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Abstract: This paper presents the overall concept of a wideband and cost-effective current sensor. The
sensor consists of a paralleled Hall-based current sensor (LEM) and a wideband current transformer
(CT). A significant improvement of the band range and the moderate cost of the proposed sensor
enable it to be used both to measure the instantaneous value in order to precisely plot the current
and to obtain signals for a closed-loop control system of high-frequency power electronic converters.
The sensor should be considered as an Augmented LEM Current Sensor (ALCS), which allows it to
measure low- and high-frequency current signals. Finally, it allows for the measurement of a bipolar
current up to 40 A. The overall cost of the sensor, along with the previously mentioned benefits, is an
important feature of the proposed sensor. The present paper presents the analytical concept of the
sensor (ALCS), a theoretical approach using simulation analysis, and the experimental results, which
clearly demonstrate the wide range of the sensor in dynamic and static measurements.

Keywords: current sensor; wide bandwidth sensor; low-cost sensor; hall sensor; current transformer

1. Introduction

Power electronic converters are used more and more often in industry and in house-
holds. Their advanced control algorithms usually require a current sensor to ensure
appropriate working conditions [1]. Resistive sensors, with the largest band of 1 GHz, are
called Current shunt resistors (CSR). The CSR [2] can also be designed for high currents [3]
or, in some cases, to provide a band higher than 1 GHz [4]. Unfortunately, these types of
sensors introduce resistance (losses) into the measuring circuit and do not ensure galvanic
isolation of the measuring circuit from the power circuit. Therefore, there is a need to
develop a sensor that will allow for non-invasive measurements with a wide band and
current range. To ensure a wide bandwidth, a current transformer (CT) can be used, which
provides galvanic isolation [5-7]. The CT cannot transfer the DC components of a measured
current signal, which eliminates this type of sensor in many power electronics applications.
The transformers designed especially for measuring signals at a large frequency range
(above MHz) [8] are named High-Frequency Current Transformers (HFCTs). Comparing
the current transformers and current shunt resistors, it can be concluded that both CSR and
HFCT have wide transmission bands, which allow them to be used to measure the currents
in power electronic systems [9]. The Rogowski Coil (RC) [9] is also worth mentioning,
which, due to its small size, allows for easy application in power electronic devices: Due to
its size, the coil can be placed, e.g., on the lead of the THT TO-220 or SMD TO-263 (and
similar) package. The disadvantage of RC is its low-frequency response [10]. Galvanic
isolation and the transfer of both the DC component and higher frequencies are ensured by
Hall effect sensors [11-16]. The main advantages of Hall sensors is their frequency band,
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which is from Opc to approx. 500 kHz (for —3 dB), small temperature drift, very good
linearity (0.1%), and non-invasive measurement (no additional losses introduced).

The authors in [15-18] show a way to significantly increase the bandwidth of the Hall
sensor. The described method allows for the addition of an HFCT that will be designed to
carry signals with a much higher frequency than the Hall sensor. Such a procedure will
include the full use of the low-pass characteristics of the Hall sensor and the high-pass
characteristics of the current transformer [15]. The frequency characteristic of the current
transformer in fact does not allow for the transfer of the highest frequencies [5-7], but
these frequencies are above the target range of frequencies of the proposed sensor. The
change in the core permeability and the inter-winding capacitance will limit the upper
frequency of the transformer band. Additionally, there is also the problem of mismatching
the amplification characteristics of both sensors [15], which is related to the resistances of
the current transformer. An example of the application of tunnel magnetoresistance (TMR)
sensors with RC is described in [17]. The high-bandwidth probe up to 315 MHz is described
there too. The current surface probe (CSP), with a bandwidth up to 450 MHz, is presented
in [18]. The CSP was verified in comparison to two different commercial current sensors.
One of the examples is the Hall sensor by Allegro MicroSystems [19]. Such a system makes
it possible to perform a current measurement, and it produces an equivalent voltage signal
representing the tested current. Another method of isolated measurement is to use an
isolated and a wideband—e.g., 1 MHz [20]—amplifier with a measuring resistor (CSR).

In comparison to the existing concepts [15-18], the novelty of the proposed Aug-
mented LEM Current Sensor (ALCS) is the application of a commercial LEM-type sen-
sor [21] with a current transformer. The proposed sensor can be easily developed with a
small budget (less than 50$) and used to measure rapidly changing signals. For an overall
comparison of the proposed current sensor, the relevant properties of the commercial
current sensors have been compared in order to determine the advantages of each sensor
type. As a result, Table 1 was developed for selected commercially available sensors and
those described in the paper. From the comparison of the HALL + CT sensors and those
described in the cited papers, it can be seen that the bandwidth of the proposed ALCS is
much higher than that of competing solutions. Only the commercial Tektronix sensor has
a bandwidth that is approximately 4 times higher [22]. However, the price of the sensor
is the highest of all the sensors (= 4500$). The circuit described in [15] has the closest
measurement parameters (a bandwidth that is a few MHz smaller and a current that is 10
A lower). The major disadvantage of this system is the need for a galvanic connection with
the test lead, and the final price of the sensor is hard to estimate. The solution provided
in [16] is similar to the proposed ALCS, because it uses commercially available compo-
nents (Hall sensor and CT), but it is susceptible to noise in switching converters. Neither
sensor has a current-type output signal, unlike the proposed ALCS. The ALCS consists of
LEM and a CT, which are already optimized by the manufacturers. Both output signals
from the elements are the current-type signals, which make them immune to interference.
Current-type signals make it possible to mount sensor elements at a certain distance from
the summing part of the system, which is also the novelty of the proposed system and a
significant advantage.
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Table 1. The general summary of power electronics current sensors.

Slope Rise Time

Capable of Measuring

Current Sensors Name Reference Bandwidth [MHz] [ns] DC Signals Isolation Estimated Size Estimated Cost Application Constraints
Moderate limited energy
SDN-414-01 [23] 400 1.0 Yes No Small (<5008) dissipation (Eyiax = 6])
e Moderate limited energy
SR SDN-414-10 [23] 2000 0.18 Yes No Small (<5008) dissipation (Eyiax = 17)
Not reported [3] 0.1 Not reported Yes No Large Not reported 20 A to 100 A
limited energy
SMDCSR [4] 2230 Not reported Yes No Small Not reported dissipation and SMD
mount
Pearson Model ) High Max. RMS Current
8585C [24] 200 2.0 No (>1500 Hz) Yes Large (>5008) 5A
HFCT ,
Pearson Model 4688 [24] 30 12 No (>600 Hz) Yes Large (5516%0}%) Mo Rg\gSA'ACurrent
- High Peak current
. CWTO015 [25] 30 42 No (>116 Hz) Yes Small (>5008) 430 A and 2.0 KA/ s
PCB Rogowski [10] 10-30 Not reported No Yes Small Not reported Max. RMS Current
not reported
. Low 50 A RMS
ABB EL50P1 [26] 02 Not reported Yes Yes Medium (<508) 80 peak to peak
p p
. Low 50 A RMS
- LEM LA 55-P [21] 0.2 500 Yes Yes Medium (<50$) +70 peak to peak
all sensor
ACS70331 [19] 1 Not reported Yes Yes Small (L“ggg) 5 A and SMD mount
ACS37002MA [19] 0.4 Not reported Yes Yes Small Low +/—100 A and SMD
(<50%) mount
CSR + isol. amplifier CSR with SI8920 [20] 0.9 400 Yes Yes Small Low/Moderate Limited by CSR
TMR + RC Not reported [17] 315 42 Yes Yes Medium Not reported 26 A and a PCBis
required
DC planar-CT [15] 30 Not reported Yes Yes Small Not reported 30 A and sqldermg is
required
Low 10 A and a PCB is
il s HECT OS sensor [16] 5 Not reported Yes Yes Small (<508) required
a
Clll)iroeg: (Scu;ga)ce [18] 133 2.5 Yes Yes Medium Not reported Not reported
Very High 30 A RMS
TCP0030A [22] 120 2.92 Yes Yes Large >40009) 150 A peak to peak
P P
Low 40 A RMS
Proposed ALCS 38.33 10.49 Yes Yes Large (<50$) 40 A peak to peak




Energies 2021, 14, 4194

4 of 14

2. Analytical Description of the Proposed Sensor
2.1. Principle of Operation

The LEM sensors provide galvanic isolation and allow for the measurement of bipolar
currents. The problem of commercial sensors based on the Hall effect is the high-frequency
response. The proposed sensor will allow all the advantages of the LEM sensor to be
achieved but significantly increase the frequency band (response of fast-changing signals).
The proposed solution can be considered as an inexpensive, expansive system for the LEM
sensor (Figure 1).

connecting

line K(_)

LEM :
Current

Output
signal
1V=10A

Ke) ‘ C : Fa)
f (Hz)

Figure 1. General concept of the ALCS as a bloc diagram.

In the proposed solution, a current transformer has been added to the LEM sensor
in order to transfer fast-changing current components. The entire measuring system will
consist of two sensors (LEM + CT) and provide two current measurement signals. The
output signals will be summed in an analog circuit to produce a bipolar voltage signal
representing the measured current (1). The sensor transmittance Hgepsor (s) will consist of
the sum of the LEM Hj gy (s) and the current transformer Her(s) transmittances:

Hsensor(s) = HLEM(S) + HCT(S)/ (1)

Before the summation operation of the measurement signals, the gains of the measure-
ment signals in an analog circuit were adjusted (Figure 1).

2.2. Hall-Based Sensor Model

Hall sensor transmittance can be presented as the quotient of the sensor output voltage
Urem(s) and the measured current I(s):

Urem(s) 1
H s) = ——~- =K -,
LEM(S) 1) LEM T ]

2)

The values of the time constant (T;gpr) and the gain (Kpgpr) can be determined based
on the technical documentation of the LEM sensor. In the case of the track of the tested
sensor, an RC low-pass filter (Hrc(s)) was additionally introduced (Figure 1), whose gain
and shift characteristics will be significant:

_ Ugc(s) = K
Hre(s) = u;:w(s) - (RC)RSC+ 1/

®)

The cut-off frequency (frr—rc) of the RC filter system shown is:

1
fHE—RC = RC’ 4)



Energies 2021, 14, 4194

50f 14

2.3. Current Transformer Model

The transmittance of a current transformer Hcr(s) can be represented as a trans-
resistance Rt (s):

_ Ucr(s) _
Her(s) = is) Rr(s), @)
Then, depending on the frequency band, the low-frequency response and the high-
frequency response can be determined. For low frequencies, the CT behaves like a high-pass

filter; therefore [5]:

B Ry R, S
RTLF(S)_n'<(RFE+Rm—|—RC”)>‘(S+WLF)’ ©

where 7 is the number of turns, Rp, is the resistance representing the losses in the core, R¢,,
is the resistance representing the losses in copper, and R, is the measuring resistor. The
angular frequency can be expressed as:

RF@'(Rm +RCu)
Wip = , 7
H L'(RPe + R + RCu) ( )

where L is the magnetizing inductance. Assuming a small influence of the core losses and
the transformer winding resistance, we obtain the simplified Formulas (8) and (9):

R S
Ry 1p(s) = :.<S+WLF>, 8)
R
WrF = Tm/ )

Finally, the lower cut-off frequency f; r for the high-pass filter representing the low-

frequency CT is:
fLr = T (10)

For the highest frequencies, CT behaves like a low-pass filter, therefore taking into
account the inter-turn capacitance Cp:

RF@
nLCp

24 (B 4 e )s+ ok (R +1)

Rt HF(s) =

(11)

Assuming a small influence of the core resistance and the winding resistance R, of
the transformer, we obtain the simplified Formula [5]:

1 1
Rrur(s) = ———F——

nCp S+( 1 )

RuCp

The high cut-off frequency fyr depends on the parasitic capacity of the filter and can
be determined from the formula:

(12)

1

fur = 27RnCy (13)

The presented analysis of the transformer model allows for determining the key
parameters of the sensor.
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3. Practical Realization of the Probe and Simulation Results
3.1. Practical Realization

The practical ALCS system based on the concept presented in Figure 2 was prepared
on a PCB. The PCB was designed based on the schematic (Figure 3). The Hall sensor
LA-55-P [21] was supplied with following voltages: +15 V/—15 V. The supply voltage was
filtered by a common mode choke (CMC) with an inductance of 3 x 640 pH. The power
supply for the ADS8000TRDZ operational amplifier circuit [27] was provided by linear
stabilizers (Zener diode—TZMB6V2-GS08). The current transformer, with a ratio of 100:1,
was made of Mn-Zn ferrite core (magnetizing inductance L = 630 pH). The system uses a
variable resistor for manual probe zeroing.

Symbol Value

1 I ‘ _[ RC Filter R 300 0
(-9 + c I = Riem =870
[ (=]
v ¥ 1V=10A Res 4700
W
< I::I 1 Rezn R H Ro 510
- 1000:1 . Ro  Uo o
M . ) R 210
1 3 T RCT = 83 Q
CT D & _l: R 51kQ
i e
/R
I Y A 147 aF
Rvar A 0 c 2x 1.47 uF
2% PR 4 100 nF +10 oF

-15V

Figure 2. Schematic (simplified) of the proposed sensor with the LA 55-P sensor and current
transformer with the ADS8000TRDZ operational amplifier.

SMA connector

Voltage supply
- ADS8000TRDZ

CMC

Variable resistor
(zeroing)

Current transformer
mounting LA-55-P
X Z Y =37 mm CT

Y X=76.5mm
Z =27.2 mm[LA-55-P]

Figure 3. Prototype of the proposed sensor—PCB realization of ALCS.

3.2. Simulation Analysis

The schematic diagram of the measurement system was simulated in the LTspice pro-
gram. In the performed simulation, the model of the AD8000TRDZ operational amplifier
model was used [27]. The parameters of the LEM with the filter and the current transformer
were determined based on the measurement using an impedance analyzer (HM8118 LCR
Bridge/Meter).
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The frequency domain responses were recorded and are shown in Figure 4—the
results of the sensor’s gain. Table 2 contains a comparison of the limit frequencies for the
tested CT. For applications such as fast slope measurement, bandwidth may be the most
important figure of merit, and ALCS can be used. Based on Figure 4, the bandwidth of
ALCS for —3 dB is 144.54 MHz).

0 2 T
a) .
z X 225 424 €T
g Y -3.65
o) ™
3 s0f N -
= \
g \
E \0‘
‘\'“'"!-m_
_100 wul. 4 wl. A aal.
10 1072 10° 102 104 108 108
Frequency (kHz)
b) + T : . .
=, Of X 144 544 1
g Y 11.44
[0
E
= 50 .
(o)}
©
=
_100 J 1 J 1 L
10 1072 10° 102 104 108 108
Frequency (kHz)

Figure 4. Magnitude as a function of frequency—(a) LEM with CT; and (b) output characteristics of
the ALCS-BODE plot, with marked characteristic points (—3 dB).

Table 2. Comparison of the cut-off frequency.

Element Svmbol Theoretical Value Simulation Value
Y (4), (10) and (13) (Figure 4)
CT fLF 553.58 Hz 579.43 Hz
fur 221.04 MHz 225.42 MHz
LEM RC filter fHERC 2513.27 Hz 2513 Hz

4. Experimental Results
4.1. Static Characteristic

The first test of the proposed sensor was performed to identify the output voltage
characteristics as a function of the measured current. The test was carried out using a
DC voltage source and a 4.7 (2 (1000 W) load resistor. The measured characteristics are
presented in Figure 5.

The measurement data were approximated by the function f(I) and the theoretical
curve g(I). The maximum relative percentage error for the measurement of the static
characteristic with respect to the theoretical curve was 1.87%. The most significant error
can be obtained during the measurement of small currents in the range from 0 to 5 A. The
static characteristic is mainly dependent on the parameters of the Hall sensor, which is
responsible for the transfer of DC components in the ALCS sensor.
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Figure 5. ALCS sensor output voltage (V) in the function of the measured current (A). The difference
between the theoretical and the practical chart does not exceed 0.03 V.

4.2. Dynamic Characteristic

The sensor was tested by a simple current pulse generator to obtain the dynamic
response. Figure 6 presents the test circuit. The electrolytic capacitor (1 uF) was charged by
a constant voltage source v, and subsequently impulse-discharged through the MOSFET.
Such a simple procedure will allow for the generation of a current pulse and to check
the dynamics of the proposed current sensor by comparing it with other commercially
available, high-quality sensors (CSR, LA 55-P, TCPO030A [22]).

Vz
+|—p |=

+12V 37kQ []
MCP1404 E ‘o o
Vds|
PWM
|

Figure 6. Capacitor discharging circuit as an impulse current generator circuit. All current sensors
have been marked on the figure: ALCS, LA 55-P, TCPO030A [22], and the low-inductance current
shunt resistor, CSR.

Figure 7 shows the measurement results of the current probe with the commercial
sensor, LA 55-P. Based on the results (Figure 7), a significant difference could be noticed. The
measurements were made using a Tektronix MDO3104 [28] oscilloscope (1 GHz and 5 GS/s).
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The ALCS sensor responds faster than the LA 55-P and concurrently eliminates the high-
frequency oscillations seen in the LEM sensor output. Therefore, the improved dynamics
of the ALCS allows for a comparison with professional measuring probes (Figure 6), such
as TCPOO30A and the CSR (the measurement of the vg voltage on the CSR was performed
with a compensated passive probe, TPP1000 [29]).

Tek Run . T | Trig'd Tek Run . : T [ Trig'd

A o B TN R L

(@ 200mY & @B 200mv & j[l.oous 2,5068/5 [T % J 200mY B 200mV j[zuons 2.50G5/5 o ]

5M points -11.8V 5M points -11.8V

Figure 7. Measured current signal in the function of time—(a) 1 us/div; and (b) 200 ns/div—CH3: LEM sensor LA55-P,
CH4: ALCS—augmented LEM current sensor.

All the current sensors have been used to measure the same current (Figure 8). The
TCPO030A probe can work with a maximum bandwidth of 120 MHz (CH2), while the
TPP1000 probe (CH1) and the proposed ALCS (CH4) have a bandwidth of 1 GHz, which
corresponds to the full bandwidth of the oscilloscope. Due to numerous measurement
noises, the LA 55-P sensor was limited to 20 MHz, which is still significantly beyond the
bandwidth declared by the manufacturer [21].

Tek Prevu . [ I - - Tek Run : [ I ] Trig*d
i 3 .

©® L0V T.00p 2.5065/5 D . ©@ 00V ][1.00;1& 25065/ [ R ]
& 00y & € 200my 5M points S11.8V & 200y & 200my 5M points S1L8 Y

Figure 8. (a) Measured current signal vs time (1 ps/div)—CH1: CSR with passive probe TPP1000, CH2: TCP0030A, CH3:
Hall sensor LA55-P with a Bandpass Filter of 20 MHz, CH4: ALCS. (b) All aligned signals are presented.

The results of the falling edge comparison for the TPP1000 probe, CSR, and the
proposed ALCS probe were analyzed in the MATLAB program. The results were collected
for one frequency range by limiting the bandwidth of all oscilloscope channels to 20 MHz,
which allowed for a comparison of the delay for all the sensors under similar operating
conditions. The current measured by CSR with a passive voltage probe was defined as
the reference current signal. Two differences (CSR—ALCS and CSR—TCP), as functions
of time, were calculated (Figure 9), and the analyses are collected in Table 3. The results
clearly allow for defining the advantages of the proposed sensor (Figure 9 and Table 3).
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Figure 9. Current (A), Error (A), and Squared Error (A2) in the function of time (ns)—analysis of the
proposed sensor, ALCS, in comparison with CSR and TCP0030A probe.

Table 3. Comparison of the current shunt resistor response with TCPO030A and ALCS (based on
Figure 9)—CSR has been considered as a reference.

Step-Response

Characteristics TCP0030A ALCS
Response delay (RD) 6 ns 4ns

Time delay to reach peak

value (TDRPV) Ins 13ns

Peak value difference (PVD) 048 A 024 A
Root Mean Squared Error

(RMSE) 041 A 0.22 A

Mean error (ME) 0.09 A 0.02 A

The proposed sensor (ALCS) allows a faster response (RD—Table 3) to be achieved,
compared to the TCPO030A, and a smaller step response error (PVD—Table 3). The
faster response of the ALCS sensor is a big advantage, compared to a commercial sensor
(TCP0030A). The ALCS circuit does not have an output filter, but a filter can be used
in the event of large overshoots or oscillations in faster slopes, which will eliminate the
overshoots and oscillations but reduce the rise time of the measured current. The delay
(RD) in the Tektronix system is most likely due to the use of filters in the system (the probe
bandwidth is limited to 120 MHz), but after a short delay, the TCP0030A probe rises rapidly
from 10% to 90%. Tektronix TCPO030A has a better TDRPV value than ALCS. The analysis
shows that the matching error is smaller for the proposed ALCS sensor, which in the case
of calculating the instantaneous current will result in a smaller error. The overall time
response is in favor of ALCS (based o the n RMSE value from Table 3 and Figure 9).
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4.3. Time-Domain Bandwidth Investigation

The identified rising and falling slopes can be used to determine the sensor band.
Most often, the rise and fall times are measured between 10% and 90% of the set value.
Several patterns can be distinguished to approximate the required bandwidth [30,31].
In all cases, they are based on a time-domain analysis. The GaN-based Half bridge
GS66508T /GS66516T-EVBDB [32], with a low inductance resistor, has been used to obtain
a fast-rising current slope (Figure 10).

12 T T T T T T T T

10

Current (A)
#2]

4 | }
2r | .
— 10%
0 100 200 300 400 500 600 700 800
Time (ns)

Figure 10. The unfiltered current measured by ALCS, with a rising time equal to 9.13 ns.

The bandwidth has been calculated based on Equation (14) [30,31]:

0.35

min(trise, tfall) (9

fBw—ur =~

Based on the calculated value of the ALCS sensor bandwidth, the calculated band-
width is equal to 38.33 MHz. In some publications [17,30], a different constant value in
Equation (14) is used. The value changes up to 1.35, and the final bandwidth is signifi-
cantly increased. The simulated bandwidth was equal to 144.54 MHz, which is close to the
result of (14), with a constant value equal to 1.35 (147.86 MHz). The difference between
the simulation value and the actual value of (14) may be due to the impedance analysis
accuracy in the measured CT parameters region.

4.4. Temperature Analysis of the Steady State

An infrared image was taken during the high current measurement (40 A) by ALCS.
Figure 11 shows the temperature field of the proposed ALCS sensor. The hot spot (+46.7 °C)
is the operational amplifier. Another important area of high temperature is the area of the
CT and the LA55-P sensor. These components are exposed to a high temperature caused
by the measured current. The CT-related losses (losses in copper and core) will heat the
transformer and should also be taken into account.
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References

Figure 11. IR photo of the proposed sensor in steady state operation under a full load current (40 A).

5. Conclusions

The present paper presents a concept of the current sensor, which was made as
an extended industrial LEM current sensor. A general comparison with commercially
available sensors and sensors from the referenced papers shows that the ALCS has a better
bandwidth and current range. The research results presented in this paper confirm that the
proposed current sensor has various superior qualities, such as a much wider band than
the original LEM sensor (extended high frequency band—from kHz to MHz). The sensor
is able to measure bipolar currents up to 40 A, with galvanic isolation. The sensor has a
safe voltage output signal of 1 V = 10 A (theoretical gain) and the same voltage supply
system as the commercial LEM sensor (+15V, 0 V, and —15 V). Its low sensor modification
cost (an amplifier and a current transformer are the most expensive additional elements)
makes it an inexpensive sensor in comparison to the commercial high-band (up a few MHz)
sensors. The ALCS uses commercially available elements (CT and LEM). Both sensors have
a current-type output signal, which is considered to be an important novelty of the sensor.
The current-type output signals significantly reduce the noise impact to the measured
current signal.
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