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Abstract—The accurate current measurement is critical for
power semiconductor characterization. Considering the switching
speed of power semiconductors has become much faster in recent
years, it is difficult to measure the current effectively using existing
current probes due to their limited bandwidth. Also, in many cases,
it is necessary to directly characterize power semiconductors in
real power converters in long-term operations, requiring some
other key specifications on current probes including dc accuracy,
galvanic isolation, easy installation, etc. This article proposes a
novel hybrid current measurement method, including the tunnel-
magnetoresistance-based low frequency measurement section, Ro-
gowski coil-based high-frequency measurement section, and signal
conditioning circuits for seamless frequency combination. Accord-
ingly, a current probe based on the proposed method is developed,
achieving high bandwidth, galvanic isolation, and compact size.
The performance is experimentally validated with a double pulse
test and long-term continuous pulse test in a 1.2 kV/120 A SiC
MOSFET power module-based converter platform. Eventually, the
proposed probe is comprehensively compared with the commercial
shunt and RogowskKi coil.

Index Terms—Current measurement, high bandwidth,
RogowskKi coil, tunnel magnetoresistance (TMR).

I. INTRODUCTION

HE power semiconductor characterization plays a key role
T in the power conversion system design, including static
output characterization [1], switching transient characterization
[2], reliability test [3], etc. Among them, the accurate mea-
surement of power semiconductor’s current is important and
challenging, especially considering some upcoming demands in-
cluding 1) rapid current measurement for wide band-gap (WBG)
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power semiconductors, which have much faster switching speed
than Si counterparts [4]; and 2) convenient current measurement
for power devices in real power converters both during periods
of switching transients and long-term operations [5].

Considering these demands, the power semiconductor current
measurement approach should meet following requirements.

1) High bandwidth. First, the WBG device current changes

rapidly during switching transients. The fall time and
rise time of the current could reach 10 ns level [6], re-
quiring better high-frequency (HF) response [7]. Mean-
while, because that current needs to be measured both
during switching transients and long-term operation, the
dc performance of the current measurement should also
be guaranteed [8], [9], [10].
Galvanic isolation and noise immunity capability. Due to
higher dv/dt induced by WBG devices [11] as well as more
complex electromagnetic interference in real power con-
verters [12], the noise immunity capability is critical. The
galvanic isolation enhances the safety and noise immunity
of the measurement especially in power tests.

3) Compact size. In order for high power density, the power
converter is often compactly designed [13]. The size for
power semiconductor current measurement is even more
limited. The current measurement equipment should be
easily installed with compact size.

Some efforts have been made for the power semiconductor
current measurement. The shunt resistor, which is essentially a
low inductance resistor, has been widely used for the current
measurement. Generally, the shunt has the highest bandwidth
among all measurement methods. T&M research products can
already provide shunts with bandwidth up to 2 GHz [14]. The
HF design of the shunt with parasitic inductance reduction is
discussed in [15]. But the shunt has to be inserted into the
power stage, impacting the stray inductance as well as the
galvanic isolation of the test. Meanwhile, considering the heat
dissipation, the current range of the shunt is highly related to
its power rating and size. In summary, the shunt is suitable
for switching characterization in specially designed platforms,
but not convenient for the current measurement in real power
converters. The Rogowski coil also shows good performance in
HF current measurement, as well as has benefits of noninser-
tion measurement, compact size, galvanic isolation, etc. PEM
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provided the Rogowski coil-based current probe with 1 Hz—
50 MHz bandwidth [16]. The height of the Rogowski coil is only
several millimeters. However, the accuracy of the Rogowski coil
in the low frequency (LF) and dc range cannot be maintained.
The HF bandwidth is also insufficient for the Rogowski with a
flexible plastic skeleton coil. The PCB-based Rogowski coil has
been introduced in [17] to improve the HF response. The current
transformer (CT) is used for the ac measurement, especially
made for current sensors [18]. Because the CT has a magnetic
material-based coil, which is different from the air coil in the
Rogowski, the bandwidth of CT is commonly limited [19]. But
the HF CT with bandwidth up to tens of megahertz has also
been published for partial discharge tests [20]. Hall effect is
an important method for current sensors that have bandwidth
from dc to hundreds of kilohertz [21]. Tektronix provided the
HF Hall effect-based current probe with dc—50 MHz bandwidth
[22], but without technical details published. But it is still rare
to use the Hall effect in HF current measurement due to the
relaxation time of carriers, inductive and capacitive effects, etc.
[23]. The size of the Hall effect-based probe is generally large
due to the complex structure of the Hall generator [24]. Recently,
the tunnel magnetoresistance (TMR) has been widely used for
the current measurement due to its high sensitivity, low power
consumption, low temperature drift, etc. [25], [26], [27] By
detecting the change of TMR resistance under variable static
and dynamic magnetic field density, the current inducing the
magnetic field can be obtained. Both ac and dc can be measured
using the TMR. The TMR integrated circuit (IC) has already
been commercialized with the integration of sensors and signal
conditioning circuits in a chip. But the bandwidth of the TMR is
still limited, only reaching several megahertz [28]. There have
been other current measurement methods with compact size. The
fluxgate magnetometer, which is used for magnetic field mea-
surement, can be used for current measurement. The fluxgate
magnetometer-based current probe with dc—5 MHz bandwidth
has already been provided by Aim-TTi, measuring the PCB trace
current conveniently [29]. However, considering the measure-
ment result is very sensitive to the position of the probe, it is only
suitable for rough current measurement. The optical-based cur-
rent probe has been proposed with a very small sensor head and
up to 150 MHz bandwidth in recent years [30]. However, the cost
is very high due to material requirement and the performance
has not been fully validated. The key performance comparison
of different current measurement methods is listed in Table 1.
Considering it is difficult to accurately measure the power
device current with a single approach, there have been ideas to
combine different kinds of current measurement methods [31].
Qi et al. [32] proposed a combined solution with an HF ac probe
for the commutation loop and data processing using the HF
current and LF load current. The hybrid current measurement
methods with the Hall effect for LF and transformer for HF
have been proposed in [33], [34], and [35] to achieve better
frequency response compared to conventional Hall effect-based
current sensors. DC-300 kHz is achieved in [33] and highly
improved to tens of megahertz in [34] and [35]. Considering
the big size and HF limitation of the CT, the hybrid current
measurement methods with Hall sensor for LF and Rogowski
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TABLE I
KEY PERFORMANCE OF EXISTING CURRENT MEASUREMENT METHODS

Solution Bandwidth Sige ~ Jalvanic
isolation

Shunt [14] DC-2 GHz Large No
Rogowski coil [16] 1Hz-50 MHz Small Yes
Current transformer [20] 1Hz-10 MHz ~ Large Yes
Hall effect current probe [22] DC-50 MHz Large Yes
Tunnel magnetoresistance [28] DC-5 MHz Small Yes
Fluxgate magnetometer [29] DC-5 MHz Small Yes
Optical probe [30] DC-150 MHz ~ Small Yes
Hall sensor + transformer in [33] DC-50 MHz Large Yes

. DC-30 MHz

+

Hall sensor + transformer in [34] (not tested) Large Yes
Hall sensor + Rogowski in [35] DC-50 MHz Large Yes
Hall sensor + Rogowski in [36] DC-75 MHz Large Yes
Hall sensor + Rogowski in [37] DC-3 MHz Small Yes

.. DC-10 MHz

+

TMR + Rogowski in [38] (not tested) Small Yes

.. DC-50 MHz
TMR + Rogowski in [40] (not tested) Small Yes

.. DC-380 MHz
TMR + Rogowski in [41] (not tested) Small Yes

*not tested means the bandwidth testing result in frequency-domain is not given

coil for HF have been proposed in [36] and [37] achieving a
bandwidth of dc—75 MHz and smaller size compared to the CT.
The methods have also been integrated into ICs for small current
measurements [38]. However, due to a large size of the Hall
sensor, these methods are commonly used as the load current
measurement with frequency extension compared to existing
current sensors. The hybrid methods with TMR for LF and
Rogowski coil for HF are proposed recently achieving a more
compact size [39], [40], [41], [42]. Nibir et al. [39] proposed
a combined current measurement with TMR and Rogowski
coil, achieving no invasion current test and a bandwidth of
dc—10 MHz. But there is seemingly only one TMR IC used
for LF measurement [40] and the accuracy under nonideal
scenarios such as the targeted current has eccentric distance and
inclination angle should be further studied. The circular TMR IC
scheme is proposed in [41] to avoid the external magnetic field
influence. Ziegler et al. [42] proposed an approach to overcome
the limited operating region issue of the magnetic sensors by
titling the TMR. But the size of the sensor head is inevitably
larger, impacting the measurement for power modules. An HF
bandwidth of dc—380 MHz is also claimed in [42]. But the effort
to achieve the high bandwidth is not provided and the validation
of the bandwidth with frequency-domain measurement results
is not given in the article. Meanwhile, a 10% error is observed
in experimental results and the cause is unclear.

The hybrid current measurement with TMR for LF and Ro-
gowski for HF provided potential benefits in high bandwidth,
galvanic isolation, and compact size. But it still suffers from
accuracy and bandwidth issues, especially considering the non-
ideal characteristics including sensor heads, signal conditioning
circuits, external magnetic field, environment, etc. The design
considerations and methods should be studied in detail with
these nonideal scenarios. Meanwhile, a more comprehensive
validation, including frequency-domain and time-domain with
performance during the switching transient and long-term oper-
ation, is necessary for this method.
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TMR-based LF Measurement
TMR ICxN

Signal Conditioning

Fig. 1.

Schematic of the proposed hybrid current measurement method.

The schematic of the proposed hybrid current measurement
method, which can both measure the switching transient current
and the LF component of power semiconductors with a band-
width from dc to 200 MHz, is shown in Fig. 1. The LF section
is measured with TMR and the HF section is measured with
Rogowski coil. The signal conditioning circuit is designed to
achieve the seamless combination of the LF and HF sections. The
proposed method can measure the current from dc to hundreds
of megahertz and achieve compact size and galvanic isolation
as well.

The rest of the article is organized as follows. The design
consideration of the TMR-based LF measurement section is
presented in Section II. The Rogowski coil-based HF measure-
ment section is introduced in Section III. The signal conditioning
circuit in order for seamless combination of LF and HF sections
is discussed in Section IV. A current probe based on the proposed
method is implemented in Section V with comprehensive exper-
imental validation and comparison with commercial products.
Finally, Section VI concludes this article.

II. TMR-BASED LF MEASUREMENT

With the commercialization of TMR IC in recent years, the
TMR has become more and more popular in the measurement
of the LF magnetic field from dc to several megahertz with
high sensitivity and small size, eventually reflecting the targeted
current which induces the magnetic field. Here, the TMR sensor
is used for LF current measurement. It is important to arrange
the location and number of TMR ICs properly.

N pieces of TMR ICs are placed as shown in Fig. 2(a),
circulating the targeted current /,;;. The TMR IC used in this ar-
ticle is composed of four tunnel effect-based magneto resistors,
forming a Wheatstone Bridge. Within the saturation region of the
magneto resistors, the output voltage of the TMR IC has a linear
relationship with the magnetic field in the sensitive direction,
which is placed as the orthogonal direction of I,,;. Therefore,
the output voltage of TMR IC reflects the magnetic flux @,
within the IC area as shown in Fig. 2(a).

Defining the mutual inductance M as the ratio between I;,,;
and @y,. In the ideal case that I},,; is in the center of the circle
and absolutely orthogonal with @,,,, all TMR ICs have the same

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Fig. 2. TMR-based LF current measurement. (a) Schematics of TMR IC
arrangement. (b) /i with inclination angle. (c) I,ri With eccentric distance.

output voltage, and M can be represented as

_ o, (B2
_271' Rl

where oy = (kx2m)/N, k = 1,2, ...N, indicating the location
of each TMR IC, R; and R5 are inner and outer diameter, / is
height of the TMR IC area. Ry, R>, and & are 9, 10, and 1.5 mm,
respectively.

Nonideal cases should be considered as well, including that
I,yi has an angle of inclination shown in Fig. 2(b) and eccentric
distance shown in Fig. 2(c). M can also be derived in these cases.

For I,,,; with an inclination angle, M can be represented as

e
Ry
cost

X
v/1 — sin26sin2 g v/cos26 + sin2fcosay
while for /,,; with eccentric distance, M equals to

oh R% + AR? — 2RoA Rcos (Oéo)
M ===
(20) = G (R% + AR? — 2R, ARcos (ay) ©)

where 6 is the inclination angle and AR is the eccentric distance.

The average output voltage of overall TMR ICs is used as the
outcome of the LF section. Therefore, the average value of M of
all TMR ICs should be stable in all cases. A differential factor
F is used as the judgement

[ M - NM,|
N M,

where M|, is labeled as M in the ideal case (i.e., without eccentric
distance and inclination angle), which can be calculated with (1).

A lower F indicates better performance of the LF section. The
required N is simulated with various # and AR, under F = 0.1%
and 1%, respectively, as shown in Fig. 3. It should be noted
that AR/R > 1 means that I,,; is not within the circle of TMR

M (o) (1)

_ Hoh

M (ao) 2w

@)

F “
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Fig. 3. Simulated results for relationship of N — 6 and N — AR.
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Fig. 4 Schematic diagram of the Rogowski coil.

ICs. In this case, F' indicates that whether the impact of the
current outside of the circle can be neglected. It can be seen
that a larger N can obviously improve the accuracy, but increase
the cost and size as well. Here, the current probe is designed
for the measurement of the power semiconductor module with
a relatively fixed location of /. Generally, 0 is less than 60°,
and AR/R is less than 0.5 or larger than 2. In order to achieve
F=0.1%, N = 8 is selected here, meaning that 8 pieces of TMR
ICs are placed.

III. ROGOWSKI-BASED HF MEASUREMENT

The Rogowski coil has been widely applied in the HF current
measurement up to hundreds of megahertz. The mutual induc-
tance between the Rogowski coil and the targeted current can

be easily derived as
I ( 22
nl =2
Ry

where Ri, Ry, and h are inner diameter, outer diameter, and
height of the Rogowski coil, respectively, and N is the turn of
the coil. Ry, R2, h, and N are selected as 4.5 mm, 6.5 mm, 1.2
mm, and 19 turns. As shown in Fig. 4, the Rogowski coil is
implemented in a four-layer PCB. The top layer and bottom layer
are used for the layout of N turns whereas the mid layers are used
for the return loop. In order for the HF response improvement,
it is critical to understand the impact of parasitic parameters.

poNh
2

M =

(&)

A. Derivation of Lumped Impedance

The equivalent circuit model of Rogowski coil considering
the distributed parasitic parameters is given in Fig. 5. Cyyo and
Cigo are the equivalent serial and parallel parasitic capacitance
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Iout

. | Codar - R
Zcqn )uln i = :|-_| '
Tu.—m, a=aq, T

Equivalent circuit model of Rogowski coil.

? a=0

Fig. 5.

a=agtda T

of each turn, respectively. Lyy and M are the self inductance and
mutual inductance of each turn, respectively. Ry is the equiva-
lent parasitic resistance and Ry, is the load resistance, which is
designed to match the output impedance of the Rogowski coil.
The transfer function of the Rogowski coil Zyr can be derived
similarly to that of the transmission line [43]
Vout JwMoRy,

Z = — =
HE Tori v (Zo + Rpcoth (yay))

where Zo = \/Zeqo/Yeqo » and ¥ = /ZeqoYeqo - v Tepresents

the location of Ry, as shown in Fig. 4. In the HF range,
|[jwLso| > Ro. Meanwhile, Cyyp is very low and can be ne-
glected. Therefore, (6) can be derived as

T jwMRL
HE™ Jwls +wy/LCrgRpcot (w\ /LsCtg)

where L; and Ciz are lumped self inductance and parallel
parasitic capacitance of the Rogowski coil (i.e., Ly = a)Lgo,
Cig = 01Cig0). Ls and Cyg can be obtained from Q3D simulation
or measured with impedance analyzer. The HF response can be
improved by reducing Cy,. Cig could be reduced to several pF,
but it is difficult to totally eliminate the impact of Cyg.

(6)

(N

B. Impact of Load Resistance

The characteristics of Zyp in (7) is determined by the ra-
tio of the first item and second item of denominators. In the
LF region (S1), where w/L;Cyy < m/4, cot(w\/LsCyq) =
1/(wy/LsCy). Equation (7) can be derived as

jwMRL

Jyp ~ ————.
oL + Ry,

®)

With increasing frequency (S2), where 7/4 < w\/ITCtg <
37 /4, cot(wy/LsCyy) changes from 1 to -1. If the second item
of the denominator in (7) can be neglected, Zyr is still relatively
stable.

In HF range (S3), where w/L;Cyy — 7, cot(wy/LsCtg) —
—00. Zir becomes zero and the Rogowski coil can not work in
this region. Here, the resonant frequency of the Rogowski coil
is defined as

frs =1/ (2y/L:Ciy)

the bandwidth of the coil can only be lower than fies.

&)
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Fig. 6. Simulation configuration of Rogowski coil. (a) Key parameter simu-
lation with Ansys Q3-D. (b) HF response simulation with Ansys HESS.

TABLE II
SIMULATED AND EXPERIMENTAL RESULTS OF ROGOWSKI COIL

400MHz 800MHz

Parameters Simulation Experiment Error
Self inductance L 97 nH 103 nH -5.8%
Mutual inductance M 1.63 nH 1.65 nH -1.2%
Parasitic capacitance C, 7.7 pF 7.2 pF 6.9%
40 90
ML RUCHE
2 Oscillation at 0.5/ §;,I\\ ! i |
; A 45
0.25fres | A1
g 0 o h
N ™= e \ ﬂ[k \
N ;
::E 1

) Phase of Zy

s
O

‘
!
20 4
/’
i, fou =579 Mz |
/__..
-6()/ S1

-80 90
10* § 107

| R=68Q "
——-R =68kQ Vi

\NJ

T R (I R [ L T L TAN (1

f/Hz f/Hz

Fig. 7. HF response of Rogowski coil under various Ry,

The load resistance Ry, plays a key role to maintain the HF
response of the Rogowski coil. Three types of conditions are
considered here.

1) When Ry, is very high, in S2, the impact of the second item
of the denominator in (7) becomes great. Ziyr changes
severely in S2. Therefore, the Rogowski coil can only
operate normally in S1 and the bandwidth is lower than
0.25f1es-

When Ry, is very low, in S1, Zyr is already close to 0. The
Rogowski coil can not work properly even in LF region.

The criteria to select the Ry, is that |jwLs| < Ry in S1
but |jwLs| > Ry, in S2. With a proper Ry,, there is no
significant change of Zyp in S2 considering the second
item can be ignored. The bandwidth could be higher
than 0.25f,..s. A proper Ry, is critical to improve the HF
performance from 0.25f;c5 t0 0.75f 1.

The key parameters of the Rogowski coil are simulated with
Ansys Q3-D model as shown in Fig. 6(a). Ly and Ci, are
also experimentally characterized by a Vector Network An-
alyzer (VNA) Keysight E5061B. M can be obtained by the
amplification factor of the HF measurement results. The sim-
ulated and experimental results are compared in Table II. The
frequency-domain HF response of the Rogowski coil can also
be simulated in Ansys HFSS with the model in Fig. 6(b). The
simulated HF response with various Ry, is given in Fig. 7. fies
is designed as 579 MHz. The HF responses of Rogowski coil

2)
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Fig.8.  Signal conditioning circuit of the proposed hybrid current measurement
approach.

with Ry, = 6.8 k{2 and 6.8 (2 are compared. It can be seen that
with a high Ry, = 6.8 k{2, there is an oscillation around 0.5f;cs,
highly limiting the HF response in S2. With Ry, = 6.8 (2, the
oscillation from 0.25fcs to 0.75f;¢s is obviously suppressed,
which is helpful to improve the HF bandwidth of Rogowski coil.

IV. SIGNAL CONDITIONING CIRCUIT

The signal conditioning circuit consists of two parts including:
1) signal conditioning for the TMR and Rogowski coil respec-
tively based on their transfer functions; 2) signal conditioning
for seamless combination of LF and HF sections.

The transfer function of TMR Zir and Rogowski coil Zyp
can be represented as

Ao Lr

Np R —— 10

LF ™ T jwlir (10)
MRL jWTHF

Zup & - 11

HE N T Tt T (b

where Ag 17 is the amplification factor of TMR IC and different
for various model numbers. 77, is the time factor of the TMR IC
which is roughly 1 us level. Here, the TMR is only used for the
frequency range up to tens of kilohertz. Typ is the time factor
of the Rogowski coil and equals Ls/Ry,.

The signal conditioning circuit is given in Fig. 8. The output
of TMR IC vpyr passes through a follower and subtractor by
adding a bias voltage vpias. The output of the circuit is vpjas-
VTMR- VBias 1S configured to ensure the output voltage equals
zero when I, is 0. Afterward, the signal can be combined with
the output of Rogowski coil vrego using the circuit on the right
side.

In order to match the impedance of the Rogowski coil Zyp,
R1C; equals Tyr [15]. Considering R; is much lower than Ro
and R3, the transfer functions of signal conditioning circuits of
TMR Hpr and Rogowski coil Hyr can be described by

Ro/Rs
Hpr ———— 12
YT T (2
Teor (1 + jwTi
Hye > Lol I i) (13)

- THF (]- + jWTcor)
where T.or = R2C1. The transition frequency between TMR and
Rogowski coil feor = 1/(2nT¢o;). The TMR will dominate the
output below f.., while the Rogowski coil will play a major role
upper f.o,. Considering the limited bandwidth of TMR IC, f,o,
can be selected as tens of kilohertz.
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Fig. 10. Experimental and fitting results of TMR during switching transients.

The output voltage of TMR and Rogowski coil considering
the signal conditioning circuit can be represented as

Ao rR2/R3
VipP= —/——"— [ 14
T T P 19
MR;,  jwTeo
Var = - 15
R R (13)

The seamless frequency transition can only be implemented
when the amplification factors of TMR and Rogowski coil are
the same, indicating Ag 1,rR2/R3 = MRy /L.

With the combination of the outputs of the TMR and Ro-
gowski coil, the overall output of hybrid current measurement
Vs can be described by

Ves = Vir + Var = Zcs Lpii- (16)

The function of the signal conditioning circuit can be ex-
plained as shown in Fig. 9. The self-integration frequency of
Rogowski coil f;; is equal to Ry /(2wLs). The TMR bandwidth
Jur here is 650 kHz. The experimental results of the output of
TMR IC during switching transients are shown in Fig. 10. The
reference in Fig. 10 is the experimental waveforms with both LF
and HF sections. The experimental results are the tested output of
TMR IC. If the TMR is modeled as a first-order low pass filter
(LPF) with a bandwidth of 650 kHz, it can be seen that even
though the rise/fall time is similar with experimental results, but

2163

Height
4.5mm

I TCP0020: 13.6mm

TMR ICx8 ~ ~
PCB Rogowski~| S
e 2./|Signal
Shielding~—_] =
Sife—
R Power

Metal bolt
Bus bar terminal
«—Shielding layer

Nylon

-\'\Pmposed probe PCB
Power module terminal
*—062mm power module

(b)

Fig. 11. Proposed current probe prototype. (a) Picture of prototype.
(b) Schematic diagram of installation.

there is a significant delay, which is about hundreds of nanosec-
onds in experimental waveforms which cannot be described by
the first-order LPF. Here, a Gause weighted moving average
filter (GWMATF) is used to model the TMR, as represented as

(4 2

" [y exp {——“’ ¢ tu/2) } z (p) dp
Yy = 2

‘/‘tt*t() exp {_ [p—(t;;o/Q)] } dp

where 7 and o are selected as 1.8 us and 0.36 us respectively. It
can be seen with the GWMAPF, the fitting waveforms can match
with the experimental results. Meanwhile, in order to avoid the
impact of the delay from the TMR IC, the transition frequency
Jeor 1s configured as 10 kHz by properly selecting Ry and Cj.

a7)

V. PROTOTYPE AND EXPERIMENTAL VALIDATION

A dc-200 MHz current probe prototype with =150 A range
is developed as shown in Fig. 11. The height is only 4.5 mm,
which is much thinner than Tektronix’s commercial current
probe TCP0020 with 20 Arms current range and dc-50 MHz
bandwidth. The key parameters of the prototype are given in
Table III. The current range is mainly determined by the am-
plification factor of TMR IC. The TMR IC used here has a
B-V linearity region of + 60 Gs. Considering the size of the
sensor head, the magnetic field to current ratio can be calculated
as 0.2 Gs/A. With consideration of the uneven distribution of
magnetic field among all TMR ICs due to the impact of external
conductors, a margin of 2 is used here to make sure all TMR ICs
are within their linearity region. Therefore, the current range
can be calculated as +150 A. A higher current range can be
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TABLE III
KEY PARAMETERS OF PROPOSED HYBRID CURRENT PROBE

Parameter Value
Transition frequency feor 10 kHz
Self-integration frequency of Rogowski f; 10.5 MHz
Resonant frequency of Rogowski fres 579 MHz
TMR IC model number TMR2652BD
Amplification factor of TMR IC A r 5mV/A
Self inductance of Rogowski L 103 nH
Mutual inductance of Rogowski M 1.65 nH
Load resistance of Rogowski R, 6.8Q

3cm*3cm
3cm*10 cm

Size of the probe’s measurement terminal
Size of the probe with conditioning circuit

Fig. 12.  Current measurement approach with shielding layer.
< <
W I Q
FO& 5O &
K59 A
e E
(@ (b)
Fig. 13.  Placement of TMR ICs. (a) Conventional placement. (b) Placement

considering the temperature impact.

achieved by selecting a TMR IC model number with a larger
linearity region and a lower mutual inductance for Rogowski
coil, but the sensitivity will be reduced.

A. Implementation Considering Noise and Temperature

The high dv/dt during switching transients may cause interfer-
ence issues for the measurement, especially the noise immunity
for TMR IC is generally unknown. Two efforts have been done
to improve the dv/dt immunity: 1) a shielding aluminum layer
is placed as shown in Fig. 12 to isolate the dv/dt impact on the
TMR IC and the Rogowski coil; 2) the proposed current probe is
powered by a battery to avoid the common mode current induced
by high dv/dt.

Considering the temperature change by hostile environment,
etc., the temperature immunity design is important for the cur-
rent measurement approach. There are four methods applied here
to enhance the temperature immunity including the following.

1) Half of the TMR ICs are placed in a reverse direction as

shown in Fig. 13. By this way, the voltage bias on the TMR
ICs induced by the temperature change can be perfectly
neutralized.
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Fig. 14. HF bandwidth test using VNA for proposed current probe and
commercial Rogowski coils.

2) Resistors with high resolution (0.1%) and low-
temperature drift (100 ppm/°C) are applied for signal
conditioning circuits.

A large area of copper ground layer and thermal conduc-
tive thermal pad are used to enhance the thermal dissipa-
tion capability of the current probe.

The input impedance of amplifier is matched to avoid
the impact of the temperature drift current bias from the
amplifier.

3)

4)

B. HF Bandwidth Test

The HF bandwidth is mainly determined by the bandwidth of
Rogowski coil and its signal conditioning circuit. With Ry, the
HF response of Rogowski coil can be improved from 0.25f;¢5 to
0.75f;¢s, and the bandwidth can be higher than 0.25f,..s which is
145 MHz. The HF bandwidth can be measured by VNA Keysight
E5061B. S1 of the VNA is used to supply a HF current with
capability of less than 10 mA. S2 is connected with the output
of the current probe. The HF bandwidths of the proposed current
probe and commercial PEM’s Rogowski coil are measured and
compared in Fig. 14. The tested HF bandwidths of commercial
CWT Mini50HF 1B and CWT UMO6B are 56 MHz and 43 MHz,
respectively, which are close to their bandwidths in datasheets
(i.e., 50 MHz and 30 MHz). Considering the bandwidth limita-
tion of the signal conditioning circuit, the overall HF bandwidth
of the proposed current probe is approximately 200 MHz, which
is better than the commercial Rogowski coils.

C. Switching Performance Test

A CREE’s CAS120M12BM2 1.2 kV/120 A SiC MOSFET
half-bridge power module with a typical 62 mm module package
is used for the current measurement validation. The switching
characteristics are tested in a multiple-pulse test platform. The
testing results are compared with a commercial shunt T&M
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Fig. 15. Current measurement results of SiC MOSFET power module using

proposed current probe and commercial shunt. (a) Overall waveforms of multiple
pulse test. (b) Switching transient waveforms.

SSDN-414-01 with dc-400 MHz bandwidth, as shown in Fig. 15.
Fig. 15(a) shows the overall waveforms of the multiple pulse
test, demonstrating the proposed prototype can provide good
performance from LF to HF. The measurement output of LF and
HF sections are also given in Fig. 15(a). The current waveforms
during turn-ON and turn-OFF transients are given in Fig. 15(b).
It can be seen that the testing results of the proposed current
probe are nearly the same as that of the T&M shunt. The peak
error is less than 1.5%, validating the accuracy of the proposed
current probe for power semiconductor’s fast switching charac-
terization.

D. Continuous Pulse Test

The proposed current probe is also validated by a continuous
pulse test in a Buck converter with 20 kHz switching frequency.
Due to the output power limitation of the testing platform, the
dc current rating is configured as 15 A and the peak current
during switching transients is around 50 A. The testing results
are compared with T&M SSDN-414-01. The testing waveforms
from O to 3 ms and from 45 to 48 ms are given in Fig. 16 with
zoom-in waveforms of switching transients and a single pulse.
It can be seen that the testing results are nearly the same in
long-term operation, validating the accuracy of the proposed
current probe from dc to HF range as well as stability in the
long-term operation. Therefore, the proposed current probe can
be used for the multitime-scale current measurement of power

2165
50 T 50 r .
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Fig. 16.  Continuous current measurement of Buck converter using proposed

current probe and commercial shunt with zoom-in single pulse waveforms and
switching transient waveforms.
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Fig. 17. Testing results comparison during the turn-off transient of SiC
MOSFET using proposed current probe and commercial current probes.

converters, where both switching characterization and long-term
performance testing are required. The current difference in
testing results during switching transients is less than 2 A. It
may be caused by common mode noise differences between the
two types of approaches. A new common mode noise path will
be provided by the shunt, but disappear if the proposed current
probe is used due to the galvanic isolation.

E. Comparison With Commercial Current Probes

The proposed current probe is compared with two types of
commercial current probes: 1) Rogowski coil CWT Mini5SOHF
1B with a bandwidth of 1 Hz-50 MHz and CWT UMO06B with
a bandwidth of 1 Hz-30 MHz; and 2) Shunt SSDN-414-01 with
a bandwidth of dc—400 MHz.

The zoom-in current during the turn-OFF transient of SiC
MOSFET power module is given in Fig. 17. The fall time of
the current is 20 ns and peak di/dt reaches 10 A/ns. It can be
seen that with 30 MHz and 50 MHz Rogowski coils, current
speeds are lower than that using the proposed current probe and
shunt. It means that the commercial Rogowski coils are not fast
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Fig. 18. Power stages of switching characteristics testing platform. (a) With
shunt and proposed current probe. (b) Only with the proposed current probe.

enough for current measurement during switching transients of
SiC MOSFETs. Meanwhile, the testing results of the proposed
current probe and the shunt are nearly the same, demonstrating
a better accuracy for fast switching characterization.

Even though the shunt has higher bandwidth and better per-
formance for fast switching transients, but the shunt has to be
inserted into the power stage thus changing the commutation
loop including the stray inductance, etc. The power stage with
the proposed current probe and shunt are compared in Fig. 18,
with the schematic diagram of the platforms given in Fig. 19.

Because the commutation loop becomes much longer with
the shunt, the stray inductance is obviously higher even though
using a laminated busbar design for the shunt. The switching
characterization results with two kinds of power stages are given
in Fig. 20. With the shunt in the power stage, the fall time of the
current during the turn-OFF transient increases from 12 to 16 ns
and the peak voltage increases from 250 to 350 V. The stray in-
ductance has a significant impact on the switching characteristics
of power modules, especially for fast-switching WBG devices.
The proposed current probe is beneficial to measure switching
characteristics in practical power converters without change on
the power stage.

VI. CONCLUSION

A novel hybrid current measurement method is proposed and
implemented in this article, including TMR-based LF measure-
ment section, Rogowski coil-based HF measurement section,
and signal conditioning circuit for seamless frequency combi-
nation. There are three major advantages of the proposed current
measurement method, including: 1) high bandwidth from dc to
200 MHz; 2) compact size with a height of 4.5 mm; 3) galvanic
isolation without common mode noise path and safety issue.
Due to the advantages, the proposed current probe is beneficial
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to the characterization of fast-switching power semiconductors
as well as power converters using these devices.

The accuracy and stability of the proposed current probe are
experimentally validated with a double pulse test and continuous
pulse test. The advantages of the proposed current probe are
demonstrated by comparison with commercial probes including
that: 1) compared to commercial Rogowski coils with 50 MHz
bandwidth, the proposed current probe can achieve better HF
performance due to its higher bandwidth; 2) compared to com-
mercial shunts, the proposed current probe can be used for power
semiconductor characterization in real power converters without
change of the power stage.

APPENDIX

A. Derivation of Mutual Inductance for TMR and Rogowski

The magnetic flux density of a long straight conductor can be
represented as
Mo I pri

B = /P Al
2mr (AD)
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The magnetic flux can be derived by integrating B in the
desired area

R2 I
(I)m _ /NO pri dr
27r
Ry
MOhIpri R2

(A2)

Defining the mutual inductance M as ratio between /,,; and
@y, M of a single turn can be represented as

n(R2).

Ry
For Rogowski coil with a large number of turns, the total M
with NV turns can easily be obtained

Nh
— ko ln(

2w
If there is an inclination angle 0 for I,,,; as shown in Fig. 2(b),
the distance between the turn and /,,,; can be represented as

d = R+/1 — sin20sin2ay.

[ is angle between the normal vector direction of the turn and
the direction of B induced by I, satisfying that

D, o /~L0h
Ii 27

M = (A3)

Ry

M 2
R’

(A4)

(A5)

1
cosfp = . A6
P V1 + tan26cos?aq (A6)
M can be derived as
NOh R2 R
M= |2 e -t
[271- H(Rl)] dcosﬂ
_ koh In ( Ry ) cosf

27 Ry ) /1 — sin20sin2ag+/cos26 + sinZ0cos2ay

(A7)

If there is eccentric distance AR for I;,,; as shown in Fig. 2(c),
the equivalent integration area changes from [R;, R2] to

21 = R? + AR? — 2R;ARcos (ap)

Z9 = R% + ARQ — 2R2ARCOS (OZ())' (AS)

M can be derived as

Z2

M=h |
2mr
21
_ hkoh N R% + AR? — 2Ry ARcos (ayp) (A9)
4w R? + AR? — 2Ry ARcos (ag) )

It can be seen that if there is an inclination angle and eccentric
distance, M changes with the position of turn (i.e., ).

B. Derivation of Equivalent Impedance of Rogowski Coil

The transfer function of the Rogowski coil Zyr is similar with
transmission line, which has been well known as
_ JwMoRy,

v (Zo + Rrcoth (yay))

ZyF (A10)
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where Zy = \/Zeqo/Yeqo » and v = \/ZeqoYeqo - Considering

Ctit0, Ro and M can be ignored compared to Lyg, Zy and y can
be described by

Zo = \/Lso/Cigo ;v = jwy/LsoCtq0 (A11)
oy represents the location of Ry, satisfying that
L= L807 Ctg = o CthaM = a; My. (Alz)
Therefore, Zyr can be represented as
jwMR,
JOT L (A13)

Zgp = .
e jwls +wy/LCigRpcot (w\/LSCtg)
With a relatively LF, w/LCy, is small, satisfying that

cot (w@) ~ !

_— Al4
Wi/ Ls Ctg ( )
Zyr can be simplified as

- jwMRL
© jwLs+ Ry’

With a HF, w./LCy, could reach m, satisfying that

cot (wy/LsCrq) — 00

It is easily obtained that Zyr = 0 according to (A13).

Zur (A15)

(A16)

C. Derivation of Signal Conditioning Circuit
As shown in Fig. 8, the output of the conditioning circuit Vg
satisfies that
VCS - VRogo _ VRogo + VRogo + VTMR
Rg/ (1 —|—ij201) Rq R3 '

In the case that Rq is much smaller than Ry and R3, (A17) can
- be simplified as
R2 (]. +ij101)
= - Rogo +
R, (1 +ij201)

(A17)

Ry/R3 Vi
1 +ij201 MR-
(A18)
Equations (12)—(16) in Section IV can be obtained accord-

ingly.
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