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Abstract- The new current measuring principle HOKA is presented. 
Probes based on this principle can measure DC currents of several hun- 
dred amps, as well as di/dt’s of several kA/ps. A measurement setup to 
generate these dVdt’s as well as a current probe based on the HOKA prin- 
ciple were built. With the setup the current probe was tested and com- 
pared with other state of the art current probes. 

I. INTRODUCTION 

To measure currents of power electronic Eystems in the range 
of hundred to some thousand amps probes based on the induc- 
tion law are often employed. The most known are the Ro- 
gowski coil [l], [2], [3], [4], [5], and the current transformer 
[6], [7], [8]. Shunts are not often employed because of their 
galvanic coupling and power losses. The main problem when 
using one of the former two current measuring devices is the 
inability to measure DC currents. When paralleling IGBT’s 
[9] high dddt’s as well as DC currents must be measured. DC 
currents can be measured with Hall sensors or with magne- 
toresisive sensors. The idea of merging the output signal of a 
slow and a fast device in a control loop is not new [lo]. In the 
following a new method is presented which measures currents 
without a feedback control. 

11. THE N E W  PRINCIPLE 

An overview of the current probe based on the new measur- 
ing principle is depicted in Fig. 1. The probe consists of an 
evaluation circuit and two different types of current sensors: 
one or several Hall sensors and an air or Rogowski coil. To 
illustrate how this new principle works, the transfer function 
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Fig. 1 ., Current probe overview 
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(TF) of the sensors must be examined. One sensor type must 
have an output signal which is proportional to the sensed sig- 
nal. Hall sensors exhibit this property when measuring elec- 
trical current. Its TF can be approximated by a low-pass (1) 
where s = j w ,  I, represents the monitored current, VH the 
sensor’s output voltage, KH the sensitivity of the Hall sensor 
and TH its time constant or ~ / T H  its comer frequency. 

The other sensor type must provide an output signal which is 
proportional to the derivative of the sensed current. This can 
be achieved by an air or Rogowski coil. The TF of these coils 
can be approximated by (2), where Vi  represents the output 
voltage of the coil and M the mutual inductance. 

(2) 
VC 
Im 

Hc0il(s)  = - = s M 

The HOKA principle is used to combine the output signals VH 
and Vc in the evaluation circuit. The principle states that it 
is possible to combine these two signals in a way, that an un- 
limited bandwith is obtained. The block diagram Fig. 2 shows 
how the two signals are merged. Assuming that we are able 
to build an ideal low-pass, amplifier and adder, the TF of the 
probe reduces to a constant value (3). 

K,  is the probe’s sensitivity. The main features when making 
use of this new principle are: 

elimination of the required integrator when employing Ro- 

ability to measure DC currents as well as high di/dt’s 
delay time below 1 ns for a ramp 
no phase shift till about 50 MHz 
low insertion impedance 
electrical isolation from the monitored current 
no saturation effects 
no damage by surge currents. 

gowski coils for current measurement 
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Fig 2. Ideal HOKA principle 

V, = K,.l, 
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This principle is not restricted to current measurement but may 
always be used to enlarge the bandwidth of a measuring device 
when the monitored signal can be measured with a sensor hav- 
ing a proportional or low-pass TF and a second sensor having 
a high-pass or derivative TF. 

In the following we focus on current measurement and we 
will analyze in detail a practical implementation of the ideal 
HOKA principle. 

111. PRACTICAL IMPLEMENTATION 

To implement the HOKA principle a slightly modified topol- 
ogy was chosen, Fig. 3, where the parameter matching is not so 
critical. Starting with the block diagram in Fig. 2 the two time 
constants TH in the coil path of the evaluation circuit are re- 
placed by a new time constant Tv. A low-pass is inserted at 
the output of the Hall sensor signal with the same time con- 
stant Tv. As long as TV > 100 TH the behavior of the eval- 
uation circuit is only slightly altered compared with the ideal 
one. Having the same low-pass block in the coil and Hall sig- 
nal path, it can be shifted as well as part of the amplification 
block past the addition block as shown in Fig. 3. As a result 
the matching of the parameters of the low-pass becomes easy 
as long as the given inequality is respected. The TF of the coil 
has been replaced by a more realistic model showing a reso- 
nance behavior at fn = 1/(2 A 2'') when To M 1. The ideal TF 
of the probe (3) is still valid till about f n / l O .  For higher fre- 
quencies, the resonance of the coil becomes dominant an the 
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TF of the probe can be approximated by (4). 

A. Evaluation circuit 

The block diagram of the evaluation circuit Fig. 3 has been 
realized as displayed in Fig. 4 [ 111. The op amp A1 is a high 
precision amplifier while the A2 is a wideband amplifier. The 
TF of this circuit, with ideal amplifiers (AI (s) =A2 (s) = m), 
is for the Hall path 

and for the coil path 

Even when modeling the two op amps's TF as second order 
low-passes, the TF remains a first order low-pass up to several 
MHz. To be able to reach these theoretical values, high speed 
design techniques must be used [ 121. In order to reduce the dis- 
tance between the components of the high speed path as much 
as possible, the layout topology has to be planned carefully. 

The resistors RIH and Rlc are used to set the correct am- 
plification value in each path. To increase the noise immunity 
of the output signal, a 50 termination should be used ( R ~ o ) .  
The drawback of the termination is an increase of a factor two 
of the required amplification. 

The measured Bode plot of the realized circuit is shown in 
Fig. 5. The solid line represents the measured data while the 
crosses show the theoretical plot of a first order low-pass. The 
circuit behaves as a low-pass for over six decades, spanning a 
range of 100 dB magnitude. 

B. Hall sensor 

The output signal of a Hall sensor is proportional to the mag- 
netic flux density B. More precisely, it is proportional to the 
component of the vector B which is normal to the chip's sur- 
face. The Hall sensors will pick up the flux density from the 
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Fig. 3. Implementation of the HOKA principle 
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Fig. 4. Evaluation circuit 
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Fig. 5. Bode plot of low-pass circuit 
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monitored current I, as well as the one of the return wire I, 
and other stray fluxes. Since no core is used to increase the flux 
density generated by the monitored current, a single Hall sen- 
sor is prone to stray fields existing at the same location. This is 
especially true in the domain of power electronic systems. 

In the following we analyzed the noise immunity of a cir- 
cular Hall sensor arrangement like shown'in Fig. 1 and more 
in detail in Fig. 6.  N Hall sensors are placed on a circle of ra- 
dius r, .  The sensors are equidistantly positioned with respect 
to each other, therefore, the angle between them is 

The angle aj represents the angle between the vector r,j and 
the e, axis. We assume that through the center of the circle or 
sligtly offset passes the wire I, of which the current is moni- 
tored. On the outside of this circle the return wire I, passes by. 
A section of this arrangement is displayed in Fig. 6.  The Hall 
sensor is found at the end of the vector rsj and it measures the 
field which is parallel to its surface normal vector e,. The dis- 
tance from the origin to the current wire is T,  and p is the angle 
between rr and e,. Ro and TO are the radii of two circels. Their 
importance will be explained firther on. Note that all the vec- 
tors named e are unit vectors. The index r stands for the return 
wire, m for the monitored wire and s for sensor. Assuming that 
the current wire or bar is a wire filament of infinite length, it is 
possible to compute the magnetic field and its direction in each 
point with the law of Biot-Savart. This filament wire extends 
along the e, axis. Thus from the following equations (8)-( 12) 
the magnetic field strength measured by the Hall sensor (13) 
can be computed. 

cos aj 
rsj = r,  ( si? ) 
e ,  = ( cosOaj ) 

(8) 

- sin aj 
(9) 

cos p 
= r ,  ( si;p ) 

r a  = rsj - r, 

With the current I, flowing along the -e, axis 

therefore the field measured by the Hall sensor j and generated 
by the current I, is 

Hsj = Hrj - e, = 
a COS(CYj -0) - 1 I, . (13) - - 

1 + a2 - 2a cos(aj - 0) 2nr, 

In the last equation the factor a = r ,  / r ,  has been introduced 
to simplify the equation. Three special domains of a can be 
identified: 

a = 0 then H s j  = -I, / ( 2 . n ~ ~ ) .  This is the well-known 
case when the wire is in the center. This result can also be 
obtained by employing the line integral of the magnetic field 
strength. Each Hall sensor detects the same magnetic field 
strength. 
0 < a < 1 the wire is closer to the origin than the Hall 
sensor. 
a > 1 the Hall sensor is closer to the origin than the wire. 

With (13) it is now possible to compute the measurement error 
if the monitored current wire I, is not in the center and to 
quantify the influence on the output voltage of the return wire 
I,. When N identical Hall sensors are connected in series, each 
Hall sensor will deliver a signal proportional to the magnetic 
field present at its position, V H ~  = KH H s j .  Therefore the 
sum of all the Hall sensor output voltages for a centered wire 
I,,, (ideal case, a = 0) is: 

1. 

Fig. 6.  Hall sensors configuration 
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If the wire I ,  is .slightly off the center (normal case, 
0 < a < l), the following output voltage is found: 

N - 1  
Im 

2TT, 
a cos(aj - p) - 1 

1 + a2 - 2 a  cos(aj - p) '  < v H a l l a  = - K H  - 
3 =O 

Last we consider the output voltage caused by a wire which 
passes outside the circumference of the Hall sensor circle 
(a > 1). This is in most cases the return wire I,.. 

N-1 

(16) 
a COS(Crj - p)  - 1 

Note that the sign of the equations for V ~ ~ l l ~  is related to the 
current flow direction. The relative error for an off-center wire 
is given in (1 7). 

(17) 
1 N - l  a cos(a3 - p)  - 1 =l+z 3=0 1 + a 2 - 2 a c o s ( a 3 - p )  

The relative error generated by the return wire, assuming that 
both wires carry the same current, is expressed in (1 8). 

OVHalls - ( O v H a l l s  +> V H a l l s )  - - 
> errrel = 

O v H a l l s  

(18) 
1 N - l  

a COS(Crj - p) - 1 - - 
- N  l + a 2 - 2 a C o s ( a j - p )  

3 =O 

In both cases when plotting the err,,[ as a function of 
0, the maximum relative error is reached when p = 0 or 
p = r / ( 2 N ) .  The interest is focused on a relative error of 
less than 5% so only realistic values for N have been plotted. 
Since the function is periodic, only a little more than one pe- 
riod is shown in the top drawing of Fig. 7 and Fig. 8. The dif- 
ferent curves represent different numbers of Hall sensors, N .  
The lowest N is plotted as dotted line and the highest value as 
dashed line. The bottom drawing of Fig. 7 and Fig. 8 show 
the relative error (17) and (18) as a fuction of the factor a 
(a = T, . /T , ) .  A first interpretation is intuitive: the nearer to 
the center the monitored current wire is placed, the smaller is 
the error. The further away the return wire is from the Hall sen- 
sors, the smaller its influence. Additionally it can be seen that 
with a few sensors evenly distributed on the circumference but 
without a core, relative errors of some % can still be achieved. 
In our prototype a is less than 0.5 for the inner wire and more 
than 2.5 for the return wire. In order to not exceed a certain er- 
ror, a specific a for the inner and outer wire must be preserved. 
This can be achieved by a case. In Fig. 6 two dashed circles are 
visible representing a fictive case of the probe. Ro is the outer 
radius, r0 the radius of the hole. By selecting these radii so that 
a < ro/r, for the inner hole and a > Ro/T, for the boundary 
of the case, a specific relative error will not be exceeded. 

a = 0.60, N = 6 to 14, step = 2 
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Fig. 7. Hall sensor: relative error of an off-center wire 
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C. Coil 

The coils we have designed have their natural resonance fre- 
quency between 10 MHZ and 200 MHz. They have from 10 to 
100 windings, and are constructed on a multi-layer PCB [13]. 
The windings have a rectangular shape: from a via a track starts 
on the upper surface to a next via. From the'bottom of this via 
a second track starts on the bottom surface and returns next to 
the first via. Here again a via for the next winding is placed. In 
Fig. 1 the skeleton of such a coil is depicted. 

The considerations made for Hall sensors about noise immu- 
nity are also applicable to coil windings. The influence of an 
off-center wire I ,  or the return wire I,. on the induced voltage 
or on the mutual inductance M is analyzed in the following. 
A coil, as shown in Fig. 1, consists of several windings. Each 
winding is connected serially to the next one. Therefore the in- 
duced voltages, the electromotive forces (emf's), will add up. 
Since the flux is comming from the monitored wire, the total 

a = 1.50, N = 6 lo 14, step = 2 
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Angle beta (deg) 

1 2 3 2 5  1 5  3 5  4 
Factor a (-) 

Fig. 8. -Hall sensor: relative error of the return wire 
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emf can be written as: 

N-1 dim dim 
dt 

= M j Z  = M - .  
j=O 

In Fig. 9 two windings of a coil and the different vectors 
needed for computation are shown. The vector rwj(q) is po- 
sition dependent. The variable q represents the position along 
the winding and ranges from q = 0 to q = L.  

cos “ j  

(20) 

with the current I, flowing along the -ez axis: 

H w j  (Q) = Hrj (9) 1 en 

the flux flowing through the winding j is 

therefore the muhal inductance becomes: 

(24) 
b PO 

j -  47r 

- 

M .  - -- lOg(A,) 

( L + T ~ ) ~ + ( A ~ , ) ~  -2Ar , cos (a j  - p ) ( r Z + L )  
.:[I+ A2 - 2Acos (a j  - p)] A, = 

Similar to the Hall sensor case, the following substitution has 
been made A = r , / r , .  Distinguished values for A are: 

~ A = 0 when the wire is in the center 
0 < A < 1 when the wire is placed at some distance from 

- the origin in the inner hole of the coil 
- A > (ri + L ) / r z  when the return wire I, is outside the coil’s 

windings. 

L 

Fig 9 Windings configuration 

- . -  . .  

Note that Mj (24) is negative for A = 0 since the magnetic 
field strength generated by the return wire I, is opposite to the 
normal vector en of the winding surface. The sign changes 
when the current is flowing along the e, axis, like I, does. 
Therefore, when considering the case of I, placed in the center 
of the coil (ideal case, a = 0), the sign of (24) changes and the 
equation reduces to (25). 

OMj = +- log - b p o  27r ( L : T i )  

When a coil consists of N separate windings, the mutual in- 
ductance for the centered wire I, takes the known form of: 

For the other two cases, with I, off-center and I, outside the 
coil’s circumference, the mutual inductance is: 

Employing the same relative error formulas as before, the in- 
fluence of the wire position to the ideal mutual induction can 
be formulated as follows: 

N - 1  

and for the other case 

= +- 1 y l o g A j .  
2 N l o g  (e) j =o  

For the following plots we used the dimensions of one of our 
coils: L = 18 mm, ri = 11.5 mm and the PCB thickness of 
b = 1.6 mm. When plotting the errTel as a function of p, the 
maximum relative error is reached when p = 0 or p = 7r/N as 
illustrated in Fig. 10 and Fig. 11, top drawing. In the bottom 
drawing the relative error as function of the number N of used 
windings and the factor A is shown. The conclusions are the 
same as for the Hall sensor case and also here the error can be 
limited when using a case. In the prototype A is below 0.5 for 
I, and A is above 3 for I,. In general, as soon as a coil has 
more than 20 windings, the relative error is below 1%. 
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Fig. IO. Coil sensor: relative error ofan off-center wire 

D. Error prediction 

The worst case full scale error in percent or the class in- 
dex of this probe Fig. 3 for a ramp current signal is given by 
(31) where d represents the damping ratio d = Tl/(2Tz) ,  
g = di /d t  is the ramp steepness, fn is the undamped natu- 
ral frequency of the coil and IFS is the full scale current of the 
probe [ 131. 

class index = 100 (0.66d3 - 0.18d2 + 0.53d + 1 )  
2 r f n I F S  

(31) 

For a symmetrical trapezoidal current signal, having a maxi- 
mum current value of +/- Ima+ and a steepness of its edges 
(rising and falling) of 9, the worst case error is less than twice 
the value of (31). With d = 0.2 the worst case class index 
of the probe for the trapezoidal waveform, for all frequencies, 

A = 3.00. N = 10 10 40. steD = 5 
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Fig. I 1. Coil sensor: relative error of the return wire 

Fig. 12. Probe prototype 

with IFS = I,,, can be expressed by: 

(32) class index = 110 -. 

The damping ratio d should be kept small and its value is 
mostly below 0.2. 

9 
fn  IFS 

IV. MEASUREMENTS 

To be able to verify this new principle a prototype as well as 
a measurement setup to generate high dildt's was built. With 
this setup we were able to perform several measurements to 
compare the HOKA probe with those comercially available. 

A. Probe prototype 

The probe prototype has been realized on a multi-layer PCB 
as displayed in Fig. 12. On the left and right side of the hole 
in the PCB, where the current bar passes through, the two Hall 
sensors are placed. The coil is implemented on the multi-layer 
PCB around the hole. Both sensors as well as all electronic 
components are placed in the case. 

B. Measurement setup 

B. 1 Operating principle 

In order to test the accuracy of different current measurement 
sensors, a setup was needed which can generate the required 
di/dt  of several kA/ps. Errors due to the proximity of current 
conducting elements can be analyzed as well as the noise im- 
munity to high dildt .  External fields which may lead to errors 
must be easy to generate. We choose a buck converter topol- 
ogy as shown in Fig. 13. A capacitor battery C is charged by 
a variable DC-power source. The ZGBT-switch S is turned on 
according to the pattern shown in Fig. 14a). The current rise 
can be described with 

Since the sum of the stray inductances in the loop A, repre- 
sented by L, < 1 pH, is much smaller than L = 80 mH, L, 
can be neglected. A voltage drop of V, of 20% is tolerated dur- 
ing the first phase. The time interval t z  - tl is used to define the 
maximum current Io which is measured. At t z  the currents iK 
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I t 

Rshunt 'K 

Fig. 13. Test setup configuration 

and i~ are equal and the IGBT S is turned off. 

fore the current transients can be adjusted without inserting ex- 
tra inductance. 

A current sensor can be introduced in two different positions 
namely point 1 or point 2 in Fig. 13. i~ (point 1 )  is used to 
measure slow current transients and the influence of external The current com- 

mutates to the freewheeling diode D. The commutation speed 
d i K / d t  is mainly defined by the properties of S as well as L,. 
At t 3  S is turned on and the current i~ flows again through it. 
The overshoot of iK is due to the reverse recovery current of 
D. From t 4  the current i~ is flowing through the loop B. The 
current decrease is given by 

i L ( t )  = i L ( t  = t4 )e- tF (34) 

With the realized current measurement setup current sensors 
can be tested for their behavior when measuring slow current 
transients as well as fast current transients. Fast current tran- 
sients are only achievable if L,  is low (typical below 500 nH) 
and the IGBT driving circuit is very fast. 

B.2 Realization 

In order to reduce L,, strip conductors (Fig. 15) have been 
used to interconnect the capacitors with the power semicon- 
ductors. The IGBT switch and the diode are located in a single 
power module. The gate drive is mounted straight on top of 
the module (Fig. 16). So it is possible to reduce the stray in- 
ductance in the gate-drive path and the switching speed of the 
IGBT can be increased. A control loop as proposed in [I41 is 
introduced to reduce the switching speed of the IGBT. There- 

. ' T - - - - r ?  n 
0- 

j t, jtz 
lo ..... ; ...................................... 

iL 1 iy , 

A i  

Time 

"-- --- 
Fig 15. IGBT with driver PCB and copper strips 

L 
t 

stray fields. Since the extra stray inductance introduced by cur- 
rent probes is not relevant in this point, various current sensors 
can be inserted and tested. i~ (point 2) is used to measure fast 
current transients. The HOKA current probe was inserted here 
to generate the measurement that follows. A coaxial shunt ' is 
used as reference. 

A control panel allows to adjust the times t z ,  t 3  and t 4  indi- 
vidually. The test setup is shown in Fig. 17. 

B.3 Measurements 

In in the top drawing of Fig. 18 (10 psldiv) the measured 
curve of a double pulse like in Fig. 14c) is shown. The solid 
line represents the shunt measurement while the dashed line is 
the output of the prototype. The bottom drawing shows the rel- 
ative error when the two signals are treated numerically to form 
a relative error. The spikes are mainly caused by the data aqui- 
sition and they disappear when the time scale is changed. In 
Fig. 19 (100 ns/div) the trailing edge is displayed. The curve 
of a second current probe * is also shown. Its output signal is 
represented by the dotted line. Last a rising edge with a d i ld t  
of a little less than 1 k A / p  is shown in Fig. 20 (100 ns/div). 
Further comparisons for a slow pulse (5  ms) with a 410 Pear- 
son current transformer and an ILA SMZ 200 clamp-on current 
probe can be found in [ 151. 

'LEM 25/10 
2~~~ CWT is 

Uektrot-3chntsche Entwtdtlungm 
und Konstntkttonen (EEK) 

Gimiastr. 35 - CH8M2 ZOrich 

Fig. 14. Curves Fig. 16. IGBT with driver PCB and short gate connection 
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Fig. 17 High power current measurement setup 

v. CoNCLUsloN 

A current probe prototype based-on the current measuring 
principle HOKA has been realized. A description of the evalu- 
ation circuit as well as of the geometry of the Hall sensors and 
air coil is given. The measurement sehip to test the prototype is 
outlined. The measurements carried out with this probe demon- 
strate the validity of this new principle. Formulas to compute 
the probe’s noise immunity are presented for the case of a fil- 
ament current wire. The prototype shows a full scale error of 
+I- 5% for DC as well as for di/dt in the range of some kA/ps. 
Further research is performed to reduce the overall size of the 

- probe and to increase its accuracy. 
. 
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