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Abstract—A printed circuit board (PCB) Rogowski coil array
is capable of measuring the currents of the paralleled chips in-
side power devices; the operating status and failure behavior of
power devices may thus be monitored. The conventional continuous
electrostatic shielding provides immunity to capacitive coupling
interference for the PCB Rogowski coil array but fails to suppress
inductive coupling interference. Equivalent circuit models of the
PCB Rogowski coil array with continuous electrostatic shielding
are established and the influence mechanism of the inductive cou-
pling interference on the Rogowski coil array is analyzed in this
article. The symmetry of the inductive coupling interference com-
ponents is discovered in the waveforms from the PCB Rogowski coil
array with continuous electrostatic shielding. This article proposes
a discrete electrostatic shielding structure for the PCB Rogowski
coil array, which is validated through switching experiments to
have immunity against both capacitive and inductive coupling in-
terference. The PCB Rogowski coil array with discrete electrostatic
shielding proposed in this article can be used for research works on
paralleled chips of power devices, thus providing a foundation for
condition monitoring and design optimization of power devices.

Index Terms—Current measurement, electrostatic shielding,
inductive coupling interference, power device, Rogowski coil.

I. INTRODUCTION

POWER devices such as IGBTs are the essential com-
ponents of power transformation equipment and electric

vehicles [1], [2]. In order to increase the current capacity of
power devices, multiple power chips connected in parallel are
generally arranged inside them [3], [4]. The paralleled chips
suffer from a current distribution imbalance, which is influenced
by conditions such as chip parameters and package parasitic
parameters [5], [6], [7], [8]. Excessive current in some of the

Manuscript received 26 January 2024; revised 4 April 2024; accepted 20 April
2024. Date of publication 24 April 2024; date of current version 20 June
2024. This work was supported by the State Grid Corporation Technology
Project under Grant 5500-202399662A-3-2-ZN. Recommended for publication
by Associate Editor M. Shen. (Corresponding author: Xuebao Li.)

Yongfan Zhan, Ganyu Feng, Jia Wan, Xuebao Li, Peng Sun, Zhibin Zhao,
and Xiang Cui are with the State Key Laboratory of Alternate Electrical Power
System with Renewable Energy Sources, North China Electric Power University,
Beijing 102206, China (e-mail: zhanyongfan@ncepu.edu.cn; 120232101125@
ncepu.edu.cn; 120212201404@ncepu.edu.cn; lxb08357x@ncepu.edu.cn; sun-
peng@ncepu.edu.cn; zhibinzhao@ncepu.edu.cn; x.cui@ncepu.edu.cn).

Rui Jin is with the Beijing Institute of Smart Energy, Huairou Laboratory,
Beijing 102209, China (e-mail: jinrui@bise.hrl.ac.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3392937.

Digital Object Identifier 10.1109/TPEL.2024.3392937

chips may lead to chip failure, which in turn causes the failure
of the whole device [9], [10]. Therefore, measuring the current
distribution among internal chips is of great significance to
improve the reliability of the device.

Compared with other current measurement methods, such as
current sensing resistors [11], [12], current transformers [13],
and Hall effect current sensors [14], [15], Rogowski coils offer
the advantages of wide bandwidth, galvanic isolation, small size,
temperature stability, etc [16]. Even though they are unable to
measure dc components [17], Rogowski coils have been widely
applied in current measurement scenarios in power electronics
since most of the relevant current waveforms, such as for semi-
conductor switches, are discontinuous and the zero level is read-
ily identified [18], [19]. For example, the wire-wound Rogowski
coils were designed and mounted on the busbars inside an IGBT
module to obtain the transient current distribution of two paral-
leled IGBT chips in the module [20]. Another example is that the
Rogowski coils wound on rectangular formers with a bandwidth
of 5 kHz to 1.3 MHz were mounted on the emitter pillar inside
a press-pack IGBT device, and the current waveforms of three
parallel-connected IGBT chips were obtained [21].

Unlike wire-wound Rogowski coils, printed circuit board
(PCB) Rogowski coils have advantages such as ease of man-
ufacturing, good consistency, and low cost, and have also been
widely used for current measurement in power electronics [22],
[23]. For example, a rectangular PCB Rogowski coil was de-
signed and installed near the emitter plate of an IGBT power
device to monitor the device current and provide short circuit
protection [24]. Two circular PCB Rogowski coils were mounted
on the emitter bonding wires of two chips in an IGBT module to
measure the chip currents [25]. In order to measure more currents
of paralleled chips inside a power device, a compact embedded
Rogowski coil array had been proposed [26]. The Rogowski
coil array with 10 optimized rectangular Rogowski coils on a
PCB substrate had been developed, and the top layer copper and
bottom layer copper of the PCB were utilized as electrostatic
shieldings [27]. The same technique was also applied to a
4.5 kV Press Pack IGBT power device and an 18 kV SiC IGBT
power device to characterize the current sharing among multiple
paralleled chips [28].

It is known that the switching operations of power devices
generate time-varying electric field and magnetic field in space
simultaneously, which may lead to measurement errors of
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Fig. 1. Press-pack IGBT power device with four paralleled IGBT chips.

Rogowski coils [29]. Hence, the Rogowski coils should have the
immunity to both capacitive coupling interference and inductive
coupling interference simultaneously. For a single Rogowski
coil, capacitive coupling interference may be suppressed by
electrostatic shielding, while a return conductor balances ver-
tical magnetic flux linkage thus inductive coupling interference
may also be suppressed [30], [31]. Taking PCB Rogowski coil
as an example, the grounded copper layers above and below the
Rogowski coil guide capacitive coupling interference currents
to flow into ground [32]. However, for PCB Rogowski coil ar-
rays with conventional continuous electrostatic shielding (CES),
though capacitive coupling interference may be suppressed by
CES, inductive coupling interference introduced by multiple
signal channels cannot be suppressed. In order to solve this
problem, PCB Rogowski coil array with discrete electrostatic
shielding (DES) is proposed in this article, which have the
immunity to both capacitive coupling interference and inductive
coupling interference.

The rest of this article is organized as follows. In Section II,
a press-pack IGBT power device and a PCB Rogowski coil
array with CES are introduced. The analysis of the inductive
coupling interference is given based on equivalent circuits of the
Rogowski coil array. In order to suppress the inductive coupling
interference, a PCB Rogowski coil array with a novel DES
structure is proposed in Section III. The current waveforms of
paralleled chips inside the IGBT power device, which are mea-
sured by the PCB Rogowski coil arrays with different shielding
structures are presented and discussed in Section IV. Finally,
Section V concludes this article.

II. PCB ROGOWSKI COIL ARRAY WITH CES

A. IGBT Power Device and PCB Rogowski Coil Array

A press-pack IGBT power device is illustrated in Fig. 1. The
power device consists of a ceramic package, a gate connection
PCB, an emitter plate, and several submodules. The device
supports a variable number of submodules. Each submodule
contains one IGBT chip. The top side of the submodule corre-
sponds to the collector electrode of the IGBT chip, while the
two terminals at the bottom correspond to the gate and emitter
electrodes of the IGBT chip, respectively.

In order to characterize the current distribution of the paral-
leled chips inside the device, a PCB Rogowski coil array with
CES was developed. The coil array can be divided into the coil
part and the signal output part from an appearance perspective,

Fig. 2. Way to integrate the coil array into the IGBT device. (a) Appearance of
the coil array. (b) Assembly of the coil array. (c) Assembly of the submodules.
(d) Assembly of the ceramic package.

as shown in Fig. 2(a). The coil part has ten PCB Rogowski
coils, and the signal output part has ten coaxial connectors.
Each Rogowski coil corresponds to the emitter terminal of a
submodule, thereby enabling measurement of the chip currents
inside the IGBT power device. Each Rogowski coil is connected
to a corresponding coaxial connector for signal output.

The way to integrate this PCB Rogowski coil array into the
power device is shown in Fig. 2. First, the PCB Rogowski coil
array is placed above the emitter plate and the gate PCB of
the device. Several single-chip submodules are then placed in the
slots, with the terminals of the submodules passing through the
Rogowski coils. Finally, a ceramic package is used to fix the posi-
tions of the submodules. If necessary, silicone rubber can be used
to bond the ceramic package and the emitter plate together. When
the device is assembled as a whole, the coil part of the coil array is
packaged inside the device, and the signal output part of the coil
array protrudes outside the ceramic package through a notch.

The perspective view of the PCB Rogowski coil array with
CES is shown in Fig. 3(a). The coil array is implemented on a
6-layer PCB. The Rogowski coils are arranged from the second
signal layer to the fifth signal layer of the PCB, consisting of
PCB traces and vias. The 1st and 6th layers of the PCB have
grounded copper planes as electrostatic shielding, as shown in
Fig. 3(b). The electrostatic shielding is continuous, completely
covering the entire coil array. The structure of the PCB Rogowski
coil array is basically consistent with former research as [27].

Rogowski coils and integrators are always found in pairs in
current measurement scenarios [22]. The Rogowski coil is based
on the law of electromagnetic induction. In a certain frequency
range, the output voltage vc of a Rogowski coil is proportional
to the rate of change of the current under test, as shown in the
following:

vc = Mc
dim
dt

(1)
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Fig. 3. Structure of the PCB Rogowski coil array with CES. (a) Perspective
view of a coil. (b) Cross section of the coil array.

where Mc is the mutual inductance between the Rogowski coil
and the current-carrying conductor, and im is the current under
test. Such a signal cannot directly characterize the current, so
an integrator is connected to the Rogowski coil to transform the
signal. In a certain frequency range, the output voltage vint of
the integrator satisfies

va =
1

T1

∫
vcdt =

Mc

T1
im (2)

where T1 is the time constant of the integrator. The coefficient
Mc/T1 is the transformation ratio between the integrator output
voltage and the current under test, and also the sensitivity of the
Rogowski current sensor.

The CES of the PCB Rogowski coil array is grounded by
connecting to the outer conductors of the coaxial cables since the
outer conductors of the oscilloscope’s input ports are typically
grounded through the power cord of the oscilloscope. Therefore,
the current of capacitive coupling interference may flow to
ground through the CES and the oscilloscope without affecting
the measurements of the Rogowski coils.

Although capacitive coupling interference is suppressed by
the CES, inductive coupling interference still affects the current
measurement system. The outer conductors of the coaxial cables
connect via the CES at one end, and the oscilloscope ground at
the other end, forming multiple loops. Time-varying magnetic
field generated by the power device induces currents within these
loops. This leads to discrepancies between the coil outputs and
the voltage signals acquired by the oscilloscope. To analyze
the impacts of such inductive coupling on measurement, further
investigation is provided as follows.

B. Analysis of the Inductive Coupling Interference

The outer conductors of the two coaxial cables in Fig. 4 may
be modeled as a loop. Consider a conductor loop c1 in a time-
varying magnetic field, as illustrated in Fig. 5. Point G is the
reference potential point on the loop. A current i(t) is induced in

Fig. 4. Schematic diagram of the current measurement system by using the
PCB Rogowski coil array with CES.

Fig. 5. Conductor loop in a time-varying magnetic field.

the loop due to electromagnetic induction. The current satisfies

L
di(t)

dt
+Ri(t) = e(t) (3)

and the solution of the equation is

i(t) = exp(λt)

[
i(t0) +

∫ t

t0

exp(−λτ)

L
e(τ)dτ

]
, t > t0 (4)

where e(t) is the total induced electromotive force in the loop,
λ = −R/L is the eigenvalue of the loop current equation, R is
the total resistance of the loop, and L is the inductance of the
loop.

The total induced electromotive force e(t) obeys Faraday’s
law of electromagnetic induction as (5), where E is the induced
electric field from the time-varying magnetic field, S represents
a surface enclosed by the loop c1, with dS and dl forming a
right-hand-grip relationship. The induced current i(t) has the
same reference direction as e(t)

e(t) =

∮
c1

E(r, t) · dl = − d

dt

∫
S

B(r, t) · dS. (5)

Assume that point G and any point Q divide the loop into two
conductor segments l1 and l2. Each conductor segment has its
own induced electromotive force, resistance, and inductance.
The electromotive forces of the conductor segments may be
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Fig. 6. Circuit model of the conductor loop.

expressed as

e1(t) =

∫
l1:G→Q

E(r, t) · dl (6)

e2(t) =

∫
l2:G→Q

E(r, t) · dl. (7)

The inductance of loop c1 may be determined through the
energy method [33]. Assuming a current i exists in the loop and
the total magnetic energy in space is Wm, then the inductance
of the loop may be determined as

L =
2Wm

i2
. (8)

The inductance of conductor segments l1 and l2 may be
determined utilizing the same method. Taking l1 as an example.
Assuming in space there exists only conductor l1 with current
i1 flowing through it, the magnetic energy in space is Wm1, then
the inductance of the conductor may be determined as

L1 =
2Wm1

i21
. (9)

As for the mutual inductance between the two conductors l1
and l2, we first assume the two conductors in the system are
standalone (not connected). The relationship between the total
magnetic energy and the inductance of conductors is given by

Wm =
1

2
[i1 i2]

[
L1 M

M L2

][
i1

i2

]

=
1

2
L1i

2
1 +

1

2
L2i

2
2 +Mi1i2 (10)

where the mutual inductance M between the two conductor
segments may be therefore determined by

M =
1

i1i2

(
Wm − 1

2
L1i

2
1 −

1

2
L2i

2
2

)
. (11)

Based on (8)–(11), the loop c1 with two points G and Q in
a varying magnetic field may be modeled as a lumped circuit
composed of voltage sources, resistances, and inductances, as
shown in Fig. 6. Therefore, the potential at point Q may be
obtained by calculations in the lumped circuit as

ϕQ(t) = e1(t) +R1i(t) + (L1 −M)
di(t)

dt

Fig. 7. Model of two Rogowski coils with CES.

= [e2(t)− e(t)] + (R−R2)i(t)

+ [L− (L2 −M)]
di(t)

dt

= e2(t)−R2i(t)− (L2 −M)
di(t)

dt

−
[
e(t)−Ri(t)− L

di(t)

dt

]

= e2(t)−R2i(t)− (L2 −M)
di(t)

dt
(12)

where R1 is the resistance of the conductor l1, and R2 is the
resistance of the conductor l2. The inductances satisfyL = L1 +
L2 − 2M . The total induced electromotive force of the loop e(t)
and the electromotive forces of the conductor segments satisfy
e(t) = e2(t)− e1(t).

Equation (12) provides the approach for calculating the po-
tential at any point on a conductor loop in a time-varying
magnetic field. It is indicated that the potentials at points on
a grounded conductor loop in a time-varying magnetic field are
not identically zero.

The analysis of the inductive coupling interference starts with
two Rogowski coils as shown in Fig. 7. The Rogowski coils
are simplified as voltage sources vc1 and vc2. The inner and
outer conductors of the coaxial cable are modeled as conductor
segments, respectively. The CES and the oscilloscope ground are
considered as two equipotential bodies since their dimensions
are much smaller than the length of the coaxial cables, that is,
node C and node Y have the same potential, node D and node
Z have the same potential. Therefore, the loop DCY Z may be
regarded as a grounded conductor loop as described above.

There are corresponding induced electromotive forces on each
conductor segment due to the time-varying magnetic field from
the power device, and current i is induced in the loop consisting
of nodesDCY Z. The voltage signal vt1 at the end of the coaxial
cable may be expressed as

vt1 = ϕA − ϕD

= (ϕB − eAB)−
[
(ϕC − eDC)

+RDCi+ (LDC −MDC-Y Z)
di

dt

]
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= (ϕB − ϕC)− (eAB − eDC)

−
[
RDCi+ (LDC −MDC-Y Z)

di

dt

]

= vc1 −
[
RDCi+ (LDC −MDC-Y Z)

di

dt

]
(13)

where ϕ represents node potentials, eAB =
∫
−−→
AB

E · dl is the
induced electromotive force of the conductor AB, eDC =∫
−−→
DC

E · dl is the induced electromotive force of the conductor
DC, RDC is the resistance of the conductor DC, LDC is
the inductance of the conductor DC, MDC-Y Z is the mutual
inductance between conductor DC and Y Z. It should be noted
that, since the inner conductor and outer conductor of the same
coaxial cable have basically identical spatial form, the induced
electromotive forces on them may be regarded as equal, it is
eAB = eDC .

In this case, the signal after integration va1, which is acquired
by the oscilloscope may be expressed as

va1 =
1

T1

∫
vt1dt

=
1

T1

∫
vc1dt+KI (14)

where
∫
vc1dt/T1 is the integral of the Rogowski coil signal,

i.e., the expected signal proportional to the measured current.
The second term KI in (13) is the component of the inductive
coupling interference, which is

KI = − 1

T1

∫ [
RDCi+ (LDC −MDC-Y Z)

di

dt

]
dt (15)

Assuming the outer conductors of the two coaxial cables have
the same resistance and inductance, the other signal acquired by
the oscilloscope is

va2 =
1

T1

∫
vt2dt

=
1

T1

∫
vc2dt−KI. (16)

As shown in (14) and (16), for two Rogowski coils with CES,
the measured current waveforms contain symmetrical inductive
coupling interference components.

More than two cables will form multiple loops, thus producing
multiple inductive coupling interference components that are
superimposed on each signal. As seen in (13)–(16), the interfer-
ence component is only related to the voltage drop caused by
the induced current on the outer conductor of the coaxial cable.
Therefore, when analyzing the effects of the inductive coupling
on measurements, only the outer conductor needs to be modeled,
as illustrated in Fig. 8.

Assuming that n coaxial cable outer conductors have the
same resistance Rb and inductance Lb. The mutual inductance
between branches is designated by their subscripts. The branch
currents can be obtained through any circuit-solving method
with the aforementioned approach. The voltage signals acquired

Fig. 8. Model of multiple Rogowski coils with CES.

by the oscilloscope are

va =
1

T1

∫
vcdt+KI (17)

where va = [va1, va2, . . . , v
�
an is the column vector of the ac-

quired signals, vc = [vc1, vc2, . . . , vcn]
� is the column vector of

the output voltages of the Rogowski coils, and KI is the vector
of the inductive coupling interference components, which is

KI = − 1

T1

∫ (
Rb +L

d

dt

)
ibdt (18)

where ib = [ib1, ib2, . . . , ibn]
� is the column vector of the con-

ductor currents, and L is the symmetric inductance matrix as
follows:

L =

⎡
⎢⎢⎢⎢⎢⎢⎣

Lb M12 M13 · · · M1n

M21 Lb M23 · · · M2n

M31 M32 Lb · · · M3n

...
...

...
. . .

...

Mn1 Mn2 Mn3 · · · Lb

⎤
⎥⎥⎥⎥⎥⎥⎦
. (19)

According to Kirchhoff’s current law, the sum of all elements
in the vector ib is zero. Since integration and (Rb +L d

dt ) in (18)
are linear operators, the sum of all elements in the vector KI is
also zero. This demonstrates that for more than two Rogowski
coils with CES, there is still symmetry in the inductive coupling
interference components.

In summary, the inductive coupling interference affects the
measurement accuracy of PCB Rogowski coil arrays with
CES. Therefore, corresponding suppression methods need to be
proposed.

III. PCB ROGOWSKI COIL ARRAY WITH DISCRETE

ELECTROSTATIC SHIELDING

As derived in the previous section, the inductive coupling
interference is mainly related to the induced currents ib in (18).
Therefore, in order to ensure the measurement accuracy of PCB
Rogowski coil array, the induced currents must be eliminated.
Magnetic flux passing through the loops may be minimized by
braiding multiple coaxial cables in a stranded fashion, thereby
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Fig. 9. Schematic diagram of the current measurement system with DES.

Fig. 10. Model of two Rogowski coils with DES.

reducing the amplitude of the interference components. How-
ever, this method cannot completely eliminate the inductive
coupling.

This article proposes a PCB Rogowski coil array with DES.
Fig. 9 illustrates the basic concept of the PCB Rogowski coil
array with DES. Compared with the conventional CES struc-
ture in Fig. 4, the DES provides an independent electrostatic
shielding for each Rogowski coil. The electrostatic shieldings
of different coils are disconnected, avoiding the formation of
loops. Therefore, in the PCB Rogowski coil array with DES,
the induced currents from inductive coupling interference are
identically zero.

The circuit model of two Rogowski coils with DES is shown in
Fig. 10. Since there are no unexpected loops, no induced currents
exist in the circuit as well. In this case, the voltage signal at the
end of the coaxial cable v′t1 may be expressed as

v′t1 = ϕA − ϕD = (ϕB − eAB)− (ϕC − eDC)

= (ϕB − ϕC)− (eAB − eDC) = vc1 (20)

where eAB = eDC . This demonstrates that with DES, the signals
on both ends of the coaxial cable are consistent. The signal v′a1
acquired by the oscilloscope is the integral of the coil signal vc1

Fig. 11. PCB Rogowski coil array with DES. (a) Physical appearance.
(b) Cross-sectional diagram.

as (21), and it is proportional to the measured current

v′a1 =
1

T1

∫
v′t1dt =

1

T1

∫
vc1dt. (21)

Similarly, for multiple coils equipped with DES, since there
is no unexpected loop, ib = 0 may be substituted into (16) and
(17) to get KI = 0 and

v′
a =

1

T1

∫
vcdt. (22)

The signals acquired by the oscilloscope are exactly the
integral of the coil signals. Therefore, PCB Rogowski coil arrays
with DES are not affected by inductive coupling interference.

Fig. 11 shows the physical appearance and cross-sectional
diagram of the PCB Rogowski coil array with DES. The top and
bottom copper layers of the PCB are partitioned by slits into
multiple sections corresponding to each coil. The shielding of
each coil is connected to the outer conductor of the correspond-
ing coaxial cable. Although the outer conductors of the coaxial
cables are connected together at one end by the oscilloscope
ground, the other ends are disconnected from each other, thus,
avoiding formation of loops and associated inductive coupling
interference.

IV. VERIFICATION AND DISCUSSION

Rogowski coils are modeled as mutual inductances in
Section II. The validity of this model should be verified. The
verification process is divided into two parts: determining the
bandwidth of the current of the IGBT power device and mea-
suring the frequency characteristics of the Rogowski coil. The
total current of the IGBT power device in Fig. 2(d) is measured
using a CWT MiniHF 6 coil (23 MHz bandwidth, 1.2 kA range)
from PEM, and the resulting double-pulse current waveform
is shown in Fig. 12(a). Performing a Fourier transform on this
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Fig. 12. Current characteristics of the IGBT power device. (a) Current wave-
form. (b) Normalized spectrum.

current waveform, while normalizing it to the maximum value
of the current amplitude, yields the signal spectrum shown in
Fig. 12(b). From the cursor information, most of the signal
components within the range of 0 dB to−60 dB are concentrated
below 2.367 MHz. These signal components are already able to
reconstruct the current waveform with high precision. Therefore,
it can be considered that the signal bandwidth of the current of
this IGBT power device is 2.5 MHz.

The impedance-frequency characteristics of a single Ro-
gowski coil in the array is measured using 4294 A impedance an-
alyzer (40 Hz to 110 MHz bandwidth) from Keysight. Fig. 13(b)
shows the curves of the impedance magnitude and the phase
angle of the Rogowski coil versus frequency. Comparing the
curves from the impedance analyzer and from the simplified
circuit model (by connecting a 9 Ω resistor and a 430 nH induc-
tor in series), the difference in impedance magnitude is less than
1% and the difference in impedance angle is less than 3◦ when
the signal frequency is lower than 10.26 MHz. Accordingly, the
simplified circuit model in Fig. 13(b) is valid when measuring
currents with a bandwidth of 2.5 MHz of the IGBT power device.
In addition, the input resistance of the integrator (about 4 MΩ)
is much larger than the resistance of the coil R (about 9Ω).
Therefore, a simple mutual inductance model as (1) can be used
to accurately characterize the behavior of the Rogowski coils in
the coil arrays when measuring the currents of the IGBT power
device.

The manufacturing parameters of printed circuit board as
well as the shape of the current-carrying conductor can affect
the sensitivity of the PCB Rogowski current sensor. Therefore,
before using the PCB Rogowski current sensor for the first
time, it is good practice to conduct comparison experiments
with commercial coils to determine its actual sensitivity. The

Fig. 13. Impedance characteristics of the PCB Rogowski coil. (a) Photo of the
measurement process. (b) Impedance-frequency curves of the actual coil and
the simplified model.

Fig. 14. Configuration of the sensitivity experiment.

experiment using a PCB Rogowski coil and a CWT MiniHF
06B coil (30 MHz bandwidth, 120 A range) to simultaneously
measure the current of a single chip in the IGBT power device
is shown in Fig. 14.

Fig. 15 shows the collector-emitter voltage vCE and the gate-
emitter voltage vGE of the IGBT device, the single chip current
iCWT from the CWT coil, and the voltage signal vROGO from
the PCB Rogowski current sensor during a double pulse test.
The waveforms of iCWT and vROGO are in high consistency,
thus verifying the accuracy of the PCB Rogowski coils. The
sensitivity of the PCB Rogowski current sensor can be calculated
from the scale of the waveforms as 62.3 mV/A.

Experiments are then conducted to measure the internal cur-
rent distribution of the IGBT power device using PCB Rogowski
coil array with different shieldings. The double pulse test plat-
form is shown in Fig. 16. The PCB Rogowski coils are connected
to the integrators with coaxial cables, and the integrators are
connected to an oscilloscope for signal acquisition. Fig. 17 plots
the current waveforms measured by the Rogowski coil array with
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Fig. 15. Waveforms of the sensitivity experiment.

Fig. 16. Double pulse test platform. (a) Front view. (b) Mounting position of
the device.

Fig. 17. Waveforms of the switching experiment while using the Rogowski
coil array with CES.

CES during the double pulse test. In addition, the experiment
provides a comparison between the sum of the four currents iSUM

measured by the PCB Rogowski coil array with CES and the
total device current iDEVICE measured by CWT MiniHF 6. After
turn-ON of the first pulse, rapid waveform dispersion is observed,
due to the impact of the inductive coupling interference. At this
point, the iROGO measured by Rogowski coil do not represent the
actual currents of the paralleled chips, but the superpositions of
the currents and the inductive coupling interference components.
Two noteworthy characteristics validate the theoretical analyses

Fig. 18. Waveforms of the switching experiment while using the Rogowski
coil array with DES.

Fig. 19. Configuration of the 10-chip IGBT device.

in Section II. First, no dispersion arises prior to the pulses when
no currents flow through the power device, since the power
currents in the double pulse test circuit are the interference
sources. Second, the sum of all dispersed waveforms remains
approximately equal to the total device current before reaching
integrator limits at 57μs, this proves the symmetrical nature of
the inductive coupling interference components.

The current waveforms measured by the Rogowski coil array
with DES during a double pulse test are plotted in Fig. 18. The
absence of the dispersion in current waveforms demonstrates
the effectiveness of the DES structure to suppress inductive
coupling interference. The consistent total current waveforms
demonstrate the accuracy of the measurements by the Rogowski
coil array with DES.

Furthermore, the PCB Rogowski coil array with DES is
utilized to obtain the current distribution among ten paralleled
chips inside an IGBT power device. The ten paralleled IGBT
chips in the power device is shown in Fig. 19, with the numbers
representing chip IDs. These chips have been screened and the
threshold voltages range from 6.39 to 6.43 V. The measured
current waveforms during the double pulse test are presented in
Fig. 20. It may be observed that the turn-OFF current consistency
among the paralleled chips is relatively better than the turn-ON.
Fig. 21 maps the turn-ON current peak values of the paralleled
chips according to their spatial positions. It is revealed that
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Fig. 20. Waveforms of the current distribution of the 10-chip IGBT device.

Fig. 21. Turn-ON current peaks against the corresponding spatial positions.

during the turn-ON transient, chip #9, #10, #1, and #2 flow
relatively high currents. The current distribution of the chips is
affected by a variety of factors, such as the characteristics of the
chips, the parasitic parameters of the package, the mechanical
stresses applied to the chips, the temperature of the chips, and
so on [34]. Therefore, the current measurement enables oppor-
tunities to iteratively improve the design of the power device for
more balanced current sharing among paralleled chips during
transients.

V. CONCLUSION

This article proposes a PCB Rogowski coil array with discrete
electrostatic shielding for measuring chip currents inside power
devices, which is immune to both capacitive and inductive
coupling interference. Conventional PCB Rogowski coil arrays
with CES suffer from inductive coupling interference. The
inductive coupling interference is caused by induced currents
in the outer conductors of the coaxial cables. The sum of the
inductive coupling interference components for all Rogowski
coils is deduced to be zero. The waveforms measured by the PCB
Rogowski coil array with continuous electrostatic shielding are
observed to have symmetrical dispersion, which is caused by the

aforementioned inductive coupling interference. The immunity
to inductive coupling interference of the PCB Rogowski coil
array with discrete electrostatic shielding is verified in another
switching experiment. The PCB Rogowski coil array with dis-
crete electrostatic shielding proposed in this article is applied
to a 10-chip IGBT power device. The switching currents of the
10 paralleled chips are measured accurately, and the turn-ON

transient current consistency is found to be worse than the
turn-OFF transient current consistency. The relationship between
the turn-ON current peaks and the positions of the paralleled
chips in the IGBT power device is also presented. The PCB
Rogowski coil array with discrete electrostatic shielding pro-
posed in this article is an accurate current measurement tool
for paralleled chips inside power devices, thus, providing a
foundation for condition monitoring and design optimization
of power devices.
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