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Abstract: GaN-based power semiconductors exhibit small on-resistance and high dv/dt of the switch
characteristics, thereby enabling the construction of high-efficiency, high-density semiconductor
systems with fast switching and low power loss characteristics and miniaturization of passive devices.
However, owing to the characteristics of GaN devices that result in them being significantly faster
than other devices, the accuracy of the switching transient response significantly affects the noise or
inductance in the device. Therefore, securing sufficient sensor bandwidth is considerably important
for accurate current measurement in GaN-based devices. Conversely, the current sensor in the form
of a non-insulated coil must secure sufficient bandwidth and overcome the tradeoff relationship
with measurement sensitivity; moreover, the sensor configuration must be applicable to various
power semiconductor types. This study proposes a current sensor model that applies the principle
of the printed circuit board Rogowski coil to a surface mount device-type GaN-based half-bridge
structure. This structure is applicable to a nonmodular power converter and is designed to secure
sufficient bandwidth with a minimum area while simultaneously exhibiting high sensitivity. For
the coil design, mutual inductances with existing coil structures were compared and analyzed,
and the frequency response and magnetic analysis were evaluated. Experimental verification was
performed and the transient response characteristics in various DC voltage ranges are discussed.

Keywords: gallium nitride (GaN); current sensor; Rogowski coil; pick-up coil; double pulse test;
bandwidth; sensitivity

1. Introduction

In recent times, power semiconductors, such as SiC and GaN, having wide band gap characteristics
have contributed significantly to improving the efficiency and density of power converters owing
to their low power consumption, miniaturization of passive devices, and high stability at high
temperatures [1,2]. Among them, GaN devices have the advantage of having a faster switching
speed than conventional Si device-based power semiconductors owing to their low on-resistance
and device inductance [2–5]. However, vulnerability to external noise due to high dv/dt of the switch
and peak current generation in overcurrent situations can cause problems in stable system operation [6].
Therefore, the analysis of switching current information, which is an important variable for current
control, system diagnosis, and protection, is significantly important for evaluating the device model
and its characterization. Consequently, an accurate current sensor with sufficient bandwidth (>1 MHz)
is required [7].

Current sensor technologies that can be used in various bandwidth, insulation, and measurement
conditions predominantly include methods using Ohm’s law of resistance [8–10], magnetic field
sensors [11–15], and Faraday’s induction law [16–25]. The shunt resistor is a representative sensor that
uses the principle of Ohm’s law of resistance. This method measures the current through a voltage
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drop phenomenon applied to a resistor composed of a material having a low temperature coefficient
of resistance. The relatively low price and rapid and accurate responses are the advantages of shunt
resistors; however, the proximity and skin effects of the conductor line can lower the measurement
accuracy due to the variable frequency. In addition, the relatively large size and characteristics of
having a large parasitic inductance value of several nanohenries are other limitations when analyzing
power semiconductors such as GaN that require rapid switching operation [8].

Hall-effect sensors and magnetoresistors are current sensors that generate static and dynamic
magnetic flux through magnetic field sensors; they are common technologies used for isolated current
sensing with the capability of DC and AC measurement. In the case of double Hall-effect sensors,
significant technological improvement has been achieved in recent years; however, there are problems
of limited bandwidth range and lower measurement accuracy corresponding to a relative frequency
range [15]. A magnetic resistor composed of a semiconductor and several metal alloys is a magnetic
field detector that responds to the horizontal component of a magnetic field and typically includes
open-loop technology [15], closed-loop technology [15], and hybrid-type sensor technology with other
current sensors [11,13,14]. Methods using the Faraday’s law typically include current transformers
(CTs) and the Rogowski coils. The CT is a galvanic insulation sensor that uses a coil, which is a core
material with high magnetic permeability, to estimate the original current by measuring the magnetic
flux generated by the primary current to be measured through the induction principle of Faraday [14,18].
The CT is a widely researched and commercialized sensor method; however, owing to the characteristics
of the ferromagnetic core constituting the coil, it has a nonlinear characteristic that is saturated in
a high-frequency and overcurrent-type environment and demonstrates the disadvantages of large core
loss and limited current measurement range [15].

The Rogowski coil includes a sensor that measures the AC when the magnetic flux generated by
the primary current flows inside the toroidal air core, as in the case of the CT. At this time, the coil
composed of the air core is unsaturated regardless of the current range and has the advantage of lower
core loss and wideband current measurement. However, the use of the air core demonstrates a problem
of low sensitivity and requires a process of restoring voltage information to current information using
a series of integrators [19–24]. Conversely, in the case of the conventional toroidal Rogowski coils,
the position between the sensor coil and the conductor to be measured has a significant influence on
the measurement accuracy. Moreover, in recent years, a printed circuit board (PCB)-based Rogowski
coil has been proposed to increase the accuracy of the position [25–28]. In addition, various studies
were conducted on coil design for higher sensitivity improvement.

However, there is a limitation in that a separate external PCB layer is required to construct
a toroidal Rogowski coil that wraps the conductor through which the primary current flows, and it
cannot be applied to nonmodular power converters when measuring the switch current [20] and [25].
To overcome this spatial limitation, a pick-up coil capable of constructing a PCB with a current
measurement method using the same principle as that of the Rogowski coil was proposed [29] and [30].
The pick-up coil is configured in a limited area, rather than surrounding the conductor in all directions;
consequently, a part of the induced magnetic flux generated by the primary current is picked up
and transferred into the coil. Therefore, it does not require a separate additional external PCB for
the sensor coil and is applicable to nonmodular power converters.

However, when compared to the existing Rogowski coil of toroidal-form windings, there are
problems of sensitivity due to reduced inductance and technical limitations of using the through-hole
technology in PCB construction [4,31]. In addition, in the case of next-generation semiconductors
such as GaN power semiconductors, it is necessary to secure sufficient sensor bandwidth to measure
the switch current in the transient state. This study proposes a coil structure that can increase the sensor
sensitivity by maximizing the amount of induced magnetic flux through a double-layer rectangular
shape coil in a limited space while achieving a high sensor sensitivity.

The remainder of this paper is organized as follows. Section 2 presents the basics of conventional
pick-up coils embedded in PCB circuits. The basic operating principle and parameter analysis according
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to the coil shape were performed and presented. The design of the proposed coil model is explained
in Section 3, considering different types of coils and integrators. Section 4 presents the experimental
verification of this study and the conclusion is presented in Section 5.

2. Analysis of Current Sensor Coil

2.1. Current Sensor Using Faraday’s Law Principle

Figure 1 illustrates the principle of a current sensor using a pick-up coil to which the principle of
Faraday’s law is applied. The pick-up coil is comprised of a trace pattern of the air core and certain
vias. The magnetic flux generated by the primary current i1 flowing in the trace enters the pick-up
coil and generates an electromotive force (EMF) at the coil terminal. The EMF is a value obtained
by multiplying the rate of time change of the primary current and the mutual inductance between
the sensor coil and the conductor, as presented below [25].
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Figure 1. Schematic diagram of a pick-up coil: (a) principle of a pick-up coil; (b) equivalent
lumped circuit.

e(t) = −N
dφ
dt

= −µo ·N · S
di1
dt

= −M
di1
dt

(1)

Further, the mutual inductance is obtained as defined in Equation (2). Here, µo is permeability of
free space, which equals 4π × 10−7 H/m, N is the turn number of the coil, and S is the inner area of
the core through which the magnetic flux passes. The mutual inductance is proportional to the number
of turns, and the measurement sensitivity is determined accordingly.

M = µo ·N · S (2)

Moreover, when the primary current i1 flows into the coil circuit, the coil can be equalized using
a lumped model, as illustrated in Figure 1b, where the coil-induced voltage is expressed as follows:

e(t) = Lc
di
dt

+ Rci +
1

Cc

∫ t

0
i · dt (3)

where Lc is the magnetization inductance of the coil, Rc is the self-resistance value of the coil, Cc is
the self-capacitance value of the coil.
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2.2. Pickup Coil Model Built in PCB

In the PCB model of the existing pick-up coil [30], the sensor coil is a vertical structure on
the conductor trace where the current flows; moreover, the sensor coil is composed of trace lines
and vias, and is configured to transfer the magnetic flux generated by the primary current inside
the coil in Figure 2.
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Figure 2. Conventional printed circuit board (PCB) pick-up coil design.

Figure 3 shows the vector distribution of the magnetic flux density between the sensor
and the conductor when a conductor current of 5A flows through a conventional pick-up coil.
In this case, when the current flows through vias, the number of vias increases as the turn numbers of
the coil increases, which can result in PCB overheating and an increase in loop impedance owing to
uneven distribution and the bottleneck of the current flowing on the PCB [31]. Thus, as the number of
turns of the coil increases, the self-inductance and sensitivity of the coil increases.
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In this study, the groups of pick-up coils according to their shapes include fishbone, saw blade,
triangle-shaped, and rectangle-shaped types. The number of turns and shape of the coils were adjusted
during the design stage such that the same mutual inductance value is achieved between the conductor
through which the primary current flows and the coil. The values of the different parameters are listed
in Table 1. Moreover, the PCB configuration according to the shape of the coil and inductance values
obtained by the finite element method were compared and analyzed.
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Table 1. Comparison of the dependent coil structure.

Pattern Structure Fishbone Saw Blade Triangle Rectangle

Skeleton
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where fres is the resonant frequency of sensor and fc is the cutoff frequency of sensor. 
  

Mutual Inductance (M) 1.15 nH 1.15 nH 1.15 nH 1.15 nH
Self Inductance (Ls) 20.14 nH 19.23 nH 19.14 nH 12.65 nH

Ls/M 17.5 16.7 16.6 11

Current sensors used in GaN devices are required to simultaneously secure high sensitivity
and bandwidth. Because the bandwidth (BW) of the coil is significantly influenced by the self-inductance
value of the coil as seen (4), the coil must have a minimum self-inductance value Lc to ensure sufficient
bandwidth. Further, the coil must have high sensor sensitivity because it is configured to allow
maximum magnetic flux inside the core. From Figure 4a, it can be observed that the bandwidth for
the same value of mutual inductance with the conductor are in the order of fishbone type > saw
blade type > triangle type > rectangle type for each model. With the same self-inductance criterion,
the sensitivity of the sensor appeared in reverse order in Figure 4b. Therefore, when designing a sensor
coil based on a specific sensitivity, a rectangular coil model representing the widest bandwidth can
be selected.
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BW = fres − fc ≈ fres =
1

2π
√

LcCc
(4)

where fres is the resonant frequency of sensor and fc is the cutoff frequency of sensor.

3. Design of the Proposed Pick-Up Coil

3.1. Basic Structure of the Rectangular Pick-Up Coil

The proposed coil is in the form of two turns of the rectangular shape on a two-layer design;
moreover, the trace through which the primary current flows wraps the sensor coil on three sides.
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The width of the coil trace is 0.4 mm, and the spacing between the coil and the trace through which
the primary current on the three sides flows is 0.17 mm as shown in Figure 5a.
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Accordingly, the magnetic flux component on the three sides due to the primary current flowing
in the plane of the bottom layer flows into the coil in the same direction and maximizes the mutual
inductance value of the pick-up coil, ultimately increasing the sensor sensitivity, as shown in Figure 5b.

Figure 6a shows the direction of current and Figure 6b,c illustrate the distribution of the magnetic
field between the sensor and the conductor when a 5 A conductor current flows in the proposed
double-layer rectangle sensor model. In the figure, the arrow indicates the direction of the current,
and the magnetic field diagram shows the magnetic flux density value according to the distance
between the coil and the conductor on three sides.
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Energies 2020, 13, 5161 7 of 15

3.2. Single-layer Rectangular Pick-Up Coil

Figure 7b shows the geometry of the single coil based on the lump equivalent circuit of a model,
as shown in Figure 7a, where a is the distance from the trace through which the primary current flows
to the coil, and w is the width of the coil. Thus, when the magnetic field flux formed by the current
passes through area S, the magnetic flux in the area is calculated as follows.
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φ =

∫
s

B · ds (5)

When this magnetic flux enters the sensor core, the EMF in the terminal of the sensor coil loop is
defined according to Faraday’s law as follows.

e(t) = −
dφ
dt

= −
d
dt

∫
s

B · ds = −Ms
di
dt

(6)

In addition, the magnetic flux formed by the current trace on the three sides enters in the same
direction and same area in the sensor coil and penetrates the coil. The generated magnetic flux is
calculated as shown below:

φ = 2
µo · I
2π

∫ a+d

a

b
d

dt +
µo · I
2π

∫ a+b

a

d
b

dt =
µo · b · I
π

ln
(
1 +

d
a

)
+
µo · d · I

2π
ln

(
1 +

b
a

)
(7)

Thus, the EMF induced by the magnetic flux passing through the coil area is calculated according
to Faraday’s law as follows:

e(t) = −
µo

π

{
b ln

(
1 +

d
a

)
+

d
2

ln
(
1 +

b
a

)}
di
dt

(8)

From Equations (6) and (8), the mutual inductance of the coil is formulated as:

Ms =
µo

π

{
b ln

(
1 +

d
a

)
+

d
2

ln
(
1 +

b
a

)}
. (9)

When the current of frequency f flows in a conductor, the skin depth at the conductor surface is
calculated as follows, where γ represents the conductivity of the conductor:

δ =
1√
π fµoγ

(10)
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3.3. Multilayer Rectangular Pick-Up Coil

The proposed model is composed of two single coils in series, as shown in Figure 8. The coils
of each layer have a self-inductance value of Ln, and each coil forms a mutual inductance with
the other. Here, m12 represents the mutual inductance value between the first layer and the second
layer. Moreover, the direction of the coil current of each layer is connected in series, as illustrated in
Figure 5a; therefore, the inductance of the entire coil is a value obtained by adding the self-inductance
and mutual inductance components in each layer. As a parameter for the dynamic performance
analysis of the multi-coil, the total inductance is calculated using Equation (12).
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[
φ1

φ2

]
=

[
L11 L12

L21 L22

][
I1

I2

]
(11)

Ltot = L11 + L22 + m12 (12)

The resistance of the multilayer coil is as shown below:

Rtot = 2Rs (13)

The mutual inductance m12 between single coils is calculated as follows [16] and [17]. Here, d
denotes the distance between the single coils, l denotes the length of a single coil loop. Here, it is
assumed that the self-inductance of the two coils is as shown below:

m12 =
µol
2π

ln

 l
d
+

√
1 +

(
l
d

)2
− 1 +

√(
l
d

)2

+
l
d

 (14)

Mmulti = 2Ms (15)

3.4. Parameter Selection for Sensor Design

The transfer function of the pick-up coil based in the lumped model at the initial condition is as
shown below:

Gcoil(s) =
Vo(s)
Id(s)

=
M · s

(LcCc)s2 + s( Lc+RcRdCc
Rd

) +
Rc+Rd

Rd

=
M · s

LcCc(s− s1)(s− s2)
(16)

Here, the optimal damping resistance Rd is calculated using Equation (18), based on the damping
ratio ζ [32].

ς =
1

2
√

LcCc

(
Lc

Rd
+ RcCc

)√
Rd

Rd + Rc
(17)

Rd =
Lc√

2LcCc −R2
c C2

c

(18)
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Further, the resonance frequency is calculated as follows:

fres =
1

2π
√

LcCc
(19)

Two poles for coil design are formulated as presented below:

f1 =
1

2π
Rc + Rd

Lc + RcRdCc
, f2 =

1
2π

Lc + RcRdCc

RcRdLc
(20)

In the case of an integrator design, an active inverting integrator is applied [32–35], and a integrator
resistor Rf and integrator capacitor Cf are added to the operational amplifier (OP-Amp) to limit
the integrator infinite gain value to a finite gain value when a current of low frequency and the DC
component flows in the integrator in Figure 9.
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Moreover, the integrator current iint is calculated using the following equation:

iint =
V1 −Vin

Ri1
=

Vout −V1

R f ‖Ci
(V1 = 0) (21)

Further, the input/output gain value is calculated according to the following equation:

Vo

Vin
= −

R f ‖ C

R1
= −

[
R f×

1
jωC

R f +
1

jωC

]
R1

=

[
−

R f

R1

]
·

[
1

1 + jωR f C

] (
τ = R f ·C

)
(22)

where R1 is the reverse terminal resistance.
From the frequency response graph illustrated in Figure 10, it can be observed that when designing

the integrator, the unit gain frequency fr is the value obtained by multiplying the cutoff frequency fc
and the gain at the corner frequency using Equation (24) according to the gain bandwidth product.

fc =
ωc

2π
=

1
2πR f C f

(23)

fr = gain f→ fc · fc =
R f

R1
· fc =

1
2πR1C f

(24)

The non-inverting terminal resistance R2 located in the OP-Amp terminal constitutes the integrator,
inverted and noninverted terminal resistors to minimize bias current error and is set to the same
value (25).

R2 = R1‖R f =
R1 ·R f

R1 + R f
(25)
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bandwidth must be secured for accurate transient response analysis when measuring the current for
high-speed GaN power semiconductors. Thus, it is necessary to set the appropriate parameter values for
the integrator and pick-up coil and to correspondingly adjust the pole values in the magnitude-frequency
response of the sensor.

BW =
0.35
trise

(26)

The GaN device used in this study was GS66508T, which is manufactured by GaN Systems;
moreover, the device resonant frequency fres that was calculated based on Equation (19) at a current
increase time of 1.5 ns was determined to be 220 MHz.

Accordingly, the sensor bandwidth for ensuring accurate measurement results must be secured to
a value that is at least two to three times the value of the bandwidth of the power semiconductor [31].
Therefore, when the integrator cutoff frequency is set to 1 kHz, it is possible to guarantee a sensor
bandwidth of over 440 MHz. Further, the transfer function of the current sensor with the integrated
sensor coil and integrator is obtained as follows.

Gsen(s) = GINT(s) ·Gcoil(s) =
Vsen(s)

Is(s)
=

[
−

R f
R1

][
1

1+R f ·Cs

]
×

M·s
(LcCc)s2+s(

Lc+RcRdCc
Rd

)+
Rc+Rd

Rd

(27)

Moreover, the measurement sensitivity is obtained as shown below:

Ksen = |Gsen|s = jωc =
Rd

R1C f (Rc + Rd)
·M

[V
A

]
(28)

In this case, assuming Rd � Rc, the sensor measurement sensitivity can be calculated as follows:

Ksen ≈
1

R1C f
·M = 2π fr ·M

[V
A

]
(29)

In Equation (29), the sensitivity of the sensor is expressed as a product of the unit gain frequency
value of the integrator and the mutual inductance value between the trace through which the primary
current flows and the pick-up coil. Thus, the sensitivity and bandwidth of the sensor are simultaneously
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affected by the parameter values of the coil inductance and integrator; consequently, careful parameter
selection is required when designing the sensor.

4. Experimental Verification

Figure 11a,b shows the shunt resistor sensor and the daughter board prototype of the double
pulse test circuit. In the case of the switch current, the integrator output of the pick-up coil was
compared with the results of the shunt resistor, and the load current was measured using a current
sensor (LeCroy) with a maximum current of 310 A and 0.1 V/A output gain ratio. The prototype has
two switches and a double-layer pick-up coil to measure the lower switch current in the half-bridge
structure. The main and daughter boards are connected vertically through a connector head; Figure 11c
shows the overall double pulse test set including an active integrator, digital signal processor board,
inductor, main board, and daughter board. Table 2 lists the parameter values of the proposed coil
and integrator.
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Table 2. Circuit parameters of current sensor.

Parameter Values (Unit)

Mutual Inductance 3.49 nH
Self-Inductance 21.32 nH
Self-Capacitance 0.7 pF
Self-Resistance 0.034 Ω

Damping Resistance 120 Ω
Integrator Resistance 72 Ω

Integrator Capacitance 470 pF

Figure 12 shows the output waveform of the current shunt and pick-up coil before and after
the switching operation. In Figure 12b, during the switch-off operation, the positive peak output value
is +5.4 V. Conversely, during the switch-on operation, the positive peak output value is +1.94 V.
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Figure 12. Measured current shunt results and coil output without the integrator following switch
behavior: (a) current shunt; (b) output of pick-up coil during switch-off condition; (c) output of pick-up
coil during switch-on condition.

Figure 13 compares the integrator output value of the proposed coil with the sensor result of
the 100 mΩ coaxial shunt resistor, manufactured by T&M Research Products, to compare the transient
state of the switch current when the switching operation changes in a DC voltage environment of
100 V. In the switch-off stage, the result of the pick-up coil shows a peak value of approximately 1.6 V
when compared to the result of the shunt resistor. This is the influence of the high dv/dt of the wide
bandgap device; further, the influence of other factors such as the coupling capacitance between the coil
and the conductor is reflected. In the switch-on section, the waveform in the switching operation is
at a similar level as the waveforms in the two sensors.
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Figure 13. Measured pick-up coil sensor output following switch behavior when the DC link voltage is
100 V: (a) switch turn-off; (b) switch turn-on.

Figure 14 presents the results for a DC voltage environment of 250 V. Overall, the integrator output
value of the pick-up coil in the transient response section shows a waveform similar to that of the shunt
resistor sensor when compared to the case of a DC link voltage of 100 V. And the result in the switch-on
section is more accurate than that in the switch-off section. However, the occurrence of a positive peak
value in the switch-off section indicates the same result as in the case of the 100 V DC link voltage.
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5. Conclusions

In this study, a pick-up coil, which is a current sensor for measuring the switch current of
a half-bridge based on a non-modular GaN power semiconductor, was proposed. The proposed coil
sensor measures the lower switch current at the bottom of the half-bridge; moreover, the structural
characteristic includes a trace wrapped around a rectangular sensor coil composed of a 4.2 mm× 3.4 mm
double layer on three sides through which the primary current to be measured flows. This structure
aims to secure the maximum bandwidth and achieve high measurement sensitivity for the GaN device
with fast switching characteristics.

This was confirmed through inductance comparison analysis with the conventional coil structure
using the finite element method as well as frequency response analysis through mathematical modeling
based on parameter values. Moreover, experimental verification was conducted using the double pulse
test through an analysis process for the transient situation for switch-on and switch-off conditions
in a DC voltage environment ranging from 100 to 250 V. However, this paper did not consider
the issue of the coupling capacitance noise between the coil and the conductor, and accordingly, some
overshoot components were seen in the switch-off condition, which appeared in the experimental
results. In the future, further studies on reinforcement of this issue and discussion on solutions
are needed.
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