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 Abstract
 Rogowski current transducers comprise a Rogowski coil and integrator connected by a co-axial cable.
The coil and cable behave as transmission lines with different impedances and correct termination
presents diff iculties which can result in reflections which appear as rings on the measured waveform.
This paper investigates and models the coil -cable behaviour and the integrator behaviour and compares
model predictions with experimental measurements

 Introduction
Measurement of current using a Rogowski coil i s now becoming a recognised technique with the
advantages of non-saturation, high bandwidth, isolation, non-obtrusiveness and ease of use.

Figure 1. shows a typical transducer with a relatively thin flexible Rogowski coil connected to a battery
powered integrator.

Figure 1. An RGF Rogowski Current Transducer

Figure 2. The basic Rogowski transducer



The Rogowski coil , ill ustrated by Figure 2, comprises a plastic former with a winding of uniform turns
density N (turns/m) and turn area A (m2).  If it is formed into a closed loop surrounding the current to
be measured I then the voltage E induced in the coil i s theoretically independent of the loop shape or the
position of current within the loop and is given by

dt

dl
HE = (1)

where the coil sensitivity H(Vs/A) is given by

NAµH o= (2)

The coil voltage E requires integration so as to product the desired analogue measurement of
instantaneous current.  With an integrator time constant Ti, the resultant output voltage is

Vout = Rsh I (3)

where Rsh = H/Ti is the transducer sensitivity (V/A).

Passive integration can be used (e.g. using a CR network where Ti=CR) but, for acceptable values of
Rsh, Ti needs to be relatively small and this limits the transducer bandwidth to relatively high
frequencies.  For a wide-bandwidth transducer it is necessary to utili se an electronic integrator.

The Rogowski coil i s usually connected to the integrator unit by a co-axial cable of typically a few
metres length.  If the cable is directly connected to the coil the cable capacitance Co  (typically a few
hundred pF) shunts the coil i nductance L and the resultant LCo product dictates the bandwidth of the
measurement.  With typical coil i nductances of 10 to 100µH this sets a coil bandwidth limit of typically
1 to 3 MHz, which is further reduced by the dynamics of the integrator.

Figure 3. Coil equivalent circuit with terminating resistance Rd and series resistor Ro (Ro >>Rd)
mounted at the coil end or the cable end.

To achieve high bandwidths in excess of 10MHz for measuring currents in switching semiconductors it
is necessary [1] to situate the integrator resistor Ro in series between the coil and the cable as shown in
Figure 3.  The resultant behaviour has had detailed examination in previous publications [2,3,4].  The

coil bandwidth is now dependant on the product LC ( LC is the coil transit delay), where C is the coil

capacitance and is relatively small compared with that of the cable Co.  The integrating resistor Ro

effectively decouples the coil from the cable and the coil can be properly terminated with a damping
resistor Rd as shown to minimise reflections or rings.



The coil can be approximately represented by a lumped parameter L-C-Rd circuit as in Figure 3.
Although in reali ty the coil behaves as a distributed parameter transmission line, with a properly
terminated coil this model gives acceptable predictions of overall performance within the transducer
bandwidth.

However, inserting the integrator and damping resistors in the coil i s a manufacturing inconvenience
and in the majority of applications a bandwidth of 1MHz is more than adequate.  Yet Rogowski
transducers in which the cable is directly connected to the coil are often subject to excessive ringing
which is not surprising.  If two transmission lines of significantly different characteristic impedances
are directly connected it is diff icult to properly terminate both lines and hence ringing is likely to occur.

The underlying objective of this paper is to investigate the behaviour of such a system and in particular
to identify the most appropriate termination at the cable end.  For example – should this be the
characteristic impedance of the coil or the cable, or some other value?  And is an output fil ter necessary
to reduce the rings?

A lumped parameter equivalent circuit is no longer suff icient to analyse the system behaviour and a
more representative model of the coil and cable is necessary.  The development of this model and its
experimental verification is the main objective of this paper.

Coil -Cable Model without Transmission L ine Effects

Figure 4. Transducer equivalent circuit with series resistor Ro mounted at the integrator end of the cable
(Ro >>Rd where Rd = R1R2 / (R1+R2). Rout represents the op-amp output impedance

The simplest system model is shown in Figure 4 using lumped parameter equivalents for the coil and
representing the cable by its capacitance Co.

The circuit shown allows the possibili ty of terminating resistances (R1 and R2) at either end of the
cable, or a combination of both.  It also shows the output impedance of the integrator op-amp
represented by Rout  and includes an RC fil ter at the output.

The behaviour of the coil -cable system is then represented by
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where ( )oc CCLT += , ( ) do R/CC/L 2+=ζ  and Rd = R1R2/(R1+R2)



The integrator usually has a low pass fil ter [3] in parallel with the integrating capacitor C1 which is not
shown.  This sets the low frequency bandwidth of the transducer and is not relevant for the
investigation of this paper.
Whereas the simpli fied representation of Figure 4 and equation (4) gives adequate prediction of the
general behaviour of the transducer up to its high frequency bandwidth (approx. 1/(2πTc)), it is not able
to predict ringing at high frequencies due to transmission line reflections.

Coil -Cable Model with Transmission L ine Effects
Before developing a more accurate model of the coil -cable system it needs to be understood that the
high frequency behaviour of the coil differs depending on the position of the current within the coil
loop, even if the coil turns density and turn area are absolutely uniform.  This has been partly
investigated in [5].  In particular [5] has shown that ringing is particularly prevalent when the current is
not centrally situated in the coil l oop (as in Figure 2) but is close to the side of the coil as shown in
Figure 5.  Instead of the voltage generated by dI/dt being evenly distributed around the coil , it is
concentrated in those turns close to the current.

Figure 5. Coil with closely adjacent source at position λl from the free end, where l = coil l ength

Since the system of Figure 5 often arises in practice and is more likely to cause ringing, this
configuration is selected for the model developed in this paper.

The coil i s therefore approximately represented by a transmission line of impedance Zo1 and phase

angle 11 Tω=θ , where T1 is the coil delay = LC , driven by a voltage source E injected into the line

at a relative position λ along its length and loaded by a co-axial cable of impedance Zo2 and phase angle
θ2 = ωT2, where T2 is the cable delay (4.26ns/m for a 75Ω cable).  The cable is terminated by
resistance R2(<< Ro) and for comparison the possibili ty of a coil termination resistor R1 is included.

The system is shown in Figure 6.

Figure 6. Coil-cable system as two transmission lines with terminating resistors R1 and R2 and with
voltage E injected into line 1 at position λ.



The voltage v1 and current i1 at the coil – termination are shown in the Appendix to be related to the
injected voltage E by
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putting z1= exp (T1.s) gives
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For the cable, taking Ro >>R2

v1 = { cosh (T2s) + p2 sinh (T2s)} v2 (9)

Zo2i2 = { sinh(T2s) + p2 cosh (T2s)} v2 (10)

where p2 = 
2

2

R

Zo

or putting z2 = exp (T2.s)

2v1 = { (1+p2) + (1-p2) z2
-2} . z2v2 (11)

2Zo2i2 = { (1+p2) + (1-p2) z2
-2} .z2v2 (12)

Figure 7. Coil-cable system block diagram where,  Z1 = eT1s, Z2 = eT2s,
p1 = Zo1/R1, p2 = Zo2/R2, p3 = Zo1/Zo2



Equations (8), (11) and (12) may be represented by the block diagram of Figure 7. This cannot be
usefully simulated using a computer package such as SIMULINK since it has an algebraic loop (a loop
without any time delays).

The algebraic loop can however be eliminated using known techniques to give the equivalent block
diagram shown in Figure 8.

Figure 8. Coil-cable block diagram with algebraic loop eliminated

Complete Transducer System Model

Having completed the model for the coil and cable it remains to model the integrator and fil ter shown in
Figure 4.

It is important to include the effect at high frequencies of the direct coupling to the integrator output via
capacitor C1.  For example a positive step input E’ will result in a negative output ramp VI = (E’/Ti).t
due to the inverting action.  However at the instant the step is applied this will cause a positive transient
at the integrator output, initially of magnitude (Rout/Ro) E

’ where Rout is the op-amp output impedance.

This preshoot effect has already been analysed in [3] (and further discussed in [4]) where it was shown
that the integrator behaviour can be represented by the transfer function.
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where Tb = 1/(2πGBW)
GBW = gain – bandwidth product for the op-amp
Tout = C1Rout

To reduce the preshoot transient and rings from the coil or cable it is generally desirable [3] to include
an RC fil ter of time constant Tf = RfCf at the output as shown in Figure 4.



Assuming that the loading on the transducer output is high (>> Rf), then it may be shown that the effect
of the fil ter is to modify equation (13) to the following transfer function
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where Tx = (Rf+Rout). Cf

Note that this is not the same as appending the transfer function 1/(1+Tfs) to equation (13) as was
shown in [3].

Figure 9. Transducer Block diagram

The complete block diagram for the system is shown in Figure 9.  For the coil -cable model the
simpli fied transfer function of equation (4) provides a good representation of the transducer behaviour
as will be shown below, but to predict the effect of coil or cable reflections it is necessary to use the
more exact model of Figure 8.

Experimental Verification

To test the validity of the model a Rogowski transducer of the type shown in figure 1 was constructed
having the following parameter values:

Overall sensitivity, Rsh = 1mV/A
Coil l ength = 730mm
Coil sensitivity, H = 65 nVs/A
Coil i nductance, L = 197 µH
Coil capacitance, C = 36 pF
Coil impedance, Zo1 = 2.34kΩ
Coil delay, T1 = 84.2 ns
Cable length = 2.5m
Cable capacitance, Co = 142pF
Cable impedance, Zo2 = 75Ω
Cable delay, T2 = 10.65ns

        Damping resistance, R2 = 1.0 kΩ (R1=∞)
Integrator time constants, Ti = 65µs

       Tb = 40ns
      Tout = 388ns

       op-amp resistance, Rout = 200Ω (at high frequency)
       Fil ter time constants, Tf = 54ns or 6ns

         Tx = 126ns or 14ns

Equivalent values for simpli fied model:
Coil-cable time constant,  Tc = 187ns
Damping ratio     ς = 0.526

The transducer was tested with a current step of magnitude 130A of the type I=130(1-exp(t/T)) where
T ≅ 400ns.  The current was positioned close to the coil midway between the free and fixed ends (λ=0.5



in equation (7)).  Figure 10 shows the measured current in comparison with a high bandwidth (20MHz)
Pearson CT.  The fil ter capacitor Cf was fitted giving fil ter time constants Tf = 54ns and  Tx =
126ns.  The negative preshoot due to the inverting integrator is clearly seen and rings due to coil
reflections are not apparent due to the presence of the fil ter.  The measurement delay is approx. 300ns
compared with an expected delay of 291ns (197ns for the coil and cable, 40ns for the integrator and
54ns for the fil ter).

Figure 10. Real measurement of 130A transient
ch1. RGF30 with output fil ter

ch 2. Pearson 20MHz CT  (20A/div 200ns/div)

Figure 11. Real measurement of 130A transient
ch1. RGF30 without output fil ter

ch 2. Pearson 20MHz CT  (20A/div 200ns/div)



Figure 11 shows the measurement for the same current pulse but with the fil ter capacitor removed.
Due to the input capacitance of the oscill oscope and some residual capacitance on the board, an
equivalent fil ter capacitance Cf = 40 pF was estimated giving Tf ≅ 6ns and Tout ≅ 14ns.  The presence of
some rings, albeit suppressed, is clearly seen.

Figure 12. Simulated measurement of 130A transient using RGF 30 with output fil ter and using
detailed coil -cable model. (unit current 130A  200ns/div)

Figure 13 Simulated measurement of 130A transient using RGF 30 without output fil ter and using
detailed coil -cable model. (unit current 130A  200ns/div)

Figures 12 and 13 show the respective computer simulations corresponding to Figures 10 and 11, using
the coil -cable model of Figure 8.  It will be seen that the model gives an adequate prediction of the
transducer behaviour in respect of both the integrator preshoot and the suppressed rings.  The
frequency of the rings (approx. 12MHz) corresponds to the estimated delay of the coil (84ns) and is due
to coil reflections.



Figure 14. Same as Figure 13 but also showing simulated measurement using simpli fied coil cable
model (unit current 130A  200ns/div)

Figure 14 is the same as Figure 13 except that the simulation also shows the predicted measurement
using the simpli fied model for the coil -cable of equation (4).  The simpli fied model has the following
effect compared with the more accurate model, as would be expected:

(a) it does not predict the rings
(b) it nevertheless gives a very close prediction of the measurement without the rings.
(c) it shows a slight overshoot in the response (i.e. measured current exceeds actual current at time

1 to 1.3µs)

The simpli fied model, using lumped parameters for the coil and cable, is therefore shown to be more
than adequate for predicting the transducer behaviour, which although previously believed and stated
[2,3] is now further confirmed.

For the RGF transducer, with a limited bandwidth of approx. 1MHz, the necessary inclusion of a  50ns
fil ter is not a serious penalty.  However if a bandwidth of say 5MHz was sought by using a lower
inductance 730mm coil and a faster integrator without a fil ter, the preshoot and rings would present an
unsatisfactory response.



Figure 15, Simulated measurement of current transient using higher bandwidth coil and integrator
without output fil ter (100ns /div)

Figure 15 shows the computed measurement for a transducer having T1 = 26.8ns, Zo1 = 540Ω,  R2 =
270Ω, Tc = 52.6ns, Tb=10ns, Tout = 75ns, Tf = 2ns and Tx = 6ns.  The parameter for the 2.5m cable are
the same as previously given.  The current step being measured has the same shape but half the rise
time.  Although the measurement delay has been reduced to less than 100ns the rings are undesireable.

To improve bandwidth it is necessary to use a non-inverting integrator as described in [4,5] and as used
for the CWT range of transducers.

Figure 16. Same as Figure 13 except damping resistor fitted at coil end rather than cable end

The computer model was used to investigate the effect of placing the damping resistor at the coil end
rather than the cable end (i.e. R1=1kΩ, R2= � � � � � � � � � � 	 
 � � � � � 
 � � � � � � � 	 
 � � � � � 
 � � � � � � � � � � � � � � �
the fil ter is shown in Figure 16 and is very similar to Figure 13.  Since there is no apparent
improvement in performance by positioning the damping resistor at the coil end, it is more convenient
and preferable to place it at the cable end.  Similarly using two damping resistors R1= 2kΩ and R2 =
2kΩ makes li ttle difference to the simulated measurement for this particular system.



Conclusions
A mathematical model has been described for a Rogowski coil connected via a co-axial cable to an
electronic integrator of the conventional inverting op-amp type.  The model simulates the reflections due
to unmatched terminations for both the coil and the cable.

The validity of the model has been partly verified by comparing the simulated measurement with an
experimental measurement using an RGF30 Rogowski transducer for a particular current step.  Further
comparisons of simulated and actual measurements for transducers with different parameters and for
different current transients will be required before the model is completely verified.

The simulated measurement using the detailed coil -cable model was also compared with that for a
simpli fied model using lumped parameters of inductance and capacitance for the coil and capacitance
for the cable.  The simpli fied model was shown to agree closely except that it did not show any rings
arising from reflections in the coil or cable.  Nevertheless the investigation showed that the simpli fied
model can be used for predicting transducer behaviour in most situations.

The paper also has shown that for Rogowski transducers using a conventional inverting op-amp
integrator an output fil ter is necessary to suppress the rings and this increases the measurement time
and limits the bandwidth.

The existence of such models enables a supplier to predict whether a particular transducer is capable of
measuring a particular current transient and thereby avoids wasted time and customer disappointment.
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Appendix
Consider the Rogowski coil shown in Figure 5 with a concentrated current I close to the coil at a
position λ relative to the free end (0<λ<1).

Let the coil have the following parameters

L = distributed inductance
C = distributed capacitance

T = LC  = coil delay
θ = ωT1 = coil angle at frequency, ω
Zo = C/L = characteristic impedance

As an approximation let the induced voltage E = H.dI/dt in the coil due to the current I be taken as
concentrated at relative position λ as shown in Figure A1.




