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Abstract

In our previous article we proposed a novel current measurement technique, the CSRTRI (Current Sensing by Real-Time Resistance
Identification), which is characterized by the main principle of the in-situ identification of the current rail's resistance by an auxiliary
inductive coil in the face of continuously varying conductor-temperature. The feasibility of the method was shown, and an accuracy
of 0.93%...1.10% was demonstrated. The accuracy is limited by the stray inductance of the Cu-trace, which in combination with the
resistance forms a temperature dependent highpass filter. We introduced an analog RC-lowpass filter based compensation method
at 25°C nominal temperature and reached a bandwidth of 2 MHz. In this paper, we present an adaptive digital inverse filtering based
compensation method instead. The advantage of this approach is that it covers the whole temperature range of the sensor, not just
a narrow nominal value. The enhancement does not require any additional temperature sensor; we will utilize the instantaneous
estimate of the copper trace’s resistance from the CSRTRI-algorithm directly to identify the cutoff frequency of the parasitic highpass
filter in situ, without the need to determine the copper temperature itself. A temperature dependent time-varying first order lowpass

filter of approximately 48 kHz cutoff frequency is applied to eliminate the main inductive overshoots. By this software-based transfer

function enhancement a 1.5 MHz overall system bandwidth has been achieved between 20°C and 50°C conductor-temperature.

Keywords

current, current control, current measurement, digital signal processing, inductive coupling, inductive transducers, instruments,

inverse filtering, resistive transducers, sensor, sensor fusion, sensor systems and applications

1 Introduction
Humanity's pursuit of global sustainability requires maxi-
mizing the efficiency of electric energy generation, trans-
mission, and utilization [1]. Therefore, it is of utmost impor-
tance to monitor the flow of electric energy from power
plants, through the power grid, to the consumers as well, as
to optimize its ultimate utilization [2]. The most pivotal part
of electric power measurement is the current sensing, thus
the importance of low cost, high bandwidth, high accuracy
current sensors has increased significantly in recent decades.
Shunts: The most widespread type of such current sens-
ing devices is the shunt, which is used to convert the cur-
rent / into a voltage signal U through its resistance R follow-
ing Ohm's law: U =7 - R. Shunts have excellent bandwidth
(2 GHz or higher) and accuracy (1% or better) facilitated by
their negligible TCR (thermal coefficient of resistance) and
optional Kelvin-contacts [3, 4]. For maximal system-effi-
ciency and minimal temperature rise the shunt's P, =U -1

power dissipation needs to be reduced, necessitating lower
voltage signal levels [5, 6]. In high power applications the
indispensable galvanic isolation, significant self-heating
and cost are the typical disadvantages of shunts.

Hall Sensors: Magnetic field based current sensing
is most frequently realized by ICs with integrated Hall-
cells [7]. This method leverages the U, , =R, - I,, - B/d
Hall-voltage signal, which is proportional to the B_ out-of-
plane magnetic field component of the current. Here the
R,, parameter is called the Hall-coefficient, /. is the bias
current, and d the thickness of the Hall-plate. Hall-sensors
usually reach an overall accuracy of 2-3%, when piecewise
calibrated over temperature. They have inherent galvanic
isolation and extremely low insertion resistance, enabling
their practical and cost-effective application in the high
power segment. Their bandwidth spans typically DC to
100 kHz, but in some cases as high as a few MHz could be
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reached [8—13]. Modest speed and accuracy, in comparison
to other methods, are the main drawbacks of this approach.

Magnetoresistance: As an alternative to Hall-cells,
DC-capable magnetoresistive current sensors like TMR
(Tunneling Magnetoresistance) utilize a magnetic tun-
nel junction thin film's resistance-dependence on mag-
netic field. TMR current sensors can achieve a bandwidth
of 1 MHz and an accuracy of 1% [14, 15].

ICS (Inductive Current Sensors). Another widespread
current measurement principle is based on the Law of
Induction, i.e., the Faraday Effect. ICSs comprise a sens-
ing-coil, positioned close to the primary conductor and a
voltage signal is induced proportional to the time-derivative
of the current's magnetic field according to Maxwell's 3™
equation. Since according to Maxwell's 4" equation, the
induced magnetic field is proportional to the primary cur-
rent, for the induced voltage we get U, ,= M - dl/dt. Here M
denotes the mutual inductance between the conductor and
the coil, dI/dt indicates the slope of the current. Therefore,
ICSs are completely insensitive to DC-currents. U, , may
be integrated by an amplifier stage, to get a voltage output,
proportional to the current signal. ICSs are distinguished
by their inherent galvanic isolation, zero insertion resis-
tance and excellent upper bandwidth. Overall, ICSs are the
optimal choice for high voltage, high power AC-current
measurement. Specific ICS-manufacturers offer off-the-
shelf current probes characterized by f,. =1 Hz and
Joan—3 s = 200 MHz cutoff frequencies [16-18].

In CTs (current transformers), a sort of ICSs, the primary
current is converted to a secondary current by transformer
action, which is then measured through a precision resistor.

2 CSRTRI (Current-Sensing through real-time
Resistance Identification)

The idea to utilize the ohmic resistance of a conductor ele-
ment, like a PCB-copper trace, similarly to a shunt, for cur-
rent measurement, arises intuitively [19]. With appropriate
dimensioning the required DC-resistance value can be set:

_pt
R=T— )

-l

Here p is the resistivity of the metal, / denotes the trace's
length, w its width, d its thickness. Beside a fixed R value
one might increase both / and w, to improve the cooling.
Unfortunately, one runs into some difficulties when try-
ing to implement the concept. Due to the trace's L self-in-
ductance, its impedance can be modelled as Z = R + jowL
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with good approximation. Here R itself increases signifi-
cantly over frequency because of the skin effect. Both phe-
nomena can be largely suppressed by antiparallel design
shown by Fig. 1, which minimizes L and the magnetic field
through the conductor's surface, hence the skin effect also.

The residual highpass filter-like frequency charac-
teristics may be largely eliminated by additional ana-
log RC-lowpass filtering at a specific Cu-temperature.
Whereas initial uncertainties of R, caused by manufac-
turing tolerances, can be overcome by piecewise EOL-
calibration, abrasion and corrosion may also alter the
resistance in the long run. Primarily, p shows a significant
thermal drift for metals other than shunt alloys, thereby
R increases strongly over 7. More specifically, the TCR
of annealed copper is o, = 3930 ppm/K, which implies
a large 7-dependence both due to varying ambient tem-
perature and self-heating. The resultant dynamic resis-
tance variation can only be partially compensated by
direct on-trace 7-sensing [20—22]. This large in-situ vari-
ation of R renders accurate current measurement directly
via a copper-trace impossible, despite its considerable
voltage signal. As a solution to this problem, we pro-
posed the CSRTRI method for PWM-controlled systems
in [1]. Here the R-value, being continuously evaluated
by the microprocessor, combined with a high bandwidth
U, trace voltage measurement, enables excellent accuracy.
The main principle of the CSRTRI is the following: let us
place a coil near a current trace of resistance R, so that the
mutual inductance between the trace and the coil is M.
By having a differential-coil arrangement homogeneous
background field suppression can be achieved (Fig. 2).

For a current waveform / = /(f) we can write the follow-
ing equations for the voltage signals:

U,=R-I, )
dr :

U,=M-“—=M-1I. 3

y = A3)

FR4-Substrate

Antiparallel Copper-Tr

Fig. 1 Low-inductance, PCB-based, current-conductor design
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erential-Coil

Copper-Trace Urvl o B

Fig. 2 Visualization of the CSRTRI concept

Here U, denotes the output voltage of the resistive trace,
U,, is the induced voltage of the coil, [ is the time-deriva-
tive of the current. Let us take the time derivative of Eq. (2):

Ug=R-T+R-1 @

As detailed in [1], in practical PWM-controlled sys-
tems, the first term in Eq. (4), R - I is negligible:

U, ~R-1. 5)

Excluding the case of the pure, ideal DC-current, i.e.,
I+ 0, we may divide the Eq. (5) by (3):
U, RI R

]

U, M-I M

©)

It means that in effect we can identify the actual resis-
tance value in-situ, by dividing the time derivative of the
resistor's voltage by the coil's induced voltage at any point
in time, and multiplying the quotient by the practically
temperature-independent mutual inductance value, sup-
posing first, that the noise is negligible:

R(t)~ a2 ). )
Uy (1)

The pure U, and U, signals differ only in a slowly drift-
ing scaling-factor according to Eq. (6). Having preliminary
information on the signal spectrum, for example by knowing
the PWM-frequency, the application of the appropriate dig-
ital bandpass filter on both signals U z and U, , leaves their
ratio unchanged, while the SNR (Signal to Noise Ratio) of the
R-identification, shown by Eq. (7), can be largely improved.
In our concrete implementation, we applied a sliding win-
dow to calculate the DFTs of the acquired waveform-seg-
ments recursively, to realize a highly selective digital band-
pass filter exactly at the PWM-frequency, f;:

@

where * denotes convolution, {DFT(U)}(f) denotes
the discrete Fourier transform (DFT) of signal U(¢, 7).
To speed up the algorithm we calculated only the f; com-
ponent of the DFT. To further improve SNR, we applied a
median filter to f?(t), which resulted in R (#). Finally, as
shown by the flow chart in Fig. 3, we calculated the actual

median

I(f) from Ohm's law and compared it against the reference
signal of a precision-shunt, /_(7):

U, (1)
Ry ()

To validate our CSRTRI-method, we excited our sys-

1)~ (1) = ©

tem with a unipolar triangle-like current waveform, includ-
ing both significant AC- and DC-content, and acquired the
(¢) shunt-voltage, the
resistive U, () signal of the Cu-trace, and the inductive U, (¢)

raw voltage signal waveforms: the U, ...

signal of the differential-coil for Sms time and f; = 2 kHz fun-
damental ripple-frequency, for copper-temperatures from
16.9°C to 62.1°C. For this relatively low signal frequency,
the stray inductance effect is negligible, thus no highpass fil-
ter-like behavior is observable in U, (¢). Fig. 4 depicts Ié(t)

Fig. 3 Flow chart illustrating the CSRTRI implementation

Unfiltered

—Median-Filtered
5.25
E
L
O 52 [t et bl el plogu L L
= r [ Mddian-Filtered
5.15
5.1
0.001 0.002 ~0.003 0.004

Time[s]

Fig. 4 Trace-resistance identification for triangle-like current excitation
of f,=2kHzand T, = 62.1°C[1]



and R
at T, = 62.1°C and their differences over time, i.e., the cur-

median

_ (9, Fig. 5 the measured I(f) and Iyef(t) waveforms

rent measurement error on separate panes. The latter one
consists mainly of noise, and has an RMS-value, which is
0.93% ... 1.10% of the whole current signal's RMS-value.

3 Identification of the impedance model parameters

3.1 The applied impedance models

cunsec Tesistance of the Cu-trace
via the four-point probes method, in the same way as

First, we measured the R

described in [1], to eliminate lead- and contact resistances.
For our actual setup, from five measurement rounds we
got R, ... = (4.895 £ 0.004)m for 25°C.

As mentioned in Section 2, due to the self-inductance of
the Cu-trace, an additional inductive term shall be considered
in its impedance. Further parasitic effects resulting from the
trace's stray capacitance are considerable only in the higher
frequency (HF) range typically above several MHz, thus we
neglected them in our approximate impedance model:

ZCu (]CO) = RCu

R.JL
the resistance, L,
Since R,
discussed, so is w,,

(1+ jo/ o) (10)

where o, = ¢, 18 the angular cutoff frequency, R is
, 18 the self-inductance of the Cu-trace.
is strongly temperature-dependent, as already
however L can be considered prac-
by the

RTRI method, @, can also be calculated adaptively:

tically independent of 7. Determining R = R

median

ZCu (j(/)) = R (1+ ijCu /Rmedian) (11)

‘median

One shall divide U, = U, by Z_ (jo) instead of purely

considering R, = R when calculating the actual cur-

median

rent by Eq. (9) to enhance the CSRTRI's frequency charac-
teristics, and hence to increase the overall bandwidth.

120 i
100 [Reference] lCoernsated}

— Reference — Compensated

£= P T A
AT EvATATRVAYATRY
’ 0.001 0.002 Timec[)ét]]os 0.004
10
Z s |
§ o %WWM
© ‘ ‘—ErrorSignal
o 0.001 0.002 Time([)é[])-ga OA(].O4

Fig. 5 Current measurement validation at f, = 2 kHz and
T, =62.1°C[1]

Heged(is and Dabéczi | 201
Period. Polytech. Elec. Eng. Comp. Sci., 69(2), pp. 198-206, 2025

This is equivalent of inverse filtering the U, voltage sig-

nal by (1 +jwr)!, where 7=, !, and dividing it by R

Cu
as shown by Fig. 6. The more accurate the calculated Z . (jo)

median’

using Eq. (11) is, the more ideal the current measurement's
transfer function will be. It is important to emphasize, that
Re,= R ,in Egs. (10
and (11), vary over temperature, so they are time-variant
parameters. Still, due to the RTRI-algorithm, R
are continuously being calculated during operation, so they
can be updated in situ. We used a 2512-size SMD-shunt of
R, =8 mQ resistance and +0.5% tolerance as a reference in

and consequently . =R, . /L.

median

andw,,

median

the present work. According to the shunt's datasheet its TCR
is within 75 ppm/K [23], which is negligible compared
with the TCR of the Cu-trace. We verified both R, and the
TCR beside varying temperature between 24°C and 63°C.
We got R, = (8.028 +.004) mQ and |[TCR ,| < 20 ppm/K for
the concrete part, which we applied.

Anyhow, the shunt is prone to behave as an inductive
impedance too, because of its smaller, still nonzero L,
stray-inductance. To sum up, the shunt's impedance over
o can be expressed as:

Z,(jo)=R,-(1+jo/wo,) (12)

where o, = Rsh/Lsh is the shunt's angular cutoff fre-
quency. Since R, and L, are temperature-invariant with

good approximation, so is Z, (jw).

LP-Filter

T ()= wg, t

Fig. 6 CSRTRI flow chart with the time-variant inverse-filtering

3.2 The test setup

To determine the raw transfer function of the Cu-trace by
identifying its impedance model parameters, and to vali-
date the results, we decided to apply current pulses of differ-
ent slopes, magnitude (approximately 500 A to 600 A) and
20 ps length both to the copper-trace and to the 8 mQ SMD-
shunt connected in series. To that end we connected a 10 mF
electrolytic capacitor to a Basetech BT-3010 power supply
through an 11 Q precharge-resistor. The role of the capac-
itor was to be the source of the fast current pulses, so we
connected the shunt, the sensor-PCB including the Cu-trace
and an IRF1405 power MOSFET to it, in series, as shown
by Fig. 7. Since the purpose of this setup was to achieve an
eligible SNR at HF also, the current had to be switched on
and off quickly, thus the dl/dt current slope had to be large.
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VDC
0SC1_CH1 0SC1 _CH2
+
+
110hm|:|
M) o~ M o~
4 1 4 1
8mOhm Shunt Cu-Trace

10mF et C

Pulse—Generator
VPULSE

< IRF1405
GND1

Fig. 7 The low inductance test-setup, including current pulse generator,
reference shunt and Cu-trace

To minimize the arising L dl/dt inductive voltage overshoot
at switch-off, the whole circuit had to be shrunk to the min-
imum size reachable. The current itself was switched by a
Hameg HM8035 20 MHz pulse generator connected to the
gate of the IRF1405 power MOSFET. The pulse generator
itself was triggered through its external trigger input by a
Hameg HM8030-5 function generator with a 40 mHz square
wave signal, i.e., once every 25 seconds. In the parameter
identification phase, we connected the pulse generator out-
put directly to the MOSFET's gate to reach the steepest pos-
sible pulse-signal edges, hence the widest possible spectrum.
In the validation phase afterwards, we applied R, = 470 Q
and Rg2 =940 Q alternately beside the direct connection, i.c.,
R = 0 for the sake of different current slopes, and ultimately
test-signal diversity. Since the input capacitance of the
IRF1405 is C, = 5.48 nF, the resulting additional time con-
stants in the gate control circuit were 7, = R, C,=2.58ps
and 7, = R, C. .= 5.15 ps respectively. We refer to the gen-
erated current-pulses with R, =0 as square pulses, whereas
with R, and R, the waveform stimuli are called trian-
gle pulses. We used a PicoScope 3206 PC Oscilloscope of
200 MHz bandwidth to acquire the U

shunt

() shunt-voltage,
and the U, (¢) trace voltage signals.

Considering purely the ohmic parts of the Cu-trace's and
the shunt's impedance, i.e. R in Eq. (10) and R , in Eq. (12),
and applying Ohm's law simply to the acquired raw voltage
waveforms, one gets the uncompensated current waveforms,
which include significant dynamic measurement errors, i.e.
apparent over- and undershoots due to the stray inductances
in the first place. These raw, unfiltered current signals for
two different current slopes are shown by Figs. 8 and 9.

—Shunt

_ 1000 r T~ Cu-trace||
3 | \
E 0 / I
= \
3 |
@ -1000
)
£ I
5 -2000 ‘[

-3000

0 5e-06 1e-05 2.5e-05 3e-05

1.5e-05 2e-05
Time[s]

Fig. 8 Unfiltered current waveforms (7, = 20.0°C, Rg =0Q)

600
—Shunt
PR N o
E 400 H’_'__,. -“i_“ — \\\ Cu-trace
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&E’ /f' - o \\ \\
5 200
(&) / p \ \
J \ N\
=] S .
o 0 7
g N,
— \\‘
5 -200 wa
-400
0 5e-06 1e-05 1.5e-05 2e-05 2.5e-05 3e-05
Time[s]

Fig. 9 Unfiltered current waveforms (7, = 20.5°C, Rg =940 Q)

3.3 The parameter identification method and results
To identify the parameters of Z , (jo) and Z_, (jo), we mea-
sured and analyzed the impulselike-response of the trace at
different temperatures. The shunt was connected in series
with the Cu-trace, and they were excited with a non-ideal
square pulse of roughly 600 A amplitude, 20 us length and
spectrum /(jo), as described in the previous subsection.
Acquiring the trace's U, (¢) and the shunt's U, (¢) volt-
age signals simultaneously, applying Ohm's law to them
in the Fourier-space, for the measured transfer function
we can write:

Uy (jo) 1(jo)-Z,(jo) Z.,(jo)
HUO=5 o)~ 10) 2, (o)~ ZyGa)

Substituting Egs. (10) and (12) to Eq. (13), we get:

R, ~(1+ja)/w@)

H(jo)= R,-(1+ jo/aw,) (14)

First, we determined the unknown parameters (RC”, .,
and o ,) by means of frequency domain system identifica-
tion of H(jw). (R, = 8.028 mQ with good accuracy, inde-
pendent of temperature.) For that, we used the FDIDENT
toolbox of Matlab [24].

Frequency domain identification has the advantage that
model fitting can be accomplished based on selected DFT

points of input/output spectra. On that way we could omit



spectral parts with poor SNR in the model fitting. Based
on the first couple of trials we expect the w_, zero around
300 krad/s and the o, pole at 1.7 Mrad/s (i.e., 48 kHz
and 270 kHz respectively). Thus, we selected the low fre-
quency part (from DC up to 650 kHz) of the raw Frequency
Response Function and fitted a continuous time parametric
model in joo domain of order 1/1, as shown by Fig. 10. In this
frequency band, w ., and w , are expected to have the dom-
inant effects on the transfer function. This way we got the
best fitting model parameters for the lower frequency range.
Second, we determined the optimal model parameters by
a roaming-based optimum search in the parameter-space,
making use of the following inverse-filtering formulae:

. _ UCL( (]0)) _ UCu (]0)) 15
’(f“’)‘za,(jw)‘RCu.(ij/%,) =
SN U,, (Jw) _ U,, (Jw) 16
I'ef(]w)_Zsh(jco)_Rsh-(Hja)/a)sh) (16

The main principle here is the variation of R ., @, and
o, as inverse-filter parameters in Egs. (15) and (16), with
the goal of minimizing the RMS-value of the current mea-
surement error [, (£) = 1() — I , f(t).

We repeated the model fitting with the two above methods
for several measurements at different temperatures. To this
end we increased the temperature of the Cu-trace and the
whole setup homogeneously under a transparent cover, using
an [R-lamp before the excitation by the square current pulse.
Since R, and L , are practically 7-invariant, and so is @ ,, we
calculated the most likely value of @ , according to both fit-
ting methods, and as a result, we got w , = 1710 krad/s in good
agreement, which is equivalent to L, = R /w , = 4.69 nH.
This fits the 5 nH value specified in [23] well.

Alg: LMsvd (s), init: scan different algorithms.

Magnitude Norm=1, delay free

16
lambda=0
14
12
£ x107 Zeros/poles: 111
10 4
] * !
-]
6
0.5
4
2 [
L]
10 10°
Frequency, Hz 0.5
Phase error -1 [nmph/unst: 0/0, psh: 0/0
e 45 10 5 )
100 x10°
»
g
S o0
4
a
100 Delay: -3.9085¢-008 s

s
10
Frequency,Hz  Condition number: 3.181e+001
cf=2.4578¢+008, dcf=-0.101
cfth=63.0, iter=3

Fig. 10 Fitting of R, , 0 ., and o , by FDIDENT
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Considering, that R, = o, - L, where L is practi-

Cu
cally independent of 7, R , and w_, shall increase in direct
proportion expectedly as the temperature increases.
The actual obtained R, and w_ parameters over T are
shown by Table 1. We plotted R, over w, for both meth-
ods and fitted the datapoints applying a linear function
accordingto R, = w,, - L., to get L directly as the slope
of the resultant regression lines, as shown by Fig. 11.

The frequency domain identification resulted
L., = 15.80 nH, slightly lower than the roaming algo-
rithm in the inverse filter parameter space, which gave
L,,=16.04 nH each beside R* = 1, i.e. essentially perfect
fit. Although L, , is supposed to be more reliable in terms
of describing the system's behaviour in the sub-MHz
region by more accurately identifying the stray induc-
tance, we decided to choose L, =L cu for our inverse-filter,
to achieve the lowest possible RMS-error in the impulse-
like-response. The explanation is that by overcompensat-
ing the physical stray inductance by roughly 1.5%, para-
sitic higher order effects significant above 1 MHz, like that

of the stray capacitances, are somewhat better mitigated.

Table 1 Parameter-identification results

Method FDIDENT ROAMING
T, [°C] R, [mQ] o, [krad/s] R, [mQ] o, [krad/s]
23.8 4.882 309.2 4.870 303.7
229 4.851 307.0 4.855 303.1
22.5 4.829 306.3 4.847 302.5
22.3 4.826 305.8 4.843 301.8
21.6 4.817 304.1 4.830 300.3
32.2 5.017 3171 5.034 315.7
32.6 5.028 3173 5.041 314.3
32.4 5.012 317.5 5.037 314.1
45.3 5.242 332.5 5.286 328.7
46.4 5.267 334.0 5.307 330.0
5.35
y=16.038x
5.30 R=1 g™
. .
s ® 15707
5.20 R?=1
5.15
T i ® FDIDENT
E m ROAMING
3 50 L] Linear (FDIDENT)
= ]
5.00 Linear (ROAMING)
4.95
4.90 P -
4.85 = J. -.
4.80 =
0.300 0.305 0.310 0.315 0.320 0.325 0.330 0.335 0.340
wCu[Mrad/s]

Fig. 11 Direct proportionality of R, to &,
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The actual conductor-temperature, 7, was calculated
from the fitted R, using the Cu-trace as its own tem-
perature-sensor practically making use of the copper's
known TCR:

Re, = Re, o50c ~(1+O£Cu '(TCM _250C)) (17

Because of the direct proportionality between R, and
o, the cutoff angular frequency shall show basically
the same temperature dependence as the trace resistance.
We got o, eq = 3938 ppm/K back as the slope of the fit-
ted trendline in good agreement with the theoretical value.

4 Compensation by inverse filtering

During operation, the RTRI-algorithm is continuously
updating R, and since L. = 16.04 nH is known and con-
stant, @, = R /L., can also be refreshed in parallel. As a
result, similarly to Eq. (9), the current calculation may take
place through the inverse filtering formula of Eq. (15). We
applied a finite difference method in the time domain to
implement Eq. (15) numerically in case of the measured
impulses. The effect of the inverse filtering is illustrated by
Fig. 12. We summarized our results in Table 2. In average, a
relative RMS-error of 1.50% has been achieved with respect
to the impulselike-responses. The measured and thereafter
inverse filtered current waveforms are depicted by Figs. 13
and 14. The negative undershoot of up to 20 A observable in

1000 —Shunt (raw)
—Cu-trace (raw)
Shunt (filtered)

800 ﬁ
LLLL\_‘_. Cu-trace (filtered)
600

400 / |
200 / / ‘I‘\

0 Se-06 1e-05

Current[A]

156-05  2e-05 25605 3005
Time[s]

Fig. 12 Effect of inverse filtering (7, = 22.9°C, R =0 Q)

Table 2 Validation results

# R [Q) T[°C] I [Al  AL[A]l AL /L
1 0 20.0 326 513 1.57%
2 0 22.9 312 421 1.35%
3 0 32.4 339 497 1.47%
4 0 46.4 350 5.63 1.61%
5 470 19.9 307 4.54 1.48%
6 470 19.3 303 4.43 1.46%
7 940 20.5 238 3.66 1.54%
8 940 20.4 238 3.54 1.49%

600 t -

— Shunt (fitered
400 | — Cu-trase (fitered) |
£ 200 \
= \
© \
0 . —_—
0 56-06 1e-05 1.58-05 2e-05 256-05 38-05
Time[s]
30
20 || Error Signal
T 10 A
T : N
a-10 l\\ ; |
-20 ]
-30
0 50-06 10-05 1,5e-05 2605 2.50-05 30-05
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Fig. 13 Inverse-filtered response to square pulse (7, = 46.4°C,
R, =09Q)
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Fig. 14 Inverse-filtered response to triangle pulse (7, = 20.5°C,
R, =940 Q)

the l, fprimary current after switch-off is the consequence of
the oscillation of the parasitic series LC circuit.

Fig. 15 depicts the dominant effect of the tempera-
ture adaptivity of our inverse filtering technique on the
dynamic current measurement error.

By dividing the spectra of the output and input currents
and smoothing the resultant raw transfer function's abso-
lute value, we could calculate the —3 dB bandwidth, and
we got 1.5 MHz as a result, as shown by Figs. 16 and 17.

600 = ———
500 / — Reference H
E 400 / Nonadaptive Filtering -
§ 300 / I T-adaptive Filtering -
% 200 7 I
O 100
by I— -
-100
0 1e-05 2e-05 3e-05 4e-05
Time[s]
60 T
40 | |— Error with Nonadaptive Filtering AN
E ~ Error with T-adaptive Filtering \
g 20 -
c
] A
N I U NN
5 —
© 20 - |
-40
0 1e-05 2e-05 3e-05 4e-05

Time[s]

Fig. 15 Effect of T-adaptivity on impulse-response (7, = 46.4°C,
R =09Q)
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Fig. 16 Inverse filtered signal spectra (7, = 46.4°C, R,=09Q)

5 Conclusion

Through the presented temperature-variant digital inverse
filtering technique a typical 1.5% RMS-current error and
a —3dB bandwidth of 1.5 MHz was reached for conductor
temperatures ranging from 20°C to 50°C. This method,
combined with the RTRI, has the potential to make an
adaptive, in-situ stray inductance effect compensation of
the CSRTRI-based current measurement feasible, even
considering significant temperature variations.
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