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Design of an Integrated Air Coil
for Current Sensing

Yoshikazu Kuwabara , Student Member, IEEE, Keiji Wada , Senior Member, IEEE, Jean-Michel Guichon ,

Jean-Luc Schanen , Senior Member, IEEE, and James Roudet

Abstract— This article proposes a design procedure of an
integrated air coil in a laminated bus bar for current sensing.
The concept is based on an air coil inserted into the insulators
inside the laminated bus bar, avoiding the use of intrusive current
sensors with an additional stray inductance. First, the basic
principle of the integrated current sensor is described, and the
relationship between the mutual inductance and the structure
of the air coil is discussed. Next, the frequency characteristic
of the current sensor obtained based on an equivalent circuit is
detailed, the parameters of which are derived from the sensor
structure. A postprocessing method is proposed to achieve a
100-MHz frequency bandwidth. A prototype of the current sensor
is designed based on the proposed design procedure, and the
frequency characteristic is evaluated. The validations of the
design procedure and the postprocessing method are confirmed
experimentally.

Index Terms— Current sensor, frequency characteristic,
laminated bus bar, postprocessing.

I. INTRODUCTION

W ITH the practical use of Silicon Carbide and Gallium
Nitride, the recent power devices have improved dra-

matically. Such devices make the circuit possible to operate
at a higher switching frequency compared with the use of
conventional devices. This allows an increase of power density,
by reducing the size of the passive elements [1], [2].

The stray inductance must be less than a few nH to keep
an acceptable voltage surge on the wide bandgap (WBG)
devices. A laminated bus bar between the dc capacitors and
power devices is a technology used to realize a low stray
inductance. A laminated bus bar is able to reduce the stray
inductance by placing the plus and minus bus bars close
together using thin insulators [3]. Many studies have discussed
a laminated bus bar for some applications [4], [5] and have
proposed an optimized structure of laminated bus bar with
the value of stray inductance for the switching loss or surge
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voltage [6], [7]. The value results in a rapid increase of the
bus-bar current in case of a short circuit, and overcurrent
protection should be implemented, needing current sensing
devices [8]. These current sensing devices are also useful for
device characterization (e.g., losses evaluation) [9].

Current sensors used in power converter circuits have
been adapted to satisfy the different requirements in each
application [10]. For instance, the current sensors for the char-
acterization need accuracy and wide frequency bandwidth for
measuring a current waveform. According to [10], the current
sensors used for overcurrent protection require a short prop-
agation time delay and high current sensor density (A/m3).
Such current sensors require at least 100-MHz bandwidth
because the frequency components of the bus-bar current are
up to dozens of MHz [11]–[13]. However, it is difficult to use
conventional current sensors [14] in recent power converter
circuits because the power circuit layout should be modified
and stray inductance increases significantly, which is undesir-
able for WBG devices. The conventional current sensors are
connected in the wire by clamping, inserting, or mounting.
Therefore, those connections may require the modifications of
circuit layout, and thus, increases the stray inductance with
the insertion wire. Many sensors have been recently investi-
gated to overcome this issue of conventional current sensors
[15]–[23]. Some are featured by downsizing, while others have
improved the structure for connection. Then, those sensors can
be applied in a circuit without any increase in stray inductance.
The current sensor based on the Rogowski coil in [19]–[23]
can reduce the stray inductance. Those sensors focus on the
current, which flows in the power device. However, there is
no current sensor that is suitable for the laminated bus bar.
The reason is that those Rogowski coil sensors that have been
investigated so far are applied in each power device. However,
there is a lack of consideration of the overall connection with
the laminated bus bar. Consequently, this article discusses the
current sensor that does not need any modification of the
power converter circuit and is suitable for a laminated bus
bar. An integrated air coil inside a laminated bus bar has been
proposed [24], [25]. The integrated air coil is focused on the
bus-bar current measurement, which is similar to the power
device current. The basic concept of the integrated air coil was
explained and validated in [24]. The current sensor detects a
magnetic field, and current can be obtained from this mea-
surement. Besides, the integrated air coil for the measurement
of transient switching waveforms was discussed in [25].



Fig. 1. Illustration of an integrated air coil. (a) Exploded view.
(b) Implementation structure.

This article proposes a design procedure for an integrated
air coil inserted inside a laminated bus bar, considering limi-
tations imposed by the power circuit layout and the required
bandwidth. Section II discusses the theoretical considerations
of the current sensor. Section III describes the structure of
a current sensor from a physical perspective. Section IV
introduces a current sensor from an electrical circuit viewpoint
using an equivalent circuit. The equation needed to determine
the frequency bandwidth and the postprocessing method of
improving the bandwidth are both revealed. Section V sum-
maries the design procedure of the current sensor based on
such discussions, and the current sensor is designed based on
the proposed procedure. Experimental results with a current
rated at 10 A are then utilized to validate the feasibility and
effectiveness of the proposed method.

II. STRUCTURE AND PRINCIPLE OF

AN INTEGRATED AIR COIL

A. Structure of the Current Sensor

Fig. 1 shows the structure of the integrated air coil for
current sensing. Fig. 1(a) shows an exploded view of the
current sensor, with the top and bottom layers being the plus
and minus sides of the laminated bus bar. An air coil is placed
inside the laminated bus bar between the top and bottom
layers, and it is composed of two inner embedded layers.
Consequently, the structure of the integrated air coil piles up
such four layers. Fig. 1(b) shows the structural implementation
of the current sensor. The top and bottom layers of the
laminated bus bar are connected to the dc capacitors and power
devices, and an air coil is inserted inside the laminated bus bar.

B. Principle of the Current Sensor

The equation of Ampere’s law is represented as follows:∮
S

B(t) · d� = μ0iS (1)

where μ0 is the vacuum permeability. The magnetic flux
density inside the coil is B , and the current iS flows through
the area enclosed by curve S. The integrated air coil is similar
to the Rogowski coil sensor because both current sensors
use an air-core coil. The difference between both coils is
related to the detection of different magnetic flux, which is
generated by the current. The Rogowski coil sensor detects
the magnetic flux, which is generated by a straight-wire
current. And the integrated air coil detects the magnetic flux,
which is generated by the loop-wire current because the
laminated bus bar realizes a loop by the connection through
dc capacitors and power devices.

To allow a simple theoretical analysis of an integrated
air coil, the current distribution in the laminated bus bar is
assumed to be uniform. Based on this assumption, an inte-
grated air coil in (1) is represented by an analogy of the
magnetic flux inside a solenoid coil as follows:

B0lbus = μ0ibus (2)

where ibus is the bus-bar current and the lbus is the length of
the laminated bus bar. The magnetic flux B0 in the laminated
bus bar can be expressed as follows:

B0 = μ0
ibus

lbus
. (3)

Therefore, the induced voltage of the air coil vcoil is achieved
when the bus-bar current ibus flows in a laminated bus bar,
which can be represented by Faraday’s law as follows:

vcoil = −d�coil

dt
= −Scc

d B0

dt
= −μ0Scc

lbus

dibus

dt
(4)

where Scc is the total amount of cross section area in the air
coil. Accordingly, the current sensor can measure only the
ac component. An integrated air coil can obtain the bus-bar
current ibus using the time integration of vcoil as follows:

ibus(t) = lbus

μ0 Scc

∫
vcoil(t)dt . (5)

The mutual inductance M of the integrated air coil can be
defined through a uniform current distribution

M = μ0
Scc

lbus
. (6)

In addition, the sensor has the noise immunity against the
common mode. The reason is that the magnetic flux that
occurred from the common mode is canceled in the laminated
bus bar.

III. PHYSICAL DISCUSSION OF AN INTEGRATED AIR COIL

A. Design Parameters of the Mutual Inductance

The mutual inductance M is designed by the amount of
cross section area in the air coil Scc, as shown in (6) because
the length of the laminated bus bar lbus is fixed depending



Fig. 2. Structure of the air coil. (a) Example of the air coil. (b) Cross-section
area of the air coil.

TABLE I

PARAMETERS OF THE LAMINATED BUS BAR

on the circuit structure. Fig. 2(a) shows an example of the air
coil, and Fig. 2(b) shows the cross section area of the coil. The
amount of cross section area Scc can be described as follows:

Scc = (wcoiltcoil) × Ncoil (7)

where wcoil is the width of the coil, and tcoil is the thickness of
the coil. In addition, Ncoil represents the number of coil turns,
and the tcoil is dependent on the insulator design of the bus
bar. Consequently, the sensitivity of the integrated air coil can
be set by the structure.

B. Current Density and Distribution in Laminated Bus Bar

The current density and distribution in the laminated bus
bar is a function of frequency to guarantee that the coefficient
will not change too much with frequency when analyzing the
mutual inductance value. In order to satisfy the theoretical
assumption, the air coil should be placed in the location where
the current distribution is uniform in the laminated bus bar.
This evaluation is conducted to determine the location and
estimating the mutual inductance. Therefore, the evaluation is
conducted based on simulation.

The current density and distribution in the laminated bus
bar can be evaluated using the simulation software based on
a partial element equivalent circuit method [26]. The current
density in the laminated bus bar for an integrated air coil was
discussed in [24].

For the evaluation, the length lbus and width wbus of the
laminated bus bar and the copper thickness tcopper are set as
shown in Table I. dc capacitors are connected in parallel in
order to describe the realistic laminated bus bar condition.
Fig. 3 shows the current density in the laminated bus bar at
1 Hz and 1 MHz. It is confirmed that the current density near
the power devices is high and concentrated and that the density
near the dc capacitors is shared by each capacitor. The part
that has the same current density indicates a uniform location
of the current distribution in the bus bar. Therefore, the current
distribution can also be confirmed through Fig. 3.

IV. ELECTRICAL CIRCUIT DISCUSSION OF AN

INTEGRATED AIR COIL

A. Equivalent Circuit of the Current Sensor

The equivalent circuit of the current sensor should be repre-
sented, including the stray components, according to the range

Fig. 3. Current density in a laminated bus bar. (a) 1 Hz. (b) 1 MHz.

Fig. 4. Stray parameters of the integrated air coil.

Fig. 5. Equivalent circuit of the current sensor with output resistance.

of the measurement frequency. The reason is that the stray
parameters affect the frequency characteristic of the current
sensor. Fig. 4 shows the stray components of the current sensor
where Ct−c and Cb−c are the capacitance between the bus bar
and the air coil wire, Cbus is the bus-bar capacitance, Lbus

is the bus-bar self-inductance, and Lcoil is the air coil self-
inductance. The line capacitance between the air coil wires is
assumed to be zero because this capacitance can be expected
to be much smaller than the other capacitances. Fig. 5 shows
the equivalent circuit of the integrated air coil. For measuring
the bus-bar current, the frequency range needs to be considered
until 100 MHz in the equivalent circuit because the bus-
bar current includes high-frequency components until dozens
of MHz. In this range, the bus-bar capacitance Cbus should be
considered because the capacitance has a dominant value in the
high-frequency region in the equivalent circuit. Fig. 6 shows
the equivalent circuit of the integrated air coil until 100 MHz.
Here, L ′

coil is the air coil self-inductance, which reflects the
number of coil turns Ncoil to the laminated bus bar side. The
output resistance R′ is connected for considering the air coil
side impedance and R′ also reflects the Ncoil. The laminated
bus bar side includes Cbus, Lbus, and M , and the air coil side
includes L ′

coil, M , and R′.



Fig. 6. Equivalent circuit of the current sensor with output resistance
until 100 MHz.

Fig. 7. Relationship between mutual inductance M and dibus/dt .

B. Designable Stray Parameters of the Current Sensor

When the structure of the current sensor is determined,
the stray parameters that remain to be designed are the mutual
inductance M and the air coil self-inductance L ′

coil. However,
the Cbus and Lbus depend on the structure of the laminated
bus bar.

1) Mutual Inductance M: The induced voltage Vcoil(s) is
represented by the bus-bar current Ibus(s) and the air-coil
current Icoil(s) as follows:

Vcoil(s) = sM Ibus(s) + sL ′
coil Icoil(s). (8)

The Icoil(s) is assumed to be much smaller than Ibus(s) owing
to the output resistance R′. Therefore, Icoil(s) is assumed to
be zero.

In the time domain, the induced voltage vcoil is generated
due to dibus/dt . The mutual inductance M needs to be set
by the relation between the dibus/dt and the desired value of
the induced voltage vcoil, according to signal detection and
processing of the induced voltage. Fig. 7 shows the analysis
results of such a relationship, and the mutual inductance can
be set.

2) Air Coil Inductance L ′
coil: The self-inductance L ′

coil
depends on Ncoil. The turn ratio is determined through the
inverse of the number of coil turns because the number of
laminated bus-bar turns is one turn. The turn ratio squared
(1/N2

coil) is multiplied to the air coil self-inductance. The
number of coil turns depends on the uniform location of the
current distribution in the laminated bus bar because the air
coil needs to be placed in this location. The self-inductance
L ′

coil and the output resistance R′ which are in the air coil
side must not modify the bus-bar current. In other words,
the impedance of L ′

coil and R′ has to be much larger than
the impedance of M carrying the bus-bar current. This leads

to the following equation:

ωM <

√(
ωL ′

coil

)2 + (R′)2. (9)

C. Postprocessing Method for Extending the Bandwidth

All stray parameters in Fig. 6 need to be considered in the
postprocessing to achieve a 100-MHz bandwidth. The transfer
function G(s) is defined by the bus-bar current Ibus(s) and the
induced voltage of the air coil Vcoil(s) as follows:

G(s) = Vcoil(s)

Ibus(s)
(10)

= s

K1s3 + K2s2 + K3s + K4
(11)

where the coefficients (K1 − K4) are determined based on
the stray parameters of the current sensor shown in Fig. 6.
Equation (11) takes all stray parameters of the current sen-
sor into account. Equations (12)–(15) show each of the
coefficients:

K1 = {
Cbus

(
Lbus L ′

coil + Lbus M + L ′
coil M

)}
/M R′ (12)

K2 = {Cbus(Lbus + M)}/M (13)

K3 = (
L ′

coil + M
)
/M R′ (14)

K4 = 1/M. (15)

From (11), the bus-bar current can be represented as follows:

Ibus(s) = (K1s2 + K2s + K3 + K4/s) × Vcoil(s). (16)

Therefore, the bus-bar current is shown in the time domain as
follows:

ibus(t) =
(

K1
d2

dt2
+ K2

d

dt
+ K3 + K4

∫
dt

)
× vcoil(t). (17)

Consequently, the frequency bandwidth of the integrated air
coil can be extended using (17) in the numerical calculation of
the computer. Then, the current sensor can accurately measure
the switching waveforms.

V. EXPERIMENTAL VALIDATION USING PROTOTYPE

A. Design Procedure of an Integrated Air Coil

Fig. 8 shows the overall design procedure of an integrated
air coil in a laminated bus bar.

Step 1: A dibus/dt is determined within a certain range based
on the characteristic of the power devices. The mutual
inductance of the current sensor is then set based
on the dibus/dt and the maximum limitation of an
induced voltage vcoil.

Step 2: The cross section area of the bus-bar conductor
is determined using the current value. The thick-
ness of the insulators inside the laminated bus bar
is determined by the application of a power con-
verter. Therefore, Lbus and Cbus are dependent on the
application.

Step 3: The current distribution in the laminated bus bar is
analyzed to determine the uniform location, and an
air coil is placed in that location.



Fig. 8. Design procedure of an integrated air coil.

Step 4: The structure of the air coil is considered under the
laminated bus bar structure and the value of the
mutual inductance M .

Step 5: The frequency characteristic of the current sensor
is evaluated by analyzing the stray parameters for
each circuit. Whether a postprocessing method is
necessary to obtain a frequency bandwidth of the
100 MHz is then determined. If an accurate switching
waveform needs to be measured by the current sensor,
the postprocessing method is considered to improve
the frequency bandwidth.

B. Implementation of the Prototype

The current sensor is designed based on Fig. 8 for the mea-
surement of a switching waveform where di/dt is 1.5 A/ns.
The induced voltage vcoil is set to be less than 20 V. Hence,
according to Step 1, the mutual inductance M is determined to
be 13.3 nH from Fig. 7. The dimensions of the laminated bus
bar are designed for a current of 10 A. The laminated bus bar is
supposed to be used in the case dc capacitors are connected in
parallel. Copper is used as the bus-bar conductor. According
to Step 2, Table I shows the length lbus and the width wbus

of the laminated bus bar, and the copper thickness tcopper in
the prototype. A 4.8-mm thickness of the insulators inside the
laminated bus bar is chosen. The thicknesses of the minus and
plus bus bar layers and the thickness of the air coil layer tcoil

are restricted to 1.6 mm.
The laminated bus bar is modeled in the simulation, and

the current distribution is evaluated, as shown in Fig. 3. Then,
the uniform location of the current distribution is near the
connections of the dc capacitors in this prototype, and the air
coil is placed in this location according to Step 3. According
to Step 4, the wcoil is determined to be 30 mm in order to place
the air coil in the location. Then, the Ncoil is determined to

Fig. 9. Design of the air coil.

TABLE II

AIR COIL PARAMETERS

Fig. 10. Prototype of the integrated air coil. (a) Minus bus bar. (b) Air coil.
(c) Plus bus bar.

be 20 to obtain a mutual inductance of 13.3 nH. Fig. 9 shows
the design of the air coil, and Table II shows its parameters.

Fig. 10 shows each layer of the prototype of an integrated
air coil. The insulator of the PCBs is FR-4, and the copper
width of the coil wire is set 0.5 mm. Stray parameters of the
prototype are measured, and the frequency characteristic of
the current sensor is evaluated according to Step 5.



TABLE III

COMPARISON OF THE CURRENT SENSOR PARAMETERS

TABLE IV

CURRENT SENSOR PARAMETERS FOR THE EQUIVALENT CIRCUIT

C. Prototype Evaluation

To validate the design values obtained based on theory and
through a simulation, the mutual inductance of the prototype is
measured. A sinusoidal waveform is injected into the bus bars
at 1 MHz using a power amplifier (HSA4101, NF Corporation,
Yokohama, Japan) for mutual inductance measurement. The
other parameters of the prototype are measured using time-
domain reflectometry (TDR). Table III shows the measure-
ment results in comparison with theoretical or simulation
results. As shown in Table III, all parameters demonstrate
a good agreement with the theory or simulation. Besides,
Ct−c and Cb−c are measured by TDR, and their values are
63.7 and 64.5 pF. It is confirmed that those capacitances are
smaller than the bus-bar capacitance.

Table IV shows the value of the current sensor parameters
for the equivalent circuit. The air coil self-inductance Lcoil is
changed to L ′

coil in a T-shaped equivalent circuit. In addition,
L ′

coil is obtained by considering the number of coil turns Ncoil

and the measurement condition. The reason is that the bus-bar
side is considered to the primary side, and the air coil side
is considered to the secondary side when the parameters are
assigned to the equivalent circuit. The value of L ′

coil is smaller
than the mutual inductance M . Therefore, the output resistance
is set to 1 k� to satisfy (9) until 100 MHz.

D. Frequency Characteristic of the Prototype

An equivalent circuit with the measured parameters is
employed to derive the frequency characteristic of the pro-
totype. The gain is defined using (11). Fig. 11 shows the
comparison of frequency characteristics between the char-
acteristic from Fig. 5 (blue line), the characteristic from
Fig. 6 (red dashed line), and the characteristic by using
only the mutual inductance (black line). The characteristics
from Fig. 5 and from Fig. 6 are similar until 100 MHz.
Therefore, the equivalent circuit can be simplified, as shown
in Fig. 6. Besides, it is confirmed that the difference between
the characteristic from Fig. 6 and the characteristic by using
only the mutual inductance appears from dozens of MHz in
Fig. 11. Accordingly, the postprocessing method must achieve
a bandwidth of 100 MHz based on Fig. 6.

Fig. 11. Bode plot of the current sensor prototype of Figs. 5 and 6, and the
bode plot of only with mutual inductance.

Fig. 12. Equivalent circuit of the buck converter for the double pulse test.

E. Experimental Validation

Fig. 12 shows the circuit diagram of a buck converter,
and Fig. 13 shows a picture of a buck converter circuit. The
red dashed line shows the location of the current sensor in
Fig. 13. The experimental current is set to 10 A. A Schottky
barrier diode (SBD, CREE C3D10060A) and a MOSFET
(SPP20N60S5 Infineon, Neubiberg, Germany) are used as the
power devices in the buck chopper circuit.

The induced voltage vcoil is the derivative waveform of the
bus-bar current ibus. The voltage vcoil is measured using an
oscilloscope (HD4096 LeCroy, Chestnut Ridge, NY, USA).
The sampling rate is set to 2.5 GS/s, and the vertical resolution
is 12 b. The bus-bar current using only the mutual inductance
is calculated from (5), and the current using a postprocessing
method is calculated from (11).

F. Experiment Results

Fig. 14 shows the induced voltage of the air coil vcoil

during a turnoff operation. One current waveform is calculated
using (5), and the other is rebuilt through a postprocessing



Fig. 13. Prototype of buck converter circuit.

Fig. 14. Induced voltage of air coil and a comparison of the bus-bar current
waveform during turn-OFF operation.

method (Fig. 14). The current waveforms are obtained through
a numerical integration offline of the oscilloscope using vcoil.
In turn-OFF operation, the dc offset is added to the wave-
form and the peak value of vcoil determines the offset value.
The absolute value of the maximum dibus/dt is 1.22 A/ns.
Therefore, it is confirmed that the voltage of vcoil is less than
20 V, which is set through the mutual inductance. The dc
bias component has been reconstructed and added to both
waveforms in Fig. 14. The frequency component is 71.4 MHz
for each of the current waveforms. Fig. 15 shows the voltage
vcoil and each bus-bar current waveforms during a turn-ON

operation. The frequency component is 83.3 MHz for each of
the current waveforms.

From both operations, it is observed that the bus-bar cur-
rent waveform obtained through only the mutual inductance
(i.e., without postprocessing) fails to represent the frequency
components at dozens MHz. A more accurate bus-bar current
can be obtained through the postprocessing method, and the
amplitude can be restored. As shown in Figs. 14 and 15,
a current sensor using the postprocessing method can accu-
rately measure a switching waveform containing dozens
of MHz frequency components.

Fig. 15. Induced voltage of air coil and a comparison of the bus-bar current
waveform during turn-ON operation.

Besides, the measurement accuracy of the integrated air coil
depends on the oscilloscope because the processing method
takes vcoil to rebuilt measured current offline. Therefore,
the measurement accuracy is less than 0.1% at the maximum
induced voltage in this experiment with this measurement
system.

VI. CONCLUSION

This article proposed the design procedure of an integrated
air coil in a laminated bus bar. The structure of the current sen-
sor and the frequency characteristic of the current sensor ware
discussed. The design procedure was then summarized, and the
procedure showed that the current sensor could be designed
under the limitation of the laminated bus bar. A postprocessing
method used to achieve a frequency bandwidth of 100 MHz
was proposed. The validity of the design procedure and the
postprocessing method were confirmed using the prototype
through a double pulse test under a 10-A current.
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