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Abstract. A current sensor employing a Hall-based field sensing 
ASIC in combination with a current transformer is proposed.  
The sensor is characterized by a measuring range of ±50A, an 
upper bandwidth limit of 20MHz and high dv/dt-immunity up to 
10kV/µs. The sensor functional principle and dimensioning are 
discussed in detail. Parameters determining the sensor 
bandwidth are clarified, the theoretical considerations are 
verified by experiments.  Finally, measures for further 
increasing the sensor bandwidth are proposed.   

1   INTRODUCTION 
As shown in [1] by application of SiC diodes in 
combination with latest power MOSFET technology 
(CoolMOS) the switching  frequency of  high power 
three-phase PWM rectifier systems could be increased to 
500kHz at high efficiency resulting in a power density of 
up to 10kW/dm3. However, the high switching frequency 
and/or the high switching speed do pose special 
requirements on the bandwidth and dv/dt-immunity of the 
phase current sensing used for input current control. 
Commercially available current sensors which are 
comprising an AC current transformer and a  Hall-based 
DC and/or low-frequency current transducer in  closed-
loop (compensating) [2] or open-loop [3] operation show  
a bandwidth of typ. <200kHz,  and  do exhibit high 
frequency output signal oscillations (cf. Fig.9 in [4]) and a 
relatively large dv/dt-sensitivity (cf. Fig.1). Therefore, the  
sensors cannot be employed in very high switching 
frequency applications.  
 
In this paper therefore an open-loop current sensor with 
±50A measuring range is proposed, which is 
characterized by a high upper bandwidth limit of 20MHz, 
high dv/dt-immunity, high linearity and low offset drift 
and does show a low realization effort. 

       In Section 2 the basic functional principle of the 
sensor is described and measures for minimizing the 
dv/dt-sensitivity are discussed. In Section 3 the procedure 
of dimensioning the sensor is treated in detail.  The 
influence of the number of turns of the secondary and of 
the current transformer stray inductance on the sensor 
upper bandwidth limit is shown in Section 4. There, 
furthermore, a sensor upper bandwidth limit of 20MHz is 
verified experimentally. As the comparison of the sensor 
output signal to the output of a 50MHz current probe 
(Tektronix A6302) shows  (Section 5) the sensor is 
ideally suited for measuring the input current of high 
switching frequency PWM rectifier systems. 
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Fig.1: Testing of a closed-loop/compensating Hall-based current 
transducer (LEM LA55-P) in a 500kHz  DC/DC boost converter 
(a) simulating   transducer operating conditions as occurring for 
input phase current measurement in three-phase PWM rectifier 
systems; (b): LEM LA55-P output signal (upper trace) and  
actual current time behavior acquired by a 50MHz Tektronix 
current probe (A6302)  for employing the sensor  in the 
connection to the supplying voltage source v1 (position 1 in (a)); 
(c): LEM LA55-P and A6302  output signal for current 
measurement at position 2 in (a); furthermore shown: power 
transistor drain-to-source voltage. Currents in (b) and (c) are 
shown with equal scales.   
  

Finally, in Section 6 modifications of the current sensor 
construction for further increasing the upper bandwidth 
limit are proposed. 



As shown in Fig.2 for isolated high bandwidth DC and 
AC current measurement basically magnetoresistive 
transducers [5] or Hall-effect-based closed-loop or open-
loop current transducers could be employed. Transducers 
based on nonlinear behavior of magnetic materials [6,7] 
do require complex signal electronics and/or winding 
arrangements and therefore are not considered in this 
paper.  Also, optical current transducers [7] based on the 
Faraday-effect which are frequently applied in high-
voltage power distribution systems shall not be treated in 
more detail.    
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Fig.2: Classification of current measurement principles.     
 
The open loop concept  [3] which  combines a Hall-
element for aquiring low-frequency current components 
and a passive AC current transformer does show  
significant advantages concerning manufacturing 
technology, circuit complexity, and power consumption 
and therefore will be employed  in the following.    

1   BASIC CONCEPT OF THE PROPOSED 
CURRENT SENSOR 

The mechanical construction and the circuit schematic of 
the proposed current sensor are shown in Fig.3 in 
combination with an equivalent circuit.  A magnetic field 
sensing ASIC of type Allegro 3515EUA [8] comprising a 
Hall-element and signal electronics is employed. The 
integrated circuit provides a highly linear output 
referenced to +2.5V and features low offset drift and/or 
high temperature stability. A capacitor of C=100pF at the 
ASIC output is recommended in the ASIC data sheet. By 
physical series connection of the AC current transformer 
output voltage v2 and of the ASIC output voltage vm a 
direct summation of the high-frequency and low 
frequency (including DC) primary current components is 
achieved with low realization effort. Also, bandwidth 
limitations and offset problems which would result for 
employing a summing operational amplifier are avoided.  
          The supply voltage of the ASIC  advantageously 
should be used  as reference voltage for an A/D-
conversion of the sensor output. In this case for varying 
reference voltage, the A/D converter LSB and/or gain will 
vary in correspondence to the gain and offset voltage of 
the ASIC which is proportional to the supplying  voltage.   
           In order to prevent  capacitive common-mode 
currents icm resulting from dynamic changes of the 
potential of the primary conductor from flowing into the 
signal electronics a low impedance path is provided by 
connecting a capacitor Ccm= 10nF from one terminal of 
the current transformer secondary to ground.     
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Fig.4:  Capacitive common mode current icm resulting from 
dynamic changes of the potential of the primary conductor and 
the parasitic capacitive coupling Ck   to the AC current 
transformer secondary (cf. (a)). Furthermore shown: common-
mode impedance of Lcm  (b) as recorded by a HP4294 
impedance analyzer. 
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Fig.3:   Basic concept (a) and equivalent circuit (b) of the 
proposed current sensor. Low frequency components of the 
current i1  to be measured are not compensated by the secondary 
current i2 of the AC current transformer and are therefore 
resulting in a finite magnetizing current im. As the output signal 
of the magnetic field sensing  Hall-element is proportional to im 
the total primary current i1 is reconstructed   without error by 
summation  N2 ( i2 + im). There, proper scaling of both quantities 
has to be provided by dimensioning and/or trimming of RB  (or 
Vref).  
 
Furthermore,   a common mode inductor Lcm is inserted in 
between the secondary winding terminals and the burden 
resistor RB (cf. Fig.4(a)). Lcm is realized by a toroidal 
magnetic core of material T38 and 10 turns. This does 
constitute a high common mode impedance over a wide 
frequency range as verified by impedance measurements 
(cf. Fig.4(b)) 
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2    DIMENSIONING OF THE MAGNETIC SYSTEM 
 

The current sensor should be designed for application in a 
10kW/500kHz three-phase three-level PWM rectifier 
system in a hard switching mode of operation. There, the 
sensor does experience a common mode voltage stress of 
up to 40kV/�s.  
 

The peak input current of the PWM rectifier is �30A. 
Accordingly, the measuring range of the sensor is selected 
to be ±50A in order to leave enough margin for the 
sensing of overcurrent conditions. The upper bandwidth 
limit of the sensor should be as high as possible in order 
to cope with even more demanding future requirements 
resulting from further increased switching frequency. 
For converting the sensor output into digital form the  
sensor output  voltage range should be matched to the 
input voltage range of the A/D-converter so that no 
additional electronic components for adaption are 
required and minimum circuit complexity is achieved. 
As mentioned, the current sensor is comprised by a DC 
and AC part. The signals of both parts are directly   added 
without using any frequency-matching network. 
        For acquiring DC and low frequency AC currents 
with high  accuracy an  integrated three-terminal Hall-
effect device (Allegro 3515E) is employed which features 
 

�� linear, ratiometric output  
�� output signal shifted by half the supply voltage 
�� single voltage supply in the range of  
    4.5V to 5.5V (typ. 5.0V) 
�� dynamic offset cancellation 
�� internal temperature drift compensation 
�� precise recoverability after temperature cycling 
�� high bandwidth (-3dB at 30kHz).  

 

The sensor shows a sensitivity of SHall = 50mV/mT and 
does provide a ratiometric rail-to-rail output voltage span. 
 

The input voltage range of the A/D-converter employed 
(ADS803) is  �2.0V with reference to an offset voltage of 
2.5V, i.e. 0A � 2.5V.  
      For matching the sensor output to the input voltage 
range of the A/D-converter the current sensor has to be 
designed properly. A gapped ferrite toroidal core is 
employed for concentrating the magnetic flux as resulting 
from the primary current. The minimum gap width is 
defined by the thickness of to the Hall device package  
(�1.57mm). Accordingly,  an air gap length of δ=1.6mm 
is selected which in combination with the sensitivity SHall 
of the Hall device directly determines the peak primary 
current which can be accommodated into the Hall sensor 
measuring range.  

        The magnetic flux density Bgap  in the core resulting 
from a primary current I1 is given by 
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According to the peak value of the magnetic flux in the 
 

air gap the Hall sensor generates an output voltage of  

 � � gapH HallU S B� � �� . (2) 

where the output voltage swing should be  ±2.0V in order 
to have a matching to the A/D-converter input voltage 
range.  
        Using (1) and (2) the peak current value can be 
calculated as 
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leading  to a sensitivity of the DC current sensing part of  
2.0 39.27
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Widening the air gap would reduce the core flux density, 
correspondingly the upper limit of the current measuring 
range would increase. It should be pointed out that the air 
gap is mandatory also for preventing a saturation of the 
magnetic core material. 

The AC part of the current sensor has to be designed for  
equal sensitivity as the DC part in order to be able to 
directly add the individual sensor output signals without 
employing an adaption network. Furthermore, the low-
frequency bandwidth limit fT of the AC current 
transformer has to be selected about a decade below the 
upper bandwidth limit  fH  of the Hall sensor. 

         The sensitivity of the AC current transformer is 
determined by the number of turns N2 of the secondary 
winding and by the burden resistance RB. In order to 
achieve a high upper bandwidth limit  a low number of 
secondary turns has to be selected. However,  this does 
result in a high secondary current and/or relatively high 
losses in the burden resistance. Therefore, a compromise 
has to be found between N2  and the resistance value RB. 
The inductance of  N2  turns on a toroidal core with air gap 
δ  is 
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The transformed peak input current value  should 
result in a voltage across R

1 21 / N�
�

B of ÛB = ±2.0V in order to 
ensure a sensitivity equal to the DC sensing part. 
Accordingly, the burden resistance can be calculated as 
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Assuming  N2=70  one receives  

 70 2.0 2.75
50.93BR V

A
� � � � .  (5) 

In order to achieve a low sensor volume we select a 
toroidal core of type R20/10/7 (EPCOS, material N30) 
having a cross sectional area  of 33.63mm2. With (3) there 
results a secondary winding inductance of 
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The resulting   corner frequency  is 
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which is well below the upper bandwidth limit fH of the 
Hall sensor. 
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Fig.5:    Selection of the frequency response of the AC current 
transformer GT with reference to the frequency response and 
bandwidth of the Hall-element GH.  The low-frequency 
bandwidth fT of the current transformer is selected well below 
the bandwidth fH of the Hall-element. Therefore, the shape of the 
frequency response of the Hall-element for frequencies  f > fT  is 
of no importance and a cross-over distortion resulting after 
summation of the output signals of the current transformer and 
the Hall-element  is prevented. The frequency range to be 
covered by the Hall-element is pointed out by a dotted area. 
 

3    UPPER      BANDWIDTH     LIMIT   OF    THE    
AC  CURRENT  TRANSFORMER 

 

The upper bandwidth limit of the current transformer is 
defined by the characteristic frequency f2 of the parallel 
resonance circuit formed by the parasitic capacitance C2 
of the secondary winding and the current transformer 
stray inductance Lσ, i.e. by  f2 =  (2л √C2 Lσ)-1. The 
capacitance C2 is mainly determined by the capacitance of 
the winding to the magnetic core, the influence of 
capacitances between turns of the single layer winding is 
comparably low as a large number of turns is connected in 
series [9,10]. 
It is interesting to note that   f2 could be considered as first 
resonance of the short-circuited transmission line formed 
by the secondary winding. Assuming a relative 
permittivity of the winding isolation of εr � 5 and an 
effective permeability of µr* � 30 (cf. Fig.6) and 
considering the total length of  l2 = 1.75m of the winding  
l 2= λ/4 is reached for f � 3.7MHz which is in  good 
agreement with the results of  impedance measurements. 
At l2 = λ/4 the short circuit at the output of the 
transmission line is translated into an input open circuit 
behavior and/or ideally infinite input impedance (parallel 
resonance). For f > f2 further parallel and series resonance 
as being typical for transmission lines do occur. For a 
detailed calculation of the high frequency impedance 
characteristic of  the secondary, e.g.,  also the frequency 
dependency of the permeability and of the losses of the 
magnetic material would have to be taken into account 
(cf. [11], p. 65). However, the only immediate measure 
available for increasing the current transformer bandwidth 
is a reduction of the number of turns and/or of the length 
of the secondary winding. This could be verified in Fig.6 
by considering the frequency dependency of the winding 
impedance  for different numbers of turns for frequencies 
in between f2  and the subsequent series resonance.   
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Fig.6:   Calculation of the effective permeability of the current 
transformer magnetic core (cf. p. 38 in [12]). Considering µ1 >> 
µ0 we have for the effective permeability of a magnetic core 
without airgap and equal magnetic induction   µ* �  µ0 (l1 + δ)/δ 
and/or in the case at hand  µr*� 30. In combination with εr � 5 
this does result in a propagation  of  electromagnetic waves with 
c = c0/√ εr µr* � 0.086c0 m/s and/or in a wavelength of e.g. 2.6m 
for f = 10MHz. 
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Fig.7: Frequency characteristic  (a) of the current transformer 
secondary winding impedance as acquired by impedance 
analyzer  HP4294 for different numbers of turns N2 and winding 
arrangements. A damping of the resonances appearing at higher 
frequencies could be achieved by connecting damping resistors 
across winding segments. Furthermore show: impedance 
characteristic (b) of  a winding on a non-magnetic core (material 
FR4) of equal dimensions. There, due to µr =1 the  first 
resonance is shifted to higher frequencies and the distance of the 
parallel and series resonance  frequencies is in closer 
correspondence to transmission line theory (cf. N2 = 70) due to 
the negligible high frequency losses of the  core material.  

The resulting normalized transfer function of the final 



current sensor construction is shown in Fig.8. Amplitude 
and phase errors remain limited to low values for 
frequencies up to 20MHz. Furthermore, no noticeable 
crossover distortion at the transfer from the Hall-element 
to the AC current transformer does occur.  
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Fig.8: Bode plot of the current sensor transfer function.  For 
connecting the sensor output  to the oscilloscope input via a 50Ω 
coaxial cable a 50Ω termination at the oscilloscope end  should 
be provided. Furthermore, the cable should be connected to the 
sensor output via a series resistor of  (50 Ω – RB) [13].  
 
In order to analyze the  influence of the current 
transformer stray inductance Lσ on the sensor bandwidth 
Lσ has been artificially increased by an external 
inductance of Le = 12�H.  As shown in Fig.9 this does 
result in considerably decreased  current transformer 
bandwidth and/or does verify the theory.  
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Fig.9: Bode plot of the current sensor transfer function for 
artificially increasing the current transformer stray inductance Lσ 
(a),(b) and high frequency equivalent circuit (c) of the current 
transformer. The characteristic frequency  1/(2л √C2 Lσ)-1 of the 
parallel resonant circuit formed by the parasitic capacitance C2 
of the  secondary and Lσ does define the upper bandwidth limit. 

4     EXPERIMENTAL RESULTS 
Results of  an experimental analysis of the proposed 
current sensor are shown in  Fig.10. Excellent dynamic 
behavior and  high dv/dt-immunity are achieved despite 
no shielding of the primary conductor is provided.   
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Fig.10: Testing of the proposed current sensor in a 500kHz  
DC/DC boost converter (a) simulating  operating conditions as 
occurring for input phase current measurement in three-phase 
PWM rectifier systems; (b): sensor output signal (upper trace) 
and  actual current time behavior as acquired by a 50MHz 
current probe Tektronix A6302  for positioning the sensor  in the 
connection to the supplying voltage source (position 1 in (a)); 
(c): proposed sensor and A6302  output signal for current 
measurement at position 2 in (a); furthermore shown: power 
transistor drain-to-source voltage. Currents in (b) and (c) are 
shown with equal scales.    

5 CONCLUSIONS 
In this paper a new current sensor (cf. Fig.11) which  
shows wide bandwidth, high dv/dt-immunity and low 
complexity and therefore is of special interest for 
applications in future very high switching frequency 
PWM rectifier systems has been proposed.  



As detailed in Section 3 the measuring range of the sensor 
is determined by the length of the air gap required for 
accommodating the magnetic field sensing ASIC and has 
been set to ±50A in the case at hand. Accordingly, 
changing the  measuring range to  e.g.  ±25A would 
require a different sensor package (the ASIC does occupy 
only part of the package volume) or  a doubling of the 
number of primary turns. 
In the course of the continuation of the research means for 
further increasing the sensor bandwidth, as e.g.  

�� cascading [10] of  the proposed sensor  and an 
ungapped  AC current transducer and  

�� splitting the secondary into several partial 
windings which are decoupled by common-mode 
inductors [10]   

will be analyzed.  Experimental results and a comparison 
to the performance of the conventional sensor 
construction will be published at a future conference.   
 

 
Fig.11: Prototype of the proposed current sensor.  
 

                  

RB

i2N3

i2́N2

i1

       (a) 
 

                         

Lcm1

RB

N2

Lcm2

Ck

Cn

Cn

N2

1
2

1
2

             (b)  
Fig.12:  Cascading of current sensors (a) and partitioning of the 
current transformer secondary (b) in order to reduce the number 
of turns and/or the parasitic winding capacitance impairing the 
high frequency sensor behavior.  A partitioning of the secondary 
winding into n=6 partial windings is e.g. employed in current 
probes of type Tektronix A6303; there, in order to deactivate the 
total winding capacitance each partial winding could be 
terminated by RB/n (e.g. employed in Pearson current 
transformers) or common-mode inductors have to  be provided  
which do suppress a current flow via the total winding 
capacitance C2  so that just the partial winding capacitances Cn 
are effective. 
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