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Abstract: Power semiconductors based on wide bandgap (WBG) devices are capable of fast switch-
ing and have low on-resistance. Accordingly, a fast sensor with a higher bandwidth is required for
circuit inspection based on switch current measurements. Thus, it is necessary to have a current
sensor in the printed circuit board (PCB) circuit for diagnosis and protection of the surface mount
device (SMD) type circuit system. Accordingly, a pickup coil with the advantages of a high degree
of sensor configuration freedom, wide bandwidth, and low cost can be a good alternative. This
study analyzes the influence of coil shape and parameters on sensor design as a guideline for em-
bedding a pickup coil in an SMD-type PCB circuit of a WBG power semiconductor-based, half-
bridge structure. The mutual inductance and self-inductance values of the coil are considered large
variables in the design of a sensor coil for simultaneously maintaining high bandwidth and sensor
sensitivity. Therefore, magnetic and frequency response analyses were conducted to verify the cor-
relation with inductance, the influence of coupling capacitance, and the influence of the magnetic
field formation via the current flowing through the external trace inside the PCB. The coil model is
verified and discussed through simulation and double pulse tests.

Keywords: gallium nitride (GaN); Rogowski coil; pickup coil; parameter; inductance; coupling
capacitance; finite element method

1. Introduction

A system that includes a power semiconductor based on a wide bandgap (WBG) de-
vice has the advantages of high di/dt, dv/dt, efficiency, and a fast-switching speed, com-
pared to conventional silicon devices [1,2]. Therefore, WBG devices are attracting much
attention in the industry and related research pursuing small size and low-cost devices;
in particular, GaN devices have remarkably fast switching characteristics among WBG
devices; hence, the issues of stability and system protection in transient response situa-
tions are major issues that need to be resolved in the development and use of GaN devices
[3-6]. At this time, the stability of a system is based on accurate and fast measurement
information during the switch operation. Therefore, it is necessary to follow the step
change of the current well. Otherwise, when measuring current, excessive peak current
may cause malfunction of the already established protection operation.

To measure the switch current of the power semiconductor embedded in the PCB
[7,8], current sensor technologies based on sensor evaluation criteria such as a minimum
area with sufficient bandwidth, insulation, and sufficient sensitivity are required. The to-
roidal Rogowski coil is a representative insulation sensor and can be a viable current sen-
sor candidate for WBG devices based on its relatively wide bandwidth, small size, and
linear characteristics. Basically, in toroidal Rogowski coils, which are a type that wraps
the conductor of the primary current in all directions [9-11], the position between the coil
and the conductor has a great influence on the measurement accuracy [12,13], and the
study conducted in [14] minimizes the position error between the sensor and conductor.
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In the paper of [15-17], a PCB-based Rogowski coil model that can minimize the position
error between the sensor and the conductor was proposed; [18-20] described the applica-
tion of this PCB-based toroidal Rogowski coil for system protection. However, the PCB-
based Rogowski coil discussed in this paper was only applied to the power semiconductor
of module type, and [20] demonstrated higher performance than DeSat protection.

The shape of the Rogowski coil and the different design structures in the PCB circuit
can have a significant influence on the bandwidth, sensitivity, and external noise that ap-
pear through different magnetic properties. Accordingly, studies on various coil shapes
and designs have been studied to increase bandwidth and improve sensitivity and noise
immunity, and their influence has been analyzed [21,22]. In [23-25], a differential
Rogowski coil with insulation characteristics was proposed to reduce the coupling capac-
itance noise of the conventional Rogowski coil. In [26], a current sensor with a rolling trace
was proposed to maximize the bandwidth of the Rogowski coil in the PCB. In [27,28], a
spiral-type Rogowski coil structure was proposed to improve the sensitivity of the coil.
Moreover, a guideline for the optimal coil shape was presented through the analysis of
the mutual inductance, according to the coil type [29]. However, it is impossible to embed
a conventional toroidal-type Rogowski coil in a PCB, including a non-modular power con-
verter; hence, a pickup coil was proposed in [30-34]. The pickup coil uses the same sensor
method as the existing Rogowski coil in a large category and, according to Maxwell-Far-
aday law, an electromotive force (EMF) is induced at the output end of the coil loop
through the coil structure in which a part of the magnetic flux generated by the primary
current flows into the closed-loop area of the coil. The current sensor configuration of the
rolling structure shown in [26] can secure a higher bandwidth than a conventional sensor
configuration, and hence a pickup coil with such a rolling structure is proposed in [30]. In
particular, pickup coils, which have higher degrees of design freedom than conventional
toroidal Rogowski coils, can be affected by various magnetic fluxes according to the cor-
responding design configuration and can have various mutual inductance and self-in-
ductance values. However, due to the characteristics of the pickup coil, which is com-
posed of a built-in PCB, external conductors significantly influence the PCB [33].

This study analyzes the influence of external wires on the sensor in the PCB and the
influence of coil parameters for a pickup coil configuration that measures the switch cur-
rent in a half-bridge structure system, employing a non-modular WBG power semicon-
ductor. The process of analyzing the mutual inductance is performed by comparing the
magnetic flux and bandwidth between the five pickup coil models according to the con-
figurable coil and conductor shape.

The remainder of this paper is organized as follows. Section 2 covers the basics of
PCB-embedded pickup coils, and Section 3 deals with the influence of each coil parameter
through the magnetic flux and mathematical analysis. Section 4 addresses the experi-
mental verification of this study, and Section 5 provides the conclusion.

2. Basics of a Pickup Coil

While measuring the switch current of power semiconductors in discrete packages
or measuring the current flowing through the PCB trace, there are many difficulties in
configuring the existing toroidal Rogowski coil; these difficulties can be addressed via a
pickup coil configuration. Figure 1 shows the pickup coil structure in two cases that can
be embedded in the PCB. Figure 1a shows the case of a coil configured at a vertical posi-
tion, concerning the trace through which the primary current i: flows and the coil thick-
ness corresponds to the height at which the magnetic flux is received; it is possible to con-
figure a coil with a large number of turns. In the case of Figure 1a, it corresponds to the
model of the existing pickup coil [30,33]. Figure 1b shows a coil configured in a horizontal
position to trace the primary current i1 flows. This coil is configured in a horizontal posi-
tion to receive the magnetic flux of the primary current on the same PCB layer [34]. The
number of turns is limited according to the number of layers because it increases or de-
creases in size according to the number of layers. For both coil models, the magnetic flux
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formed by the primary current i1 passes through the inside of the closed-loop area in the
coil, and an EMF is induced at the output end of the loop following Maxwell-Faraday
law.

Figure 1. Schematic of the pickup coil in PCB: (a) vertical structure and (b) horizontal structure.

Therefore, it is necessary to consider the influence of the position of the external
conductor in situations in which accurate switch current measurement in case ofdesigning
the pickup coil in PCB is required.

Figure 2 is an equivalent circuit analyzed with a lumped model for a pickup coil and
L. is the magnetization inductance of the coil, R. is the self-resistance value of the coil, C.
is the self-capacitance value of the coil, and M denotes the mutual inductance between the
coil and conductor.

Guls) = 2 = n
col j L +RR R +R
11(5) (LECC)SZ+S( c+ c dcc)+ c+ d (1)
Rd Rd
; L. R.
1 YYY ——J O
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O

Figure 2. Lumped circuit of the pickup coil.

When the primary current i: flows through the trace, the density B of the flux density
around conductor trace by the Biot-Savart law is basically formed by the magnetic field
intensity H as follows:

B=u-H= I )
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where r is away from the conductor to the measurement point, and y is relative mag-
netic permeability. The generated flux passes through the S area, the amount of generated
magnetic flux ¢ in that area is as follows:

¢:LB-ds (3)

where o is the relative magnetic permeability, ds is the smallest section of area S, and
the EMF induced at the output stage of the coil is,

d¢ di,
v, (t)= =M )

where M represents the mutual inductance between the coil and the conductor, itde-
termines the sensitivity of the sensor. If M is increased by increasing the self-inductance,
the sensitivity of the sensor also increases; however, at the same time, the bandwidth of
the coil is reduced due to the high Lc. This can reduce accuracy when measuring the switch
current for fast power semiconductor devices such as GaN. At this time, the bandwidth
of the sensor is as follows [31]:

fe< Bandwidth < feil_pote 5)

fooL1 [R*R 1 °
@t 2z \LRC. 2%@ ;

where fil_pole is the pole frequency of G in Equation (1).

To configure a current sensor using a coil in a specific bandwidth with high sensitiv-
ity for a fast device such as GaN, a coil design capable of significantly lowering the L/M
value is required. Therefore, the analysis of the coil in this paper proceeds based on the
performance parameter L/M.

3. Analysis of Parameter for Designing Pickup Coil in PCB
3.1. Pickup Coil Configuration in PCB

PCB-embedded pickup coils have various mutual inductance values according to
their position and shape. The distance between the coil and conductor through which the
primary current flows, the shape, and the turn number of the coil determines the amount
of magnetic flux incident on the closed-loop area of the coil formed by the primary cur-
rent, and thus affects the EMF value. Each of the five models in Figure 3 depicts five struc-
tures in which a single-turn rectangular pickup coil can be placed on the PCB. These five
models are classified according to the number of traces through which the primary current
flows adjacent to the pickup coil. In all coil models, the self-inductance value can be flex-
ibly determined by varying the number of turns and coil size.

S
/////-o
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(c) (d) (e)

Figure 3. Geometry of (a) Model-A: vertical structure of a pickup coil with conductor trace on one side; (b) Model-B:
vertical structure of a pickup coil with conductor trace on two sides; (c) Model-C: horizontal structure of a pickup coil
with conductor trace on one side; (d) Model-D: horizontal structure of a pickup coil with conductor trace on two sides;
and (e) Model-E: horizontal structure of a pickup coil with conductor trace on three sides.

The pickup coil depicted in Figure 3a is the most basic coil model, and it consists of
the trace primary current flowing on the bottom layer of the PCB and a coil composed of
pattern and vias, where the magnetic flux incident surface is located in the vertical direc-
tion to the trace, i.e., the magnetic flux formed by one side of the conductor trace through
which the primary current is flowing enters the magnetic flux incident area of the pickup
coil [30,34].

In this case, the distance d is determined as a small value equal to the PCB layer thick-
ness level. According to Maxwell-Faraday law, the amount of total magnetic flux ¢a
through the flux incident area S is the integral value of the magnetic flux density B, as
shown below. All mathematical analysis methods assumed the shape of the virtual wire,
not the shape of the trace.

w iy e 1 u-ai (b+d)
=| Bds=22L| —.g.dh="22 In (7)
g I s 2z j ¢ b 2z d
where (1, is the air permeability. The EMF voltage va is induced at the coil output terminal,

as follows:

_ 1&:_d_¢:_”o_ﬂlnwﬁ @®)
dt dt 2z d dt

In addition, the mutual inductance Ma between the conductor and the coil is as fol-
lows:

v,(t)=

) :ﬂln(b+d)
2 d

Figure 3b shows the coil structure in which the magnetic flux incident surface of the
pickup coil is positioned perpendicular to the trace in the situation of the primary current
flowing through the via and two traces in the upper and lower layers. The magnetic flux
generated by the primary current flowing at the top and bottom is incident inside the coil
in the same direction [30]. The amount of magnetic flux incident ¢s, in this case, is doubled
compared to the previous case.

M 9)

a-i b+d
g =, () (10)
Vs d
The mutual inductance Mz between the conductor and coil is as follows:
. b+d
M, - 4, ﬂln( ) (11)
T d

Unlike Model-A and B, in Model-C, D, and E, the coil is positioned horizontallycon-
cerning the trace through which the primary current flows. Therefore, to construct a multi-
turn coil, the number of coil turns must be increased or decreased according to the number
of PCB layers. The horizontal direction coil can receive a wider magnetic flux per coil area
because the magnetic flux incident surface S by the primary current of the pickup coil is
largely based on the same self-inductance compared to the previous vertical coil. This
guarantees a higher measurement sensitivity and reduces the number of turns, reducing
overheating and bottlenecks resulting from a reduced number of vias.

In the structure shown in Model-C, the pickup coil is located on the same plane near
one trace through which the primary current flows so that the magnetic flux can be inci-
dent. Figure 3d,e illustrates cases in which the numbers of traces of the primary current
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flowing around the pickup coil on the same plane are two and three, respectively.In these
three cases, the magnetic flux incident on the coil flows in a direction perpendicular to
the PCB surface, and the direction of the magnetic flux incident on each trace surface is
the same where d represents the distance between the coil and the conductor and was set
to the same value for the models shown in Model-C, D, and E. The magnetic flux of Model-
C is expressed as follows:

/,l 0 a- il (b + d)
=0 7 g 12
e 2z n d (12)
The mutual inductance Mc between the conductor trace and the coil is as follows:
. b+d
M, = ﬂo_ﬂlnu (13)
2z d

In Model-D, the pickup coil is surrounded by the coil traces on both sides where the
primary current flows; therefore, the magnetic flux incident in the coil is given as follows:

_,uu-il{gl (b+d) b, (u+d)}

n +—In
2 d 2 d

(14)

In addition, the mutual inductance between the coil and trace is given as follows:

M, :i{aln(b;d)wln(“;d)} (15)

2

The pickup coil structure in Model-E is surrounded by three traces through which
the primary current flows on three sides. The magnetic flux by the coil and the mutual
inductance between the coils and current trace are given by the following equations, re-

spectively:
g, =40 {gln(b;d)ﬂaln(a;d)} (16)
T
M, = ;‘ {aln(b;d)+2bln(a;d)} (17)
T

Figure 4 shows the magnetic flux analysis results using the finite element method
(FEM) for the five models. From the diagram of the magnetic flux, it can be derived that
the magnetic flux density increases at the crossover position between the coil and the
trace. For the relative comparison of the magnetic flux, the maximum value of the mag-
netic flux was set based on the 0.009 magnetic flux (Tesla) value.
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Figure 4. Magnetic field flux density at 5-A conductor current with finite element method (FEM). (a) Model-A, (b) Model-B, (c) Model
-C, (d) Model-D, and (e) Model-E.

Table 1 lists the parameters measured by the Ansoft Maxwell and Q3D Extractor,
Canonsburg, Pennsylvania,USA ,a specialized simulation tool for finite element analysis
(FEA). From the results of Table 1, quantitatively, the increasing trend of the M value ac-
cording to the number of conductors was confirmed the same. On the other hand, the
results of the mathematical results do not exactly match the actual data in Figure 5. This
is because the skin effect of the conductor through which the primary current flows is not
considered and the exact shape of the actual trace is not reflected.

Table 1. Comparison of the dependent coil structures using finite element method with the FEA method.

Coil Model Model-A Model-B Model-C Model-D Model-E
Inductive coupling 0.03 0.14 0.11 0.147 0.2
Self-inductance Ls [nH] 5.8 5.8 6.48 6.49 6.48
Mutual-inductance M [nH] 0.42 0.71 1.04 1.3 1.7
Trace inductance [nH] 8.32 8.65 6.29 6.32 6.41
L/M 13.8 8.16 6.23 4.99 3.8

Coil configuration
Value

14
12
10

Self-Inductance Ls [nH] MutuakInductance M
[nH]

(=T T SR - - ]

m Model-A  mModel-8  mModel-C Model-D mModel£
(a)
Relative error(calculation[M]-FEM[M])

Value
0.18

0.16
0.14
012
01
0.08
0.06
0.04

0.02 -
0

Model-A Model-B Model-C Maodel-D Model-E

Coil configuration (five-models)


https://en.wikipedia.org/wiki/Canonsburg,_Pennsylvania

Appl. Sci. 2021, 11, 2290

8 of 19

(b)

Figure 5. Comparison for the five models. (a) FEM results under different coil configurations and
(b) error value of M between calculation results and FEA results.

From the results of Table 1, it can be observed that the L/M value decreases further
from Model A to Model E. Therefore, it can be seen that the higher the ratio of the crossing
area between the coil and the trace in a specific bandwidth is, the more the L/M value
decreases in the horizontal direction rather than the vertical direction.

3.2. Magnetic Flux Incident Area

Figure 6 and Table 2 presents the analysis results of the influence between the coil
and conductor according to the area of the surface where the magnetic flux is incident in
the coil, and the finite element analysis was conducted based on the PCB layout. Moreo-
ver, it includes the results of analyzing the mutual inductance of the coil and the self-
inductance of the coil according to the incident area in the vertical coil structure and hor-
izontal coil structures. In the vertical coil on the PCB, the magnetic flux incident area of
the coil was determined by the number of layers from the bottom layer, whereas in the
case of the horizontal coil, it can be set in various ways by the designer with a high degree
of freedom. In addition, the distance between the coil and the trace was fixed to 0.47 mm
to see only the influence of the change on the magnetic flux incident area.

Vertical structure(Model-A)

Value
18 Value
16
14
12
10
8
6
4
2
. A—
Selfinductance Mutual-inductance Le/M
mArea$(mm2) 1.3 ®AreaS(mm2)2.6 mAreasS(mm2)3.9 Areas (mm2) 5.2
(a)
Horizontal structure(Model-C)
Value

O RN WA WA N B L

~ ol

Self-inductance Mutual-inductance Le/M

mArea§(mm2) 6.36 MArea$(mm2) 9.3  mArea$(mm2) 115  mArea§ (mm2) 135

(b)

Figure 6. FEM results under magnetic flux incident in different areas: (a) vertical structure coil
model and (b) horizontal structure coil model.

Table 2. Influence of the inductance under different magnetic flux incident areas S with the FEA method.

Coil Type

Vertical Structure (Model-A) Horizontal Structure (Model-C)

axb

3.25 3.25 3.25 2.92 2.92 2.92 2.92
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(mm x mm) x 0.4 x 0.8 x1.2 x 1.6 x2.18 x 3.2 x 3.95 x 4.63
Area S
rea 13 26 39 52 6.36 9.34 115 13.5
(mm?)
Inductive coupling  0.009 0.02 0.034 0.037 0.09 0.129 0.155 0.174
Mutual
nductance M [ 02 0.38 0.45 0.58 0.9 135 1.75 201
Self
451 17 71 . 2 7.62 . .
inductance L. [nH] 5 5 5 6.58 6.29 6 8.69 9.63
LJM 16.1 15 12.6 113 6.9 56 496 481

The results in Table 2 show that the amount of magnetic flux passing through the
magnetic flux incident surface increases as the coil width increases, and the mutual in-
ductance value increases accordingly; this demonstrates that the amount of change in the
incident magnetic flux is determined according to the size of the incident area. Moreover,
the L/M value for the horizontal coil (Model-C) is less than that for the vertical coil
(Model-A), i.e., it can be seen that the mutual inductance value between the coil and con-
ductor increases based on the same self-inductance value. Therefore, to increase the mu-
tual inductance value to increase the sensor sensitivity for a specific bandwidth, an ap-
propriate magnetic flux incident area through which the magnetic flux passes must be
selected.

3.3. Distance between Conductor and Coil

Figure 7 and Table 3 presents the FEM results of mutual inductance and inductive
coupling index according to the distance between the coils (Model-A and Model-C) and
the conductor through which the primary current flows. From the results of both struc-
tures, it is confirmed that the L/M of the coil increased as the distance between the coil
and the conductor increased in the two coil models in the given d range. In the vertical
structure, d is determined as much as the height of the layer; hence, the range that can be
varied is limited.

Vertical structure(Model-A)
Value
35
30

25

20

15

10

-

0 AT

Self-inductance Mutual-inductance Lc/M

B Distance d 0.4 M Distance d 0.8 Distance d 1.12

()
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Horizontal structure(Model-C)

Value

o

Self-inductance Mutual-inductance le/M

o B N W B U1 O N

M Distance d 0.47 M Distance d 0.65 Distance d 0.9

Figure 7. FEM results under different distances: (a) vertical structure coil model and (b) horizontal
structure coil model.

Table 3. Influence of the inductance under different distances d with the FEA method.

Coil Type Vertical Structure (Model-A) Horizontal Structure (Model-C)
Distance d 04 038 112 047 065 09

(mm)
Inductive coupling 0.02 0.009 0.001 0.12 0.11 0.1

Mutual
inductance M [nH] 0.35 0.22 0.17 0.9 0.83 0.78
Self

inductance L: [nH] 5.31 5.31 5.31 6.1 6.1 6.1
L/M 15.1 24.1 31.2 6.7 7.35 7.82

A pickup coil is a typical non-contact insulation sensor, but the coupling noisecurrent
affects the sensor coil owing to the coupling capacitance, Ceouwp, between conductors formed
by the close distance between the conductor and sensor coil. In this case, particularly for
a WBG device such as a GaN semiconductor, which has a high dv/dt characteristic, the
sensitivity of coupling noise in the power semiconductor affects the sensor coil during
switch operation, hence the overshoot or ringing phenomena due to noise can occur at the
coil output.

i = Coy 0,0 (18)
where uex is the voltage gradient of the drain to source voltage of the power semicon-
ductor, ic is the coupling current in the pickup coil, and v. is EMF of the coil and the arrows
on the circuit show the flow of the coupling noise current.
Figure 8 shows the sensor coil equivalent circuit, considering the formation of the
coupling capacitance [23]. In the coil output stage, the original coil EMF vei and the volt-
age to which the voltage drops due to coupling noise veup is added.

7)0 = vcoil + vcoup (19)
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Ccoup ic
Il >
i ”
Y
Y N—AW o
L, R.
+ + +
Vext C) Ve C.=—= v,
< . O

Figure 8. Equivalent circuit of a pickup coil with coupling capacitive interferences.

Figure 9 and Table 4 presents the results of analyzing the influence of the coupling
capacitance according to the distance between the pickup coil and the conductor and
through which the primary current flows, using the finite element method. From the Table
4 results, it was confirmed that the smaller d, the larger the value of the coupling capaci-
tance in the two coil models, and this shows that it is necessary to consider the coupling
noise according to 4. Moreover, the value of the coupling capacitance is larger in the ver-
tical structure (Model-A) than in the horizontal structure (Model-C).

Vertical structure(Model-A)

Value
12
1
0.8
06
04
02
0
04 08 112 116
Distance d
(a)
Horizontal structure(Model-C)
Value
0.47
0.48
0.45
0.44
0.43
0.42
0.41
04
.39
0.47 0.65 na 112
Distance d

Figure 9. FEM results of coupling capacitance under different distances: (a) vertical structure coil
model and (b) horizontal structure coil model.

Table 4. Influence of the coupling capacitance under different distances d with the FEA method.

Coil Type Vertical Structure (Model-A) Horizontal Structure (Model-C)

Distance d 0.4 0.8 1.12 1.16 0.47 0.65 0.9 1.12
(mm)

Coupling 108 091 0.86 0.83 0.47 0.46 0.43 0.42

capacitance [pF]
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3.4. Turn Number

Increasing the number of turns in the pickup coil can increase the sensitivity of the
sensor by increasing the mutual inductance between the coil and conductor. As shown in
Figure 10, the number of turns of the coil can be implemented through vias in the case of
Model-A and a multi-layer coil in the case of Model-C. For a multi-turn coil, the mutual
inductance between the coil and the conductor is N times that of a single-turn coil as de-
fined by Equation (20).

= N.#".aln(lﬂhd)

M 20
s 2z d (20)
o b
N / "
a
o P
oA | v
out P 'y
d
o—/
v
—> I

(b)

Figure 10. Geometry of the pickup coil with N-turns: (a) vertical structure and (b) horizontal struc-
ture.

However, the increased self-inductance (Lc) value due to the increased number of
turns can reduce the bandwidth of the coil. Therefore, in case of the high-speed power
semiconductor devices (such as GaN semiconductor), the accuracy can be decreased when
measuring the switch current.

Figure 11 and Table 5 is the result of FEM analysis for Models-A and Models -C, and
the spacing between the coils and coils of Models-A and C was unified to 0.4 mm corre-
sponding to the layer thickness. For both coil models, higher values of L/M values and
coupling capacitance values are observed between the conductors at a higher number of
turns.
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Vertical structure(Model-A)

Value
40
35
30
25
20
15
10
5 — SA——
& & o R
c@“ é"bo \5’\ -{‘q’b
& & &
{\,\ ?\,\ LQ
o &
K3
B Turn number N1 B Turn number N 2 Tum number N 3
(a)
Horizontal structure(Model-C)
Value
25
20
15
] —
2 <
'@(\s @Qc, \’d@ %00
82 & 5
L\& A 009
K & &
F &
&
B Turn number N1 ™ Turn number N 2 Turn number N 3

Figure 11. FEM results under different turn-numbers: (a) vertical structure coil model and (b) hori-
zontal structure coil model.

Table 5. Influence under different turn-numbers with the FEM.

Coil Type Vertical Structure (Model-A)  Horizontal Structure (Model-C)
Turn number N 1 2 3 1 2 3
Mutual
32 41 . 1.1 1.7 27
inductance M [nH] 03 0 0.53 > ?
Self
inductance Lt [nH] 9 14 20 7.5 13.6 23.5
LoM 28.1 34.1 37 6.52 7.59 8.7
Coupling 141 172 209 0.46 0.54 0.65

capacitance [pF]

3.5. External Magnetic Field Interference

Various external current traces can exist in the vertical and horizontal directions
around the pickup coil in the PCB, as shown in Figure 8. As the pickup coil A is located
inside the PCB as shown in Figure 12, in case the current flows through the external trace
located at the distance of x and height y from the pickup coil, the external magnetic flux
can pass through the closed-loop area of the coil. Moreover, the magnetic flux is given by
Equation (21), and it is added to the amount of original magnetic flux flowing into the
magnetic flux incident area of the pickup coil. The total magnetic flux (22) ¢ is obtained
by summing the magnetic flux ¢: due to the original current and the magnetic flux ¢ext
due to the external current.

A, .b.Iln 4x? +{2(y+a)}2

= 21
P 4z 4x* +4y? @)
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¢tot = ¢1 + ext1 +¢e}ct2 " (22)

Figure 12. Interference of the external conductor perpendicular to the sensor coil.

Accordingly, the voltage at the output stage of the coil is as shown in the following
equation, and it affects the mutual inductance and measurement accuracy of the coil.

vtut = Z]1 +Uestl +vest2 e
N d ¢tut — M d itot (23)
dt dt

where v1 is the induced voltage due to the original current, and vex is the induced voltage
due to the external current.

Therefore, it is necessary to consider the influence of the position of the external con-
ductor in situations in which accurate switch current measurement in case of designing
the pickup coil in PCB is required.

4. Experimental Verification

Figure 13(a shows the Gerber file of the daughter board containing information of
the GaN-GS66508 T-based, half-bridge circuit and the pickup coil of Model-E described in
this paper. This layout is a half-bridge structure for the double pulse test [35], and a pickup
coil is configured to measure the primary current flowing on the bottom layer of the PCB.
Figure 13b shows the entire double pulse test set, including an active integrator, digital
signal processor board, inductor, and mainboard, which is vertically coupled with the
daughter board through the connector. Moreover, as a commercial current sensor for com-
parison and verification with the pickup coil, a shunt resistor sensor was used. The exper-
iment was conducted based on the parameter values of each coil and integrator configu-
ration, as shown in Table 6. In the case of the magnetic flux incident surface, the maximum
width allowed in the PCB space was set according to the parameter analysis, and the dis-
tance between the coil and the trace was set to an optimum value of 0.65 mm. In the case
of the operational amplifier (op-amp) constituting the integrator, LM7171 is manufactured
by Texas Instruments, Dallas, Texas, USA with a high slew rate of 4100 V/us, and the wide
unity-gain bandwidth of 200 MHz was selected. Furthermore, Table 7 lists the experi-
mental conditions for the double pulse test circuit (DPT) test.

Table 6. Circuit parameters of the current sensor.

Parameter Values
Mutual Inductance 3.2nH
Self-Inductance 20.5 nH
Self-Capacitance 5.56 pF
Self-Resistance 0.03Q
Coupling Capacitance 0.69 pF

Magnetic Flux Incident Areas 11.7 mm?
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Distance between Trace and Coil 0.65 mm
Bandwidth 590 MHz
Damping Resistance 100 Q
Integrator Resistance 70 Q
Integrator Capacitance 470 pF

Table 7. The double pulse test circuit (DPT) test conditions for each current sensor.

Parameter Shunt Resistor Pick-up Coil
DC voltage 250 V 250V
Test current #25 A 25 A

Gate Resistance 110 Q 110 Q
Gain 0.1 0.1

Gate region

(a) (b)
= g Lioad

Vic =— == Cshunt y

Rgate —

Gate drive L

circuit —

id
¢ <= sensing

N

Rshunt Jg‘

()

Figure 13. Double pulse test set: (a) Gerber file of the daughter board containing the pickup coil, (b) overall test board,
and (c) double pulse test circuit (DPT).

Figure 14 shows the pickup coil output value without an integrator when the switch
is operated in a DC voltage environment of 100 V and 200 V. From the experimental
results, the positive peak values of the output values when switched on and off in a 100 V
DC voltage environment are 9.1 V and 7.7 V, respectively, and the positive peak values of
the output values when switched on and off in a 200 V DC voltage environment are 9 V
and 6.2 V, respectively. Therefore, the peak value is generally lower in a DC environment
of 200 V than at 100 V, and it is higher in the switch-off period than in the switch-on pe-

riod.
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Figure 14. Measured output of a pickup coil following switch behavior: (a) switch-on condition at 100 V DC voltage, (b)
switch-off condition at 100 V DC voltage, (c) switch-on condition at 200 V DC, and (d) switch-off condition at 200 V DC

voltage.

== Current shunt : 0.5V / div

Figure 15 shows the result of transient response analysis in the switch-on section
through a double pulse test. Figure 15a,b are the result of current shunt output, sensor
output of rectangular coil, respectively during switch-on. From the experimental results,
the peak values during the switch-on operation were 1.56 V, and 1.28 V, respectively, in
the order of current shunt and rectangular coil.

- mson
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Figure 15. Integrator output waveforms during switch turn-on of pickup coils and shunt resistor sensor at DC link voltage

Ve of 250 V: (a) switch-on condition and (b) switch-off condition.

In particular, the result of the rectangular coil showed a lower peak value, but a
higher noise component was found than the current shunt.
Figure 16 shows the result of transient response analysis in the switch-off section
through a double pulse test. Figure 16a,b are the result of current shunt output and sensor
output of rectangular coil, respectively, during switch-off. From the experimental results,
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Voltage (V)

= Current shunt : 0.5V / div

the peak values during the switch-on operation were 1.03 V and 0.89 V, respectively, in
the order of current shunt and rectangular coil. Moreover, similar to the switch-on situa-
tion, the result of the rectangular coil showed a lower peak value, but a higher noise com-
ponent was found than the current shunt.

. ‘ — Rectangular coil : 0.5V / div
| LA A

B “L.qli""\ll \‘(‘-', Wy

Voltage (V)

J“:E’ "l‘ | ’
|wﬂwi““"""‘ff””'“*‘““”W“”

Time (100ns/div) Time (100ns/div)

(a) (b)

Figure 16. Integrator output waveforms during switch turn-off of pickup coils and shunt resistor sensor at DC link voltage
Vi of 250 V: (a) switch-on condition and (b) switch-off condition.

Therefore, to reduce the occurrence of noise elements in the switch operation of both
coils, additional research is needed to reduce the influence of coupling and external noises.

5. Conclusions

This study analyzed various coil parameters related to the configuration of a PCB-
embedded pickup coil as a current sensor to measure the switch current of a half-bridge
system equipped with a GaN power semiconductor in a discrete package. The analysis
was focused on five coil models that could be configured according to the number of
conductors located adjacent to the coil, the area of the coil incident surface through which
the magnetic flux passes, the distance between the coil and conductor, the number of turns
of the coil, and the influence on the presence of an external magnetic flux. FEM was  con-
ducted concerning the coil inductance and coupling capacitance, which affect the sensi-
tivity, bandwidth, and noise immunity.

According to the analysis results, in the case of a horizontal direction coil for a con-
ductor through which the primary current flows, a coil with a lower self-inductance value
compared to a specific mutual inductance value compared to the conventional pickup coil
model vertical coil can be constructed. This shows that a wider bandwidth can be obtained
at the same measurement sensitivity in a horizontal direction coil. In addition, the same
trend was observed as the ratio of adjacent trace areas to the coil increased. In the case of
the incident area of the coil through which the magnetic flux passes, as the value increases,
the mutual inductance increases simultaneously due to the increase of the passing mag-
netic flux, and the ratio of the magnetic inductance to the mutual inductance decreases.
However, in the case of the distance between the coil and the conductor, the point where
the ratio of mutual inductance to self-inductance is lowest at a specific distance in a hori-
zontal structure was confirmed, and it can be observed that an optimum distance exists
according to the characteristics of the current. On the other hand, it was confirmed that
the closer the distance between the coil and trace is, the greater the influence on the cou-
pling noise. In the case of the number of coil turns, the ratio of self-inductance to mutual
inductance tends to increase as the number of turns increases, and the coupling noise im-
munity tends to decrease. The experimental verification of the pickup coil was performed
by embedding and configuring rectangular coils horizontally located on three traces
through which primary currents flow in a half-bridge system using non-modular GaN-
based power semiconductors.
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