement. 
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Figure 7. Impedance Sweep Curve. (a) Measured Impedance Sweep Curve; (b) Theoretical Correction and Measured Anti-Sweep Curve. 
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Figure 8. Self-integrator and external integrator. 
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Figure 9. Hybrid Integration. 
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Figure 10. Improved integral circuit. 
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Figure 11. Amplitude-frequency curve. (a) Simulation amplitude-frequency curve of the RC integrator; (b) Simulation amplitude-frequency curve of the passive integrator; (c) Simulation amplitude-frequency curve of the hybrid integrator; (d) Measure amplitude-frequency curve of the hybrid integrator. 
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Figure 12. Amplitude-frequency response curve of the sensor under different load resistors. 
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Figure 13. Effect of Opening on PCB Rogowski Coil. (a) Rogowski coil probe test platform; (b) Measured amplitude-frequency response curve of Rogowski coil. 
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Figure 14. Test platform for external magnetic field interference of open-ended Rogowski coil. (a) Schematic diagram; (b) Field diagram. 
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Figure 15. Horizontal magnetic field interference. (a) Placement method; (b)The amplitude-frequency response curve of Rogowski coil with external parallel interference. 
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Figure 16. Vertical magnetic field interference. (a) Placement method; (b)The amplitude-frequency response curve of Rogowski coil in the presence of external vertical interference. 
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Figure 17. Amplitude-frequency characteristic curves of the sensors with different integration states. 
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Figure 18. Field diagram of square wave test platform. 
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Figure 19. Response diagram of sensor pulse signal. 
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Table 1. Winding parameters of coils.
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	Parameters
	Values





	Width of winding wire   ω  
	0.1 mm



	Thickness of winding wire   h  
	0.035 mm



	Number of winding turns   N  
	180



	Inner diameter of winding    R A   
	11 mm



	Inner diameter of winding    R B   
	12 mm



	Outer diameter of winding   b  
	24.5 mm



	Winding length   l  
	5.21 m



	Cross-sectional area of winding   A  
	   3.5 ×   10   − 9      m 2    
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Table 2. Lumped parameter of coil.
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	Parameters
	Values





	self-inductance   M  
	46.12 nH



	lumped resistance    R 0   
	25.6 Ω



	lumped inductance    L 0   
	9 μH



	lumped stray capacitance    C 0   
	12 pF
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Table 3. Lumped parameter of coil.






Table 3. Lumped parameter of coil.





	Parameters
	Values





	    R 1    
	6.8 kΩ



	    C 1    
	0.5 nF



	    C 3    
	0.5 nF



	    R 2    
	6.8 kΩ



	    C 2    
	1 nF



	    R 3    
	4.7 MΩ



	    R h    
	6.8 kΩ



	    C h    
	1 uF
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