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Abstract—Current sense resistor (CSR) is widely used due to
cost and integration considerations in industrial applications. How-
ever, when CSRs are used to sense transient currents caused by
power device switching, especially fast-switching silicon carbide
(SiC) metal-oxide-semiconductor field-effect transistors (MOSFETS)
with high di/dt, even a tiny parasitic inductance in CSRs bring a
significant impact on its sensing performance. This article proposes
a low-cost well-performance and easy-to-design current sensing
circuit that uses the CSRs and an LR compensation network
(LRCN) to compensate for the effect of parasitic inductance on
transient current sensing. In order to support the parameter selec-
tion of the LR network, the effects of parameters such as parasitic
capacitance, parasitic inductance, and loads on the performance
of the proposed current sensing circuit are analyzed in detail.
Meanwhile, a parasitic inductance measurement method that only
needs passive probes is proposed to measure and calculate the
parasitic inductance of CSRs. This circuit can not only sense the
transient current on the printed circuit board level but also observe
the transient current on the oscilloscope through a coaxial cable
connection. Finally, experimental studies under an inductive load
double pulse test setup with SiC MOSFETs are carried out to verify
the validity and feasibility of the proposed transient current sensing
circuit. Only a high self-resonant frequency inductor and a surface
mounted device resistor are needed to form the LR network to fully
compensate the effect of parasitic inductance on CSRs.

Index Terms—Current sense resistor (CSR), double pulse test
(DPT), parasitic inductance, silicon carbide (SiC) metal-oxide-
semiconductor field-effect transistor (MOSFET), transient current
sensing.

NOMENCLATURE
CSRs Current sensing resistors.
CSB Current sensing board.
DPT Double pulse test.
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1. INTRODUCTION

HE method of sensing and viewing currents using current
T sense resistors (CSRs) is low-cost, easy-to-design, and
high-integration, while providing reasonable accuracy [1] com-
pared with other current sensing method, such as Rogowski coils ';-m fwm
[2]-[5] and active current transformers [6]. However, CSRs can-
not be used to sense transient currents, such as currents caused
by power devices switching, especially fast-switching silicon
carbide (SiC) metal-oxide-semiconductor field-effect transistors
(MOSFETs) [7]-[10], due to the parasitic inductance in CSRs has

LPe
Ls;
Rs
LPe
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significant impacts on the sensing performance.
Fig. 1(a) shows the schematic diagram of the double pulse Ls¢ S
test (DPT) with CSR. Fig. 1(b) presents the parasitic inductance + 'S
of CSR. Where Lp, is the external parasitic inductance that is Rs < s

mainly cause by the printed circuit board (PCB) layout and can -

be minimized by advanced layout. Lg; is the internal parasitic ©

inductance of CSR, which is mainly determined by the material Fig. 1. (a) Schematic diagram of DPT. (b) Parasitic inductance of CSR.
and manufacturing process and varies greatly between different  (c) Equivalent circuit of CSR.

CSRs. The sum of Lp, and Lg; is Lg, the total parasitic inductance
of CSR. According to the CSR equivalent circuit shown in
Fig. 1(c), the sensing voltage vg can be expressed as

% +ipRg. (1)

Even if Lg is as small as 100 pH, the vrg sensing error
can reach 100-600 mV when sensing the fast-switching SiC
MOSFETS with 1-6 A/ns di/dt [ 7], [8]. At the same time, CSRs are
characterized by low values, which normally 0.1-10 m€2 [11] to
minimize the power consumption when used in high-power ap-
plications. Therefore, the sensing error caused by Lg will greatly
affect the sensing accuracy and CSRs cannot directly sense the
transient current. Fig. 2 shows the typical waveforms when using
CSRs to sense the current during turn-ON and turn-OFF transient.

In order to mitigate the parasitic inductance effects on high-
power and high-speed current sensing, coaxial current shunt
resistors [12]-[15] and four-terminal Kelvin current sensing
resistors [16] were studied.

Using the coaxial current shunt resistor is a high-performance
method for sensing transient currents. T&M Research Products
Inc. claims that the equivalent bandwidth of coaxial current shunt Fig. 2.
resistors they produce can be up to 2000 MHz [15]. As shown
in Fig. 3(a), the coaxial current shunt resistors utilize its coaxial
construction to create a no magnetic field inside [12]. When output

vs = vLs + vrs = Lg

(b)

Typical waveform. (a) Turn-OFF process. (b) Turn-ON process.

current flows in the coaxial current shunt resistor through the
. . .. . Inner
inner and outer rf.:smtan.ce tubes,. no significant level of magnetic resistive Uhs ﬂ
flux is produced in the inner cylinder [17]. Therefore, the output
wires can be extended in this region for the current measurement outer b/'
without any induced voltage due to the high di/dt. The equivalent resistive tube
model of the coaxial current shunt resistor is shown in Fig. 3(b) air gap & no
L. . X magnetic fiel +output -
[13]. L; and L are parasitic inductances induced by the coaxial area

current shunt resistors, only a few nH, and have few effects on

the high bandwidth measurements. However, due to the coaxial Ll L .
structure and manufacture craft, coaxial current shunt resistors outer coaxial rner coasial )
are expensive and large in volume. FeEEustE conductor ! Rs

The four-terminal Kelvin connection is used to reduce the ef- (a) (b)

fect of lead resistance and inductance of high-precision resistors

with very low ohmic values in current sensing. The structure and Fig.3.  Coaxial shunt. (a) Internal structure. (b) Equivalent model.
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Fig.4. Four-terminal Kelvin current sensing resistor. (a) Structure. (b) Equiv-
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Fig. 5. Proposed high bandwidth current sensing circuit.

equivalent model of the four-terminal Kelvin current resistor
are shown in Fig. 4, and the current is forced to flow from
terminal 1 to 4. So that the unknown resistances (R and R,) and
inductances (L; and L) caused by leads attached to terminals
1 and 4 do not affect the performance of the current sensing.
And the unknown resistances (Rs and R3) and inductances (Lo
and L3) caused by leads attached to terminals 2 and 3 have
essentially zero effect on the output signal because a very high
input impedance loads are connected [18]. Although the use
of a four-terminal Kelvin connection can avoid the influence
of external parasitic inductance on the current sensing, but the
influence caused by the internal parasitic inductance Lg; cannot
be ignored.

In [19], ten 1-£2 0201 resistors are connected in parallel to
measure the fast switching current of GaN devices. By doing
so, the equivalent Lg; is significantly reduced, but the equivalent
Lp, still exists due to the more complex PCB layout than using
a single CSR. At the same time, the equivalent resistance and
estimated total parasitic inductance are 0.1 €2 and 75 pH, respec-
tively, whose value cannot be used in high-power conditions.

In this article, a current sensing circuit using the LR com-
pensation network (LRCN) to compensate the effect of Lg on
CSR’s current sensing performance is proposed and analyzed
and is shown in Fig. 5. The major advancements of the proposed
method are summarized as follows.

1) Only a high self-resonant frequency (SRF) inductor and

a surface-mounted device (SMD) resistor are needed to
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form the LRCN, which presents the advantages of simple-
structure, high-integration, and low-cost.

2) The proposed current sensing circuit can not only sense
the transient current on the PCB level but also observe the
transient current on the oscilloscope through the connec-
tion of the coaxial cable.

3) The circuit can be flexibly designed according to the
application requirements. At the same time, the parameter
selection is easy and the design process is not complicated.

The rest of this article is organized as follows. The basic op-

eration principles and the effects of parameters such as parasitic
capacitance, parasitic inductance, and loads on the performance
of the proposed current sensing circuit are analyzed in Section I,
which provide the theoretical basis for parameter selection. In
Section III, a parasitic inductance measurement method that
only needs passive probes is proposed to help the parameter
design. The proposed current sensing circuit is evaluated by
experimental results in Section V. Finally, Section VI concludes
this article.

II. CURRENT SENSING AND MEASUREMENT

A. Basic Operation Principle of the Proposed Current Sensing
Circuit

The proposed current sensing circuit consists of a CSR and
two passive components that include an SMD resistor and an
SMD inductor to form LRCN. As shown in Fig. 5, R, is the CSR,
which has a small resistance value of several milliohms or tens of
milliohms to reduce measurement losses. R and L. form LRCN
to compensate for the effects of parasitic inductance on high
bandwidth current sensing. The output of this high bandwidth
current sensing circuit is the voltage vs. on Ro. According to
the proposed current sensing circuit shown in Fig. 5, the transfer
function model Gy.o(s) from i, to vs. can be expressed as

. Zs-Z
Guo(s) = e = Bevie _ Be (, Zovdc ) _ Zs Ro
sc0 iq iq 14 d Zo Zs+ Zc
(2

where Zg =sLg + Rg and Zo = sL¢c + Re. Thus, Ggo(s)
can be expressed as
sLsRc + RsRe
B S(Ls—FLc)—I—(RS—FRc)'
If Lc>>Lg and Rc>>Rg, Gsco(s) can be further simplified
as

GSCO (S) (3)

SLS/RS +1
— §—.
SLC/RC +1

When Lo/ R = Lg/ Rg is satisfied, Gg.o(s) can be expressed
as

GSCO (S) (4)

GSCO(S) = RS~ (5)

From (5), Gsco(s) is frequency independent and is associated
with Rg as a constant value when the current sensing circuit
meets certain conditions that are Lo>>Lg, Rc>>Rg, and Lo/
Rc = Lg/ Rg. It should be noticed that due to Lo>>Lg and
Rc>>Rg are satisfied, the current flowing through the LRCN
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(a) (b)

Fig. 6. Current sense circuit considering different parasitic parameters. (a)
Parasitic capacitance of L . (b) Parasitic inductance of R ¢. (¢) Load capacitance.

TABLE I
PARAMETERS USED IN SECTION II

Components Descriptions

Rs 0.01Q

Ls 0.5 nH

Lc 100 nH to 10 pH
Rc 2 Q to 200Q*
Cc 0.5 pF to 2.5 pF**
e 1 nH to 5 nH**
C. 1 pF to 9 pF**

“The value of R¢ depends on the value of L that satisfies
Lc/Rc = Lg/Rg.

“*These parameters are divided into five equal parts within this
range.

is very small. Therefore, the resistor and inductor that form the
LRCN only need components with small packages.

B. Parasitic Parameters Effects on the Performance of the
Proposed Current Sensing Circuit

1) Cc: Parasitic Capacitor of Lc: According to the current
sensing circuit considering the parasitic capacitor of L shown
in Fig. 6(a), the transfer function model Gg.;(s) from iy to vy
considering C¢ the parasitic capacitor of L can be expressed
as

Vse ZS . RC
Goor(5) = == = 2520 6
) =5 = Zs v 2o ©
where ZS = SLS + RS and ZC = % +RC ThUS,

Gic1(s) can be expressed as
Gse1 (5)
_ (sLs + wRS)(SQOch + 1)Re
(SLS + Rs)(S2CCLC + 1) 4+ 52CcLcRe + sLo + RC'
(7
If Lo>>Lg, Rc>>Rg are satisfied, Gg.1(s) can be further
simplified as

<51L%S+1) (SZCch + 1)

(S% + 1) +52Cc Lo

Gye1(s) = Rs (8)

According to (8) and the parameters listed in Table I, con-
sidering the influence of C ¢, the characteristics of the proposed
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Fig. 7. Calculated characteristics of proposed current sensing circuit affected

by C¢ from 0.5 to 2.5 pF. The inductance of L¢: (a) 10 pH, (b) 4.7 uH, (¢) 2.7
©H, (d) 1 ©H, (e) 470 nH, and (f) 100 nH.

current sensing circuit in the frequency domain can be calculated
and depicted in Fig. 7. The effects of C¢ from 0.5 to 2.5 pF on
the current sensing circuit are show in Fig. 7 when the values
of L¢ are 10 pH, 4.7 pH, 2.7 pH, 1 pH, 470 nH, and 100
nH, respectively. The magnitude of G4.; under low-frequency
conditions is 0.01, which is the value of Rs. But as the frequency
increases, the magnitudes of Gg.1 decays, and the larger is C¢,
the faster the signal decays. For Fig. 7(a)—(c), the magnitudes
of Gg.1 have corner frequencies within the range of 100 MHz.
As the value of C¢ decreases, the corner frequency increases.
For Fig. 7(d)—(f), the corner frequency can be higher than 100
MHz. As the value of L decrease, the decay rate of magnitudes
of Gg.1 decreases, thus the current sensing circuit can obtain
a higher bandwidth. In conclusion, when only considering the
effects of C¢, the values of Lo and C¢ should be as small as
possible to achieve higher bandwidth.

2) Lpc: Parasitic Inductor of R: According to the current
sensing circuit considering Lrc the parasitic inductance of R ¢
shown in Fig. 6(b), the transfer function model Ggc2(s) from iy
to vg. considering Lgyc can be expressed as

vse  Zs (Rc + sLrc)

ia Zs+Zc

where Zg = sLs + Rg and Z¢ = s(L¢ + Lre) + Re. Thus,

Gc2(s) can be expressed as

82LRcLs + s (RcLs + LRCRS) + RcRg
s(Ls+ Lo + Lrc) + Re + Rs

GSCQ (5) - (9)

Gsc2 (3) -

(10)
If Le>>Lg, Ro>>Rg are satisfied, Gg.2(s) can be further
simplified as

Lg 2 LrcLs Lrc
(sRs—H) + 8" Foms 5y

GSCQ(S) = RS (11)

(s—u ;{é —|—1)
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Fig. 8. Calculated characteristics of proposed current sensing circuit affected
by Lrc from 1 to 5 nH. The value of L¢: (a) 10 pH, (b) 4.7 pH, (c) 2.7 pH,
(d) 1 pH, (e) 470 nH, and (f) 100 nH.

According to (11) and the parameters listed in Table I, consid-
ering the influence of Ly, characteristics of the proposed cur-
rent sensing circuit in the frequency domain can be calculated,
as depicted in Fig. 8. The influence on the parasitic resistance
Lyc from 1 to 5 nH are shown in Fig. 8 when the values of
Lc are 10 pH, 4.7 pH, 2.7 4H, 1 pH, 470 nH, and 100 nH,
respectively. As shown in Fig. 8(a)—(c), when the value of L is
larger than 2.7 pH, the change of Lrc has almost no effect on
Gsc2- When the value of L is within the range of 1 pH to 470
nH, the change of the value of Ly has acceptable effects on
Gsc2, which is shown in Fig. 8(d) and (e). In these conditions,
the worst-case error is less than 5%, therefore the effect can be
neglected. As depicted in Fig. 8(f), when the value of L is 100
nH, the effect on the magnitudes of Gy.o becomes significant
as Lrc increases. In summary, when the value of L. is large
than 470 nH, the effect of Lgrc on the magnitudes of Gy.o can
be neglected.

3) Load Effect: The loads analysis can be divided into two
cases, one is with the normal load, and the other is that the
output signal of the proposed current sensing circuit v is sent
directly to the oscilloscope. The schematic diagrams of these
two conditions are illustrated in Fig. 9.

In Fig. 9(a), a normal load such as a high-speed operational
amplifier, a high-speed comparator, a high-speed ADC chip, and
a voltage probe has several pF input capacitance Cy, and several
M input resistance Ry. At this condition, Ry, is thousands of
times larger than R ¢, thus the effect of R, on R can be ignored.
Therefore, only C, is considered here.

According to the current sensing circuit considering Cyp,
shown in Fig. 6(c), the transfer function model Gg.3(s) from
iq to v considering the load capacitor can be expressed as

_ Re s (12)
iq _SRO0L+1 Zs+ Zc

/USC

Gsc?)(s) =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 12, DECEMBER 2020

Current sensing | Normal loads
circuit (@)

Current sensing : Oscilloscope
circuit (b)

Fig. 9. Schematic diagram of the sensing circuit with different loads. (a)
Normal loads. (b) Oscilloscope.

where Zs = sLg + Rs and Zo = sL¢ + Rc/(sRcCL +1)
Thus, Ggc3(s) can be expressed as

(SLS + Rs) Reo
(s(Ls 4+ Le¢) + Rs) (sReCL + 1) + Re
If Lo>>Lg, Rc>>Rg are satisfied, Gg.3(s) can be further

simplified as
(SJLTE + 1)

(sﬁ—g + %) (sRcCp +1)+1

GSCS(S) =

. (13)

Gses(s) = Ry (14)

According to (14) and the parameters listed in Table I, con-
sidering the influence of Cy,, the characteristics of the proposed
current sensing circuit in the frequency domain can be calcu-
lated, as depicted in Fig. 10. The influence on Cy, from 1 to
9 pF are shown in Fig. 10 when the values of L are 10 pH,
4.7 uH, 2.7 pH, 1 pH, 470 nH, and 100 nH, respectively. The
dc magnitude of Gg.3 is 0.01, which is the value of Rg when the
value of L is large. However, when the value of L is less than
1 1H, the dc magnitude of Gg3 is slightly less than 0.01, which
is mainly because the value of R¢ decreases as the value of L
decreases to satisfy Lo/Rc = Lg/Rs. Under dc conditions, too
small R ¢ affects the magnitude of G4.3. On the other hand, it can
be seen from Fig. 10 that when the value of Cy, increases, but is
within 5 pF, the value of L and frequency have an acceptable
effect on the magnitude of Gg.3, When the value of L¢ is less
than 2.7 uH, as shown in Fig. 10(c), (d), and (f), further increase
in Cy, has almost no effect on G4.3. However, when the values
of Lc are 10 and 4.7 H, a further increase in Cy, will apparently
reduce the magnitudes of Gg.3, as depicted in Fig. 10(a) and (b).
That is, when the value of L. is larger than 2.7 uH, Cp, should
be controlled within 5 pF to obtain a higher bandwidth, when
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Fig.10. Calculated characteristics of proposed current sensing circuit affected

by Cy, from 1 to 9 pF. The value of L¢: (a) 10 pH, (b) 4.7 pH, (b) 2.7 pH,
(c) 1 puH, (d) 470 nH, and (f) 100 nH.

the value of L¢ is less than 2.7 pH, the effects of Cr, on Ggcs3
are weak and can be neglected.

In Fig. 9(b), vy is directly sent to an oscilloscope with 50 €2
input resistance Rpg. At this condition, the constraint of the
proposed circuit becomes

Ls _ Lc

_ Lc
Rs  Ros

o (15)

C. Design Recommendations

As discussed above, to guide the design of high bandwidth
current sensing circuit, the following design recommendations
can be summarized.

1) The value of L should be no more than 4.7 ;4H to minimize
the effect of C ¢, and should be larger than 470 nH to minimize
the effect of Lrc.

2) When the value of L¢ is less than 4.7 yuH, Cr, has no
obvious impact on the sensing circuit when using loads such as
high-speed operational amplifier, high-speed comparator, high-
speed ADC chip, and probes because Cy, introduced by them
is small and only a few pF. It is not recommended to use other
values of L¢. If the value of L larger than 4.7uH is selected,
the value of Cy, should be carefully controlled.

3) The value of C ¢ has a significant impact on the performance
of the sensing circuit. Therefore, the compensation inductor
here needs a careful selection. High SRF inductors with SRF
above 50 MHz and designed for high-frequency applications
are recommended. In this article, a 1-pH compensation inductor
with 0805 package and 160-MHz SRF is selected, which means
its equivalent parasitic capacitance is about 0.99 pF. According
to Fig. 7, in this condition, the designed bandwidth of the
proposed current sensing circuit is about 85 MHz.
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Fig. 11. Clad construction of the SMD CSRs. (a) Resistive element. (b)
Terminal. (c) Terminal to element cladding. (d) High-temperature encapsulant.

The signal bandwidth BWy;g41 1s given as follows [20]:

0.35
Bwsignal B

trise

(16)

where 5 1s the rise time of a signal, which is the time it takes
to rise from 10% to 90% of its final value.

At the same time, to obtain an accurate measurement results,
the bandwidth of measurement devices BW ;o1 should be at
least three times higher than the tested signal [20], [21]. That is

BWprobe > 3Bwsigna1- (17)

Combining (16) and (17), a current sensing circuit with 85-
MHz bandwidth can be used to sense signals whose rise time is
as fast as 12.3 ns and can satisfy the requirement of most tested
SiC MOSFETs [7]-[10], [22], [23]. If a faster transient current is
tested, according to Fig. 7, an inductor with higher SRF ora L&
with smaller inductance is recommended.

4) When using CSRs to sense high bandwidth currents, careful
considerations should be given to the skin effects. The clad
construction of the SMD CSRs is shown in Fig. 11 [24]. The
thickness of the resistor element determines the skin effect. To
mitigate the skin effect, on the one hand, all welded construction
of the power metal strip resistors with 0603 package form Vishay
is selected as the CSRs which thickness of resistive element
and high temperature encapsulant is only 0.15 mm, while the
thickness of the conventional 0603 resistors is more than twice.
On the other hand, using multiple CSRs in parallel can further
reduce the skin effect. At the same time, there should be gaps in
the layout of multiple CSRs to avoid the proximity effect.

5) PCB layout and routing should be carefully designed to
avoid electromagnetic interference. Rg, L, and R should be
placed as close as possible. Connecting these three devices
directly by wiring will bring a relatively large loop area, as
shown in Fig. 12(a). Therefore, as shown in Fig. 12(b), it is
recommended to use polygon pour to interconnect RLC here,
and the output wire should be carefully routed between the two
pads of R¢ to ensure a minimum loop area. When R shares
ground with the converter, large ground coverage can effectively
reduce loop area, which is shown in Fig. 12(c).

6) When designing the proposed current sensing circuit, CSR
should be first designed considering the amplitude of the output
voltage and the power loss in different current ratings. Then,
design an LRCN for the selected CSR according to the design
method and considerations discussed in this Section.
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Fig. 12.  PCB layout and routing. (a) Normal. (b) Optimized. (c) Optimized
when shares ground.

III. EXPERIMENTAL PREPARATION
A. Measurement Method of Lg

Before designing a high-bandwidth current detection circuit,
it is necessary to obtain the key parameter Lg through measure-
ment. In this section, a simple and accurate Lg test method is
proposed.

In this article, the experimental setup is the inductive load DPT
setup, as shown in Fig. 1(a). And the typical turn-OFF switching
waveforms of O, are shown in Fig. 12.

The sum of power loop inductance Li,o, and Lg can be
obtained by [25]-[27]

Tl'2il’lg

Ligop + Ls = m

(18)
where Ty is the ringing period of the drain-source voltage,
which is equal to #3 minus #1. Cossa@vin 1S the output capacitance
of Q- at input voltage Vi, . It should be noticed that V;,, should
be larger enough to avoid the change in Coss caused by the
drain-source voltage oscillation of Qs. In this article, V;, is set
to 700 V for SiC MOSFET IMW 120R045M1 to avoid this error.
As shown in Fig. 1, the voltage that can be directly tested by
the probe is vg, and it can be expressed as
Vs = ULs + URs = LS% +ipR,.
It is worth noting that v, is composed of two parts, one is vy
which is related to the Lg and dip/dt and is proportional to the
voltage drop on Li,op, and the other is vgs which is not directly
proportional to Lj.,. However, at #; and f2, vg and vpg reach
their positive and negative peak points, ip is zero at this time
according to the LC circuit resonance law. Thus, at #; and 5, VRs
is zero, and we can obtain that
Lloop + LS

AVpbs
— 20
AVg Ls (20)

19)

where AVpg and AV are the peak to peak values of Vpg and
Vs between #; and t2, respectively.
Combining (18) and (20), we can obtain
Tr2ing A‘/S

Lg = .
5 47T2Ooss@\/'in AVTDS

2
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From (19), it can be found that only the passive voltage probe
is required in the test of Lg by using the test method proposed
in this section. Experimental waveforms are shown in Fig. 13,
L, can be obtained from the measured data, which is 0.303 nH
in our design.

B. Correction

Even though the parameter selection of the proposed current
sensing circuit is based on the theoretical analysis discussed
above, the correction is also needed due to there are some
inevitable errors caused by the measurement deviations and
component parameter tolerances.

In Fig. 14, the test results of the proposed current sensing
circuit with different R o are depicted. The signal with a smaller
R, which is depicted in blue, has a positive oscillating center
at first, and the oscillating center gradually drops to zero. In
contrast, the signal with a larger Ro, shown in green, has a
negative oscillating center until the oscillating center drops to
zero. If R ¢ is a proper value, the oscillation of the test signal will
be centered at zero in the first time. It should be noticed that in
Fig. 14, the value of R is intentionally enlarged or reduced to
show the influence of the parameter on the test results. In actual
design, it is not much different from the proper R and design
R ¢, and some fine-tuning is enough.

IV. EXPERIMENTAL VERIFICATION

A. Experimental Prototype

To validate the performance of the current sensing circuit
proposed in this article, a DPT experimental setup with inductive
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Fig. 15. Experimental test rig. (a) Schematic diagram of DPT. (b) Schematic
diagram of CSB. (c) CSB with normal load. (d) CSB with coaxial cable and
oscilloscope. (e) Test facilities.

TABLE I
PARAMETERS IN THE EXPERIMENTAL SETUP

Components Values Descriptions

0,02 1200 V, 52 A IMW120R045M1 from Infineon
Cin 1.02 mF,900 V Electrolytic capacitors from Lelon
Lioad 150 uH Air core inductor
R, 001 Q,2W 0603 resistors from Vishay
R, 10Q 0805 resistors from Yageo
Lc 1 mH, 160 MHz KLZ2012MHRIROHTD25 from TDK
Rc 130 Q 0805 resistor from Yageo

load is built, of which the schematic diagram is shown in
Fig. 15(a). Fig. 15(b) shows the schematic diagram of the current
sensing board (CSB). The SiC MOSFETs, IMW 120R045M1 from
Infineon, are employed as devices under test. The lower SiC
MOSFET serves as the device under test and the upper one serves
as the freewheeling diode. The oscilloscope is MDO4104C with
a bandwidth of 1 GHz. The current probe TCP0020 (100 A/50
MHz) is employed to detect the drain current of SiC MOSFET Q-,
and the results are compared with the proposed current sensing
method in this article. The voltage probe THDP0200 (1500
V/200 MHz) is used to measure the drain-source voltage of Qs.
The parameters of the components in the experimental setup are
shown in Table II, and Fig. 15(c)—(e) shows the photograph of
the established hardware prototype. Rs is 0.01 2 and 2 W, which
is composed of five 0603 50-m$2 CSRs WSLP0603R0500FEB
in parallel. A 0805 1-xH inductor L and a 0805 130-€2 resistor
R ¢ form the LRCN. It can be found in Fig 15(c) and (d) that the
proposed CSB has a small volume as well.
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B. Verification by Double Pulse Test Results

In order to verify the performance of the proposed voltage
sensing circuit, DPT is carried out with a 10-( gate resistor
both in turn-ON and turn-OFF. The experimental DPT results
with 200-V bus voltage are shown in Fig. 16(a) and the zoom-in
views are shown in Fig. 16(b)—(d). Where v is the drain-source
voltage of Qs, vy is the output of the proposed current sensing
circuit, iq is the drain current of SiC MOSFETs Q2 and vy is the
voltage of Rg, which shows the influence of parasitic inductance
on the current sensing.

Fig. 16(a) shows that vg, matches i ; well, in both the switching
stage and ON/OFF stage. However, v, has a large difference be-
tween i during the switching stage, but it matches i ; well during
ON/OFF stage. This means that the proposed current sensing
circuit can well compensate the effect of parasitic inductance
on current sensing when using CSRs. The zoom-in views of the
first turn-ON process, the first turn-OFF process, and the second
turn-ON process further illustrate the conclusion.

C. Verification by Waveform Comparison

In order to further verify the performance of the proposed
voltage sensing circuit, turn-ON and turn-OFF processes with
different load current i, are carried out. Fig. 17 shows test results
when the load current varies from 5 to 30 A under the same
test condition as the DPT. On the one hand, the drain current is
close to the load current before Q5 turns OFF, and its steady-state
value reaches zero after the turn-OFF oscillation. The drain
current is zero before Q5 begins to turn ON and reaches the load
current after Q5. On the other hand, the waveforms measured
by the current probe and sensed by the proposed method are
well matched, expect that the oscillation amplitude sensed by
the proposed method is slightly larger than that measured by
the current probe. All of these can verify the accuracy and
correctness of the proposed method.

V. ANALYSIS AND DISCUSSION

To discuss the performance of the proposed current sensing
circuit, the cost, bandwidth, volume, flexibility, difficulty, and
isolation of the proposed method and existing methods are
discussed in detailed and listed in Table III.

A. Cost

According to Fig. 15 and Table II, five 0603 50-m{2 0.4-W
CSRs WSLP0O603R0500FEB with the price $0.32 per unit from
Vishay connected in parallel to form the Rg and a 0805 inductor
KLZ2012MHR1ROHTD25 L with the price $0.3 per unit from
TDK and a 0805 resistor RC with the price $0.03 per unit from
Yageo were used. In addition, the connectors have a very low
price and do not count here. Therefore, the total cost of the pro-
posed current sensing circuit with 0.01 €2 2 W 85 MHz is about
$1.93, and it was calculated just for one unit, not for large series.
At the same time, a current shunt with 0.01 2 2 W from T&M
(400 MHz) [28] is about $350 and from Cybertek (120 MHz)
[29] is about $240. In addition, the current probe which uses
active current transformer technology TCP0020 from Tektronix
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TABLE III
PERFORMANCE COMPARISON OF CURRENT MEASUREMENTS

Method Cost Bandwidth Volume Flexibility Difficulty Isolation
Proposed method Very low Medium Very small High Very low No
Coaxial shunt Medium Very high Large Medium High No
Current probe High Medium Large Low High Yes
Rogowski coil Medium Low Large Medium High Yes
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(100A 50 MHz) [30] is about $3600 and a Rogowski coil CWT
MiniHF 06 from PEM (120A 30 MHz) [31] is about $1800.
Thus, the proposed method has a significant advantage in cost.

B. Bandwidth

According to the analysis in Section II, the bandwidth of the
proposed current sensing circuit is mainly determined by the
value of the parasitic inductance of L¢. In this article, a 1-uH
160-MHz SRF inductor and the bandwidth of the proposed cur-
rent sensing circuit is about 85 MHz in the theoretical analysis,
which is enough for high-power SiC current measurement. And
in Section IV, the full comparisons with 50-MHz current probe
from Tektronix prove that the bandwidth of the proposed current
sensing circuit is not lower than 50 MHz. If a higher bandwidth
of the proposed current sensing circuit is wanted, the Lo with
higher SRF is needed. At the same time, coaxial shunts with
0.01 © and 2 W have a bandwidth up to 400 MHz and are
the current measurement method with the highest bandwidth.
Due to the impact of the performance of the integrating circuit,
the current probe and Rogowski coil have a limited bandwidth.
In addition, the multiple turns structure, which is aimed to
increase the sensitivity, will lead to a large coil inductance and
parasitic capacitance and further limit the bandwidth [17]. That
is, the proposed method has enough bandwidth for high-power
SiC current measurement and the bandwidth can be further
expand.

C. Volume

According Fig. 15(c) and (d), the proposed current sensing cir-
cuit has a very small volume that is suitable for high integration
requirements. However, due to the special coaxial structure, the
volume of the coaxial shunts will not be small. And the volume of
the measurement method by using an active current transformer
or Rogowski coil is limited by the active signal process circuits
and its auxiliary power supply circuit [1]. Which means, the
proposed method has advantages on volume and is a good choice
for high integration requirements.

D. Flexibility and Design Difficulty

The proposed method has advantages of flexible to design and
high reliable, which inherits from CRSs, and the design process
is easy compared with other current measurement methods [1].
What’s more, the proposed method not only can be used in
current measurement on an oscilloscope, but can also sense
the current on boards. This also presents the flexibility of the
proposed method compared with coaxial shunts and current
probes.

E. Isolation

The proposed method is short, on that, there is no isolation
between the measured current and the output signal. And this
is the same as coaxial shunts and CSRs. Therefore, when using
the proposed method to sense current, attention should be paid
to grounding issues.
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VI. CONCLUSION

In this article, a current sensing circuit based on the LR
compensation circuit has been presented for the problem that
CSRs cannot directly sense transient current. The LRCN that
meets certain constraints can well compensate the influence of
parasitic inductance in CSRs and accurately detect dynamic
current. The proposed current circuit with 0.01 2 2 W CRSs
and the corresponding compensation network have been tested
and compared on SiC MOSFETs based DPT experimental setup.
The proposed current sensing circuit has the advantages of low
cost, small volume, easy-to-design, and high bandwidth for
high-power SiC MOSFET current sensing.
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