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Abstract: In terms of high-current measurement of capacitors, PCB Rogowski coils have attracted
much attention because of their small size and easy installation. However, they are vulnerable to
electromagnetic interference. In order to improve the immunity of the coil, this paper studies the
influence of the structure and parameter changes of the double-layer PCB coil on the measurement
accuracy of mutual inductance. By testing the frequency response of four common coil structures,
a differential winding coil structure is proposed. Based on the measurement of large capacitance
current, the influence of non-electrical parameters of coils on the measurement accuracy of mutual

inductance is experimentally verified.

Keywords: PCB Rogowski coils; current sensor; differential winding structure; mutual inductance
coefficient; anti-interference

1. Introduction

Current measurements of capacitors have commonly used traditional current sen-
sors [1-11], but they have some disadvantages. For example, Hall sensors have a large
footprint and are expensive [12], which is not suitable for applications requiring small
size and low cost. The shunt is cost-effective, but there are areas that cannot be measured
without additional technology [13]. There is no good electrical isolation between the input
and output, thus lowering the safety level [14]. Hall components have disadvantages
such as magnetoresistance effect and temperature error. Its bandwidth is normally less
than 1 MHz in order to avoid overheating caused by core losses [15]. The measurements
are easily affected by location [16,17]. Rogowski coils have become a hotspot of current
research due to their advantages such as no magnetic saturation, simple insulation, and
wide measurement range.

The Rogowski coil was invented by the German scientist Rogowski. At the beginning
of its invention, it could only be used for measuring magnetic fields since its induction
electromotive force was very small and could not be used to drive secondary devices due
to the technical limitations at that time. In 1963, Cooper, a British scholar, derived the
transfer function of the Rogowski coil at high frequencies based on its high frequency
characteristics, which laid the foundation for high-power pulse technology [18]. In 1966, by
studying the structure of Rogowski coils, Ramboz improved the measurement accuracy
by an order of magnitude [19]. With the rapid development of digital signal processing
technology, Rogowski coils were widely used as the head structure for current sensors [20].
However, as conventional Rogowski coils are wound on a non-magnetic skeleton by hand
or by winding machine, the uniformity of the winding density cannot be guaranteed and
the cross-sectional areas of the coils may also not be equal. Therefore, the stability of the coil
mutual inductance coefficient and the consistency of the distribution parameters cannot be
guaranteed, resulting in Rogowski coils being hindered in industrial applications.

At the end of the twentieth century, the development of PCB technology provided
new ideas for the development of traditional Rogowski coils [21-39], with its digital wiring
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and fully automated production methods that made it possible to reduce the dispersion
of Rogowski coils. In 2000, N. Karrer proposed that PCB technology could be applied
to Rogowski coils [21], using the characteristics of a double layer of copper foil wiring
connected by through-holes to form the winding of coils. Since then, a variety of styles of
PCB Rogowski coils have emerged, and most of them are based on a copper foil directly
connected to a double-sided winding structure [22-27], which is a simpler PCB Rogowski
coil wiring. This is not a completely symmetrical structure, and it has a large dispersion, so
the anti-interference performance is poor. In Ref. [28], the author designed the outermost
two layers of the coil as shielding grounding layers and proposed twisted pair type four-
layer PCB Rogowski coils. The paper conducted a systematic study of four-layer PCB
Rogowski coils and used the coils for switching current measurements of SiC devices in
Ref. [29]. Although the additional shielding layer can effectively suppress electric field
interference, four-layer PCBs undoubtedly greatly increase the application cost. A square
PCB Rogowski coil with segmented turns was designed to increase the bend density and
thus enhance the interference immunity in Ref. [30]. The authors in Ref. [31] applied
PCB Rogowski coils for short-circuit protection of high-power SiC MOSFET devices. In
Ref. [32], a coil structure with a C-shaped opening was proposed and used in a lightning-
strike current detection system. In Ref. [33], PCB Rogowski coils were applied to a multi-
conductor structure for high-current measurement systems. Hasegawa et al. integrated
PCB Rogowski coil current sensors in IGBT modules to measure the output current of PWM
inverters [34].

PCB Rogowski coils are widely used in current measurements and protection systems.
However, there are still some challenges in coil design and research, such as the effect of
the coil structure and wiring differences of PCB Rogowski coils on the mutual inductance
coefficient, this impact has not been quantitatively analyzed from experiments.

In this paper, based on the analysis of four types of directly connected PCB Rogowski
coils, we design frequency response experiments to quantitatively verify the influence of
coil wiring structure on the measurement error of the mutual inductance coefficient. For
this purpose, we propose to use a differential winding coil structure with a symmetrical
structure and strong anti-interference performance. Finally, for the high-current measure-
ment of capacitors, quantitative accuracy analysis and experimental verification are carried
out from the perspective of structural parameters.

2. Working Principle of PCB Rogowski Coil

Conventional Rogowski coils are constructed by uniformly winding N turns of a coil
on a non-magnetic skeleton of constant cross-sectional area, in which the winding returns
to the starting point along the central axis of the winding. Figure 1 shows a sketch of the
structure of a Rogowski coil uniformly wound on a circular skeleton. Its working principle
is based on the law of electromagnetic induction and Ampere’s law of loops. When the
alternating primary current passes vertically through the center of the coil, a magnetic field
is generated around the current, and the alternating magnetic induction lines induce an
electric potential at both ends of the line turns, which is proportional to the rate of change
of the primary current against time. The PCB Rogowski coil is wound on the copper-coated
plate, but it works the same way as the traditional Rogowski coil. Figure 2 is the structure
of the PCB Rogowski coil [40].

When the magnitude of the current-carrying conductor i(f) changes, the induced
electric potential of the N-turn coil is:
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where ¢(t) is the induced electric potential of the N-turn coil, d is the thickness of PCB,
to = 47 x 1077 H/m is the vacuum permeability, x is the distance between a point on the
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wire turn and the axis of the primary conductor, 2 and b are the inner and outer diameters
of the coil, respectively, and the mutual inductance coefficient M of the PCB Rogowski
coil is:
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Figure 2. PCB Rogowski coil structure. (a) PCB Rogowski 3D structure diagram. (b) PCB Rogowski
coil cross-section diagram.

From Equation (1), it can be seen that the induced electric potential of the coil is
proportional to the differentiation of the current-carrying conductor with respect to time,
with a scale factor of M.

Due to the influence of the coil distribution parameters, the magnitude of the output
voltage across the PCB Rogowski coil is not equal to the magnitude of the induced electro-
motive force of the coil. Figure 3 shows the most commonly used lumped parameter model
of the Rogowski coil, where the voltage source represents the induced electromotive force
of the coil to the measured current, and it is connected in series with the coil self-inductance
L, the coil internal resistance R, and the distribution capacitance C,.

L R,

@ M-di/dt Cee— U

Figure 3. Lumped parameter model of Rogowski coil.
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The following equations are used to calculate these equivalent parameters [40,41]:

N2d b
dl

RC:prxd ¥ 4)
47%e0(b + a

co= ot e) ©
log<m>

where p is the wire resistivity, 1.7 x 1078 Q-m, dI is the length of the coil per turn, dw is
the coil alignment width, dh is the PCB copper thickness, and ¢ is the vacuum dielectric
constant, 8.854 x 10~'2 F/m.

From the parameter model shown in Figure 3, the transfer function of the PCB Ro-
gowski coil can be deduced as:

(6)

u sM
T LCes? + RCes +1
The transfer function of the Rogowski coil shows that its output voltage is proportional
to the current, and the proportionality factor is a second-order polynomial function. Among
them, the mutual inductance coefficient M directly affects the measurement accuracy,
sensitivity, and interference resistance of PCB Rogowski coils. Therefore, the mutual
inductance between the Rogowski coil and the conductor under test is the primary factor
to be considered in the actual design. The mutual inductance factor M is not only related
to the coil size parameters, such as the number of turns N, coil inner diameter 4, coil outer
diameter b, or the PCB thickness, but also to the coil structure.

3. Coil Structure

The structure of the PCB Rose coil is integrated into the printed circuit board, and
its wire turns are composed of traces on the top and bottom layers and vias, forming a
rectangular cross-section. Different winding methods produce different coil structures. In
view of the problem that various coil structures have different effects on measurement
accuracy, this section studies four common double-layer PCB Rogowski coil structures and
theoretically analyzes their immunity. Then a differential wound coil structure is proposed.
Based on the coil size limitation, the influence of structural parameters on the mutual
inductance coefficient is studied.

3.1. Four Types of Double-Layer Coils

Figure 4 shows the structure of a double-layer PCB Rogowski coil with four different
winding methods.

Coil 1 connects the top (red) alignment to the bottom (blue) alignment through holes
on the inside and outside [42], with a rectangular wire turn cross-section. This coil has a
relatively simple wiring structure, but the individual wire turns formed by the top and
bottom alignments are not centrally symmetrical, and no return loop is provided. Coil
2 improves the above defects. The bottom layer straight trace of this structure (covered
by the top layer straight traces) is connected to the top layer straight trace through the
through-hole and forms an arc with radius b and arc of 27t/2N clockwise. The bottom
(blue) arc is connected to the top (red) arc by an outer via, so the symmetry of the line turns
formed in this way is strong. However, because no return loop is set, the connected N-turn
coil is equivalent to a large wire turn of radius b on the outside. When the magnetic field
perpendicular to the PCB plane generated by the external interference current crosses the
PCB coil plane, an interference-induced voltage is generated.
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Figure 4. PCB Rogowski coil with four different winding methods. (a) Coil 1. (b) Coil 2. (c) Coil 3.
(d) Coil 4.

To solve this problem, coil 3 adds a return loop on the basis of coil 2 to offset the
influence generated by external interference currents. However, the radius of the return
loop is bigger than the outer diameter of the coil, and the interference magnetic field
generated by the interference current is not completely offset. For this reason, coil 4 changes
the wiring of the forward loop, making the arc trace of the underlying trace in the forward
loop protrude a piece, thereby increasing the area of the large wire turns formed by the
forward loop. This wiring makes the area of the large wire turns formed by the forward
loop and the return loop equal and theoretically offsets the impact of interference currents.

3.2. Differential Winding Coils

Since the PCB Rogowski coils discussed in this paper are integrated into the cylindrical
large capacitor, to some extent, they will be limited by the size of the coil, and the number
of coil turns will also be limited. The measurement accuracy is susceptible to interference
from external electromagnetic fields. For this reason, a coil differential winding structure is
proposed in Ref. [40].

The coil structure, shown in Figure 5, allows the wire turns to be wound not only in
the same direction, but the return loop is also wound in the reverse direction in the same
way, i.e., the return loop also has N turns of coils. Figure 6 shows a partial enlargement of
the differential winding coil, with the red and blue alignments representing the top and
bottom layers respectively. The red arrow is the direction of the arc trace in the forward
loop, and the blue arrow represents the return path of the line turn. The top and bottom
traces form a differential winding structure through vias. Due to the symmetrical structure,
this coiled structure is highly resistant to external interference.
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Figure 6. Enlarged view of differential winding coil structure.

When PCB Rogowski coils are used for high-current measurement of capacitors, they
are inevitably subject to capacitive coupling interference with large voltage gradients [43].
When there is capacitive coupling interference, the capacitive displacement current will
flow through the coil thus causing interference. At this time, the induced electromotive
force of the coil can be divided into the induced electromotive force of the measured signal
and the induced electromotive force of the interference current. In Figure 5, the induction
electromotive force of the coil is the sum of the induction electromotive force in the forward
and return loops. Since the forward and return loops are wound in opposite directions, the
direction of the induced electromotive force caused by the magnetic flux of the measured
current is also opposite. Because the disturbance generated by the capacitive displacement
current is not generated by the magnetic field of the conductor under test, the voltage
drop does not depend on the winding direction of the PCB Rogowski coil. As shown in
Equations (7) and (8),

di(t) dic(t)

eormn(t) = es(f) +ec(t) = M— = + Mc— @)
eback(t) = —Bs(t) +eC<t) = _Mdld(tt) + MC dlzcifft) (8)

where e, (t) is the induced electromotive force of the forward loop, epcx (t) is the induced
electromotive force of the return loop, es(t) is the induced electromotive force of the
measured current, e.(t) is the induced electromotive force due to capacitive coupling
interference, M, is the mutual inductance coefficient between the capacitive displacement
current and the coil, and i, is the capacitive displacement current.

Therefore, the total induced voltage of the coil is:

di(t)
dt

Emeasure(t) = eforth(t) — epack(t) = 2M 9)

The interference of the capacitive displacement current to the induced voltage of the
differential winding coil can be completely neutralized and the induced electric potential
of the coil is twice as high as that of the single loop because the winding direction of the
return loop is opposite to that of the forward loop.
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3.3. Influence of Structural Parameters

The influence of structural parameters on the coil is mainly reflected in the influence
on the size of the mutual inductance coefficient M. Therefore, reasonable structural param-
eters need to be designed to ensure the maximum mutual inductance coefficient. From
Equation (2), the mutual inductance coefficient is proportional to the number of turns of
the coil N, PCB thickness d, and the logarithm of b/a.

Figure 7 shows the effect of a single variable on the mutual inductance value. When
the values of the number of coils turns N, PCB thickness d, and inner diameter a are
fixed, the curve of mutual inductance value with outer diameter b is shown in Figure 7a.
Obviously, the larger the outer diameter, the larger the mutual inductance coefficient.
Figure 7b shows the variation curve of the mutual inductance value with inner diameter
a, and the mutual inductance value decreases as the inner diameter a increases. For the
differential winding coil structure, the number of turns N will be limited due to the presence
of arced traces on the outside of the coil and the minimum diameter constraint of the inner
vias. The research of this paper is the application of PCB Rogowski coils to the condition
monitoring of capacitors, thus the size of the coil depends, to some extent, on the size of
the capacitor surface. In this section, the influence of the structural parameters of the coil
will be illustrated with the example of a cylindrical film capacitor.

x10°* X
4 . 15 10
0.8
— o 06
| <
5 =
= 0.4
0.2
0 ‘ ‘ ' ' ' ‘ ' % 001 0.02 0.03 0.04 0.05
0.015 002 0025 003 0035 0.04 0045 0.05 0.055 - 02 . : -
b(m) a(m)

(a) (b)

Figure 7. Influence of single parameter change on mutual inductance. (a) Variation curve of mutual
inductance coefficient with outer diameter b. (b) Variation curve of mutual inductance with inner
diameter a.

Due to the limitation of the PCB manufacturing process, the maximum board thickness
d is taken as 2 mm. The shortest distance of one of the terminals of this film capacitor
from the edge is 27.5 mm, and the PCB Rogowski coil is screwed on the capacitor terminal.
Therefore, considering the safety distance from PCB alignment to the outer frame line and
setting a certain margin, the outer diameter b of the coil can be set as 52 mm. According
to the dimensional constraint relationship of the differential winding coil (Figure 8), set
the inner diameter of the coil a as the independent variable. A safety distance needs to
exist between the inner through-holes and the arc alighment, so the number of coil turns N
will also be limited by the inner diameter a. Equations (10) and (11) need to be met at the
same time.

2r
< — 10
~ 2sin~1(5) (10)
.21
b- sins > 2r1 +0.254 (11)

where x is the minimum distance between adjacent through-holes on the inside. Due to
PCB manufacturer process limitations, the minimum through-hole spacing Ax is 0.127 mm.
Set the PCB through-hole pad diameter to 0.508 mm, then x = 0.508 mm + 0.127 mm. r; is
the radius of the outer circular arc alignment.
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Figure 8. Size constraint relationship of the differential winding coil.

Therefore, when the value of the outer diameter b is fixed, both the number of turns N
and the mutual inductance coefficient of the coil will be affected by the inner diameter a.
According to the coupling relationship between Equations (10) and (11), the change curve
is shown in Figure 9. The number of coil turns N increases linearly with the increase of
inner diameter a, while the mutual inductance coefficient M becomes larger first and then
decreases with the increase of inner diameter. Theoretically, when a is 18.6 mm, N is 90 and
the mutual inductance coefficient can reach the maximum. At this time, the radius rq of the
outer arc of the coil is 0.8 mm, which can also meet Equation (11).

. . i ] i _ . X107
400 Variation curve of mutual inductance M with E 40
a the inner diameter a B
350 Variation curve of number of turns N with
innerdiameter a 1
300 | 130
250 1
)
N 200F 220 =2
=
150 F E
100 f 110
50 F E
0 L PR S SIS ESR S S EU S S E S S RS L j 0
0.015  0.02 0.025  0.03 0.035  0.04 0.045  0.05 0.055

a(m)

Figure 9. Variation curve of coil turns and mutual inductance with inner diameter when the outer
diameter of the coil is fixed.

4. Experiment Verification

In order to verify the influence of the four coil structures on the measurement accuracy
of PCB Rogowski coils, this paper sets the four coils to the same geometric parameters and
sets the number of turns to 60 turns. Moreover, the mutual inductance coefficient M, coil
self-inductance, coil internal resistance, and coil distributed capacitance are calculated from
Equations (2)—(5), and the structural and electrical parameters of the four coils are detailed
in Tables 1 and 2. It can be seen that the geometric and electromagnetic parameters of the
four coils are similar, except for the different ways of coil wiring. The four different coil
structures are drawn in Altium Designer software according to the coil structure and the
coil data in Table 1, and the physical drawings are shown in Figure 10.
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Table 1. Structural parameters of coils 1-4.
Inner Outer Through Through Trace Copper PCB
Serial Radius of Radius of Hole Hole Pad Width dw Coating Thickn Number of
Number Coil a Coil b Diameter Diameter (mm) Thickness d (cmr:)s S Turns N
(mm) (mm) d1 (mm) d2 (mm) dh (mm)
Coils 1 18.6 41 0.3 0.508 0.254 0.035 2 60
Coils 2 18.6 41 0.3 0.508 0.254 0.035 2 60
Coils 3 18.6 41 0.3 0.508 0.254 0.035 2 60
Coils 4 18.6 41 0.3 0.508 0.254 0.035 2 60
Table 2. Electrical parameters of coils 1-4.
Serial Mutual Inductance Inductance Value Lc Resistance Value Capacitance Value
Number Coefficient M (nH) (uH) Rc () Cc (pP)
Coils 1 18.969 1.138 2.575 24.509
Coils 2 18.969 1.138 2.375 24.509
Coils 3 18.969 1.138 2.375 24.509
Coils 4 18.969 1.138 2.375 24.509

Figure 10. Physical drawing of coil 1-4.

In order to test the characteristics of the coils with different winding methods, the
experiments were conducted by using the PSM1700 frequency response analyzer and
calculating the mutual inductance coefficients of the coils. This experiment does not apply
additional shielding measures to the coil, nor does it integrate and signal process the output
of the coil, and the experimental frame diagram is shown in Figure 11. Among them, the
PSM1700 frequency response analyzer comes with a signal generator function, and the sine
wave signal output from its output is used as the primary current input of the coil. The
output wire of the PSM1700 is passed vertically through the center of the PCB coil, and
the CH1 channel of the PSM1700 is used to collect the primary current signal through the
sampling resistor, CH2 collects the output signal of the coil, and a Bode plot of the coil
transfer function is displayed on the instrument panel. In this case, the sampling resistor is
a 1 () high-precision sampling resistor.
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Figure 11. Experimental framework [30].
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Figure 12 shows the amplitude-frequency characteristics of the frequency response
of the four coils. The blue dots are the experimentally measured waveforms. The red
solid line is the theoretical curve. The yellow dashed line is the curve after smoothing the
experimental data.

Amplitude-frequency characteristic curve of coil 2

* Exprimental datal
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Smooth-f1, Windows50

* Exprimental data2

‘Theoretical curves
Smooth-f2, Windowss0
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Amplitude-frequency characteristic curve of coil 4

@)

Amplitude-frequency characteristic curve of coil 3

0 T
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Theoretical curves
Smooth-f3, Windows50

Exprimental data4
Theoretical curves
Smooth-f4, Windows50

Phase-frequency characteristic curve of coil 3

10*

Fre/Hz 10? Fre/Hz

Phase-frequency characteristic curve of coil 4

v

pk

Phase

10°

5
107

106

10*

Fre/Hz

(c)
Figure 12. Bode diagram of coils 1-4 (a) Coil 1. (b) Coil 2. (c) Coil 3. (d) Coil 4.

The frequency response of all four coils at low frequencies (below 1 kHz) is not ideal,
and coil 3, after 100 Hz, has a better fit than coils 1, 2, and 4. The mutual inductance
values of all four coils are at the nH level. The output current of the signal generator in
the experiment is 1.87 A. Therefore, the induced voltage of the coils at low frequencies
is at the pV level, and the accuracy of the frequency response analyzer is not enough to
detect the tiny voltage signal. Therefore, the amplitude-frequency characteristics and the
phase frequency characteristics of the four coils in Figure 12 before 1 kHz are chaotic. The
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amplitude-frequency characteristic curves of coils 1-4 have a better fit after 1 kHz, and their
phase-frequency characteristic curves show that the phase after 1 kHz is basically around
90°, which is consistent with the theoretical curve. In addition, the amplitude-frequency
characteristic curve of coil 3 is closer to the theoretical curve. In order to present the
influence of the Rogowski coil structure on the measurement error more intuitively, this
paper derives the theoretical amplitude-frequency characteristic curve and does a linear
fit to the experimental data to obtain the mutual inductance measurement values under
different coil structures.

Since the parasitic parameters of the coil are small, the effects of coil inductance, coil
internal resistance, and parasitic inductance can be neglected, and the transfer function of
Equation (6) can be simplified to Equation (12):

H(s) = —~ = Ms (12)

This formula leads to:
H(f)=j-2rnf M (13)

Therefore, the theoretical amplitude-frequency characteristic curve is
DB(f) = 201g(|H|) = 201g(|M - 27t - f|) = 20Ig(f) +20Ig(|M - 27t]) (14)

Theoretically, the transfer function of the coil should be a straight line with a slope of
20 dB/decade frequency, and the longitudinal intercept of the line is related to the mutual
inductance value. Therefore, to obtain the mutual inductance coefficients of the coils more
intuitively, the experimental data of the four coils 1 kHz-1.2 MHz were linearly fitted in
Matlab, and the fitting function was set as

y =20Ig(x)+b (15)

where x is the frequency, y is the amplitude of the amplitude-frequency characteristic curve,
and b is the longitudinal intercept. Then, the measured mutual inductance coefficient can
be calculated by Equation (16).
b
100
M= 16
o (16)

Figure 13 shows the fitted and residual results of the amplitude-frequency characteris-
tic curves of coils 14 after the logarithmic transformation of the horizontal coordinates. It
seems that the error between the fitting result of coil 4 and the measured result is the largest,
the error of coil 3 is smaller than that of coil 1 and coil 2. Table 3 shows the measured
mutual inductance values obtained from the fitted curves, where the mutual inductance
values of coils 1 and 2 have a large error, coil 3 has an error of —29.4%, and coil 4 has the
smallest relative error of —26.9%.

Analyzing the experimental results in Figures 12 and 13, and Table 3, the following
conclusions can be obtained. In terms of linearity, Coils 1-3 are smoother, while Coil
4, which has a theoretically symmetrical coil structure and better immunity, has poorer
linearity instead. Due to coil 4’s complex wiring structure, makes its PCB alignment
appear more right angles, resulting in interference in the coil response. In terms of mutual
inductance accuracy, coil 1 and coil 2 are more susceptible to interference due to the absence
of a return loop, with an error of —55%, while coil 4 has a slightly smaller mutual inductance
error compared to coil 3 due to the equal area of the forward and return loops. Therefore,
the coils with symmetrical structures and equal areas of the forward and return loops have
relatively small errors in the mutual inductance coefficient.
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Figure 13. Curve fitting and residual diagram of mutual inductance coefficient of coil 14 (a) Coil 1.
(b) Coil 2. (c) Coil 3. (d) Coil 4.
Table 3. Comparison between measured mutual inductance and theoretical values of coils 1-4.
Serial Coil Mutual Inductance The Intercept (.)f the Exp?rlmentally o
Number Value M (nH) Fitted Curve with the Obtained Mutual Error (%)
Vertical Coordinate Inductance Values (nH)
Coils 1 18.969 —145.7 8.25696 —56.472
Coils 2 18.969 —1454 8.54713 —54.942
Coils 3 18.969 —1415 13.39122 —29.406
Coils 4 18.969 —141.2 13.86182 —26.925

The frequency response characteristics of differential winding coils with different
inner and outer diameter values are measured experimentally below.
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Tables 4 and 5 show the structural and electrical parameters of the three coils with
different inner and outer diameters. The frequency response characteristics measured using

PSM1700 are shown in Figure 14.

Table 4. Bode diagram of coil 5-7.

Through The radius

Copper

. . Through
Serial C.ml Inner Co.l 1 Outer Hole Hole Pad of the Outer T race Coating P cB Number of
Diameter a Diameter . . . Width dw . Thickness
Number (mm) b (mm) Diameter Diameter Circle of the (mm) Thickness d (mm) Turns N
d1 (mm) d2 (mm) Coil r1 (mm) dh (mm)
Coils 5 18.6 41 0.3 0.508 0.8 0.254 0.035 2 60
Coils 6 18.6 52.6 0.3 0.508 0.8 0.254 0.035 2 60
Coils 7 20.6 41 0.3 0.508 0.8 0.254 0.035 2 60
Table 5. Electrical parameters of coil 5-7.
Serial Coil Mutual . . . . .
Number Inductance M (nH) Coil Inductor Lc (uH)  Coil Resistance Rc ((2)  Coil Capacitor Cc (pF)
Coils 5 18.089 1.085 2.393 22.822
Coils 6 24.949 1.497 3.717 38.765
Coils 7 16.528 0.991 2.157 22.431
Amplitude-frequency characteristic curve of coil 5 o Amplitude-frequency characteristic curve of coil 6
0 Exprimental data$ Exprimental data6
Theoretical curves Theoretical curves
— 50| Smooth-f5, Windows50 % =50 Smooth-f6, Windows50
g
~100 3 1 -100 3
102 103 104 105 106 102 103 104 103 106
Fre/Hz Fre/Hz

Phase-frequency characteristic curve of coil 6

Phase-frequency characteristic curve of coil 5

T T

Phase
Phase

g |
102 103 104 105
Fre/Hz

(b)

Fre/Hz

(a)

Amplitude-frequency characteristic curve of coil 7

T T T
* Exprimental data7

Theoretical curves
=50 Smooth-f7, Windows50
[as]
o
-100 .
| |
102 103 104 10° 106
Fre/Hz
Phase-frequency characteristic curve of coil 7
T T
2
3
=
~

1
104
Fre/Hz

(©
Figure 14. Bode diagram of coil 5-7 (a) Coil 5. (b) Coil 6. (c) Coil 7.
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The measured curves of the amplitude-frequency characteristic curve and phase-
frequency characteristic curve are consistent with the theoretical curve in the frequency
range of 1 kHz to 100 kHz. The phase frequency characteristic curve decreases slightly after
100 kHz, which is caused by the coupling capacitance, and the higher the frequency, the
more obvious this phenomenon is. Moreover, since the mutual inductance coefficient M is
at the nH level, even a large measurement error is not obvious on the Bode plot. Therefore,
it is necessary to fit the experimental data of these three coils in a curve and calculate the
experimental value of the mutual inductance coefficient M to obtain the measurement error.

The calculated values of mutual inductance coefficient M obtained by curve fitting are
shown in Table 6. If coil 5 is used as the experimental control group, coil 6 is the experi-
mental group with an 11.6 mm increase in outer diameter and coil 7 is the experimental
group with a 2 mm increase in inner diameter. As can be seen from Table 6, the theoretical
mutual inductance value of coil 6 is larger than that of coils 5 and 7, and its experimentally
measured error value is relatively smaller. Therefore, when the differential winding coil is
used for the measurement of capacitor ripple current, it is very important to maximize the
use of the capacitor surface size and design reasonable structural parameters to maximize
the mutual inductance coefficient.

Table 6. Comparison of mutual inductance coefficient measured by experiment and theoretical value
of coil 5-7.

The Intercept of the

Serial Theoretical Value Fitted Curve with the Experimental Value Error/%
Number M (nH) . . (nH)
Vertical Coordinate
Coils 5 18.089 —141.8 12.9366 —28.4833
Coils 6 24.949 —137.6 20.98071 —15.9042
Coils 7 16.528 —152.1 12.49741 —24.3418

5. Conclusions

The frequency response curves of four directly connected double-layer PCB coils
illustrate that coils with return loops and a symmetrical structure can reduce the influence
of interfering magnetic fields on the accuracy of mutual inductance coefficient measure-
ments. Based on the high-current measurements of capacitors, the proposed differential
winding coil structure has stronger anti-interference ability and higher accuracy of mutual
inductance coefficient. However, due to its more complex wiring, there is inevitable ca-
pacitive coupling interference at high frequencies, which affects the accuracy of the coil
measurement results at high frequencies. Experiments show that when the differential
winding coil is applied to cylindrical capacitors, reasonable use of the capacitor surface size
and design of the coil structure parameters can maximize the mutual inductance coefficient,
which can improve the accuracy and immunity of the coil mutual inductance coefficient to
a certain extent.
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