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Abstract

Rogowski current transducers comprise a Rogowski coil and integrator conrected by a co-axial cable.
The coil and cable behave as transmisgon lines with dfferent impedances and correct termination
presents difficulties 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
mode predictions with experimental measurements

I ntroduction
Measurement of current usinga Rogowski coil is now becoming a recogrised technique with the
advantages of non-saturation, high bandwidth, isolation, non-obtrusivenessand ease of use.

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

Figure 1. An RGF Rogowski Current Transducer

Figure 2. The basic Rogowski transducer



The Rogowski cail, ill ustrated by Figure 2, comprises a plastic former with awindng d uniform turns
density N (turns/m) andturn area A (m?). If it is formed into a closed logp surrounding the current to
be measured | then the voltage E induced in the cail i s theoretically independent of the loop shape or the
position d current within the logp andis given by

di
E=H— 1
" D

where the coil sensitivity H(VS/A) is given by
H=p1,NA @)

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

Vou = Ry | (©)
where Ry, = H/T; is the transducer sensitivity (V/A).

Pasdveintegration can be used (e.g. using a CR network where T;=CR) but, for acceptable values of
R, Ti nedals to be relatively small and this limits the transducer bandwidth to relatively high
frequencies. For awide-bandwidth transducer it is hecessary to utili se an eectronic integrator.

The Rogowski cail i s usually conrected to the integrator unit by a co-axial cable of typically a few
metres length. If the cableis directly conrected to the coil the cable capacitance C, (typically afew
hundred pF) shunts the coil i nductance L and the resultant LC, product dictates the bandwidth o the
measurement. With typical coil i nductances of 10to 100uH this sts a coil bandwidth limit of typically
1to 3 MHz, which is further reduced by the dynamics of the integrator.

Figure 3. Coail equivalent circuit with terminating resistance Ryand series resistor R, (R, >>Ry)
mounted at the cail end a the cable end.

To achieve high bandwidths in excessof 10MHz for measuring currents in switching semiconductors it
is necessary [1] to situate the integrator resistor R, in series between the coil and the cable as s1owvnin
Figure 3. The resultant behaviour has had detail ed examinationin previous pubications [2,3,4]. The
coil bandwidth is now dependant onthe product LC (\/E isthecail transit delay), where C is the caill
capacitance andis reatively small compared with that of the cable C,. Theintegratingresistor R,
effectively decouples the coil from the cable and the coil can be properly terminated with a damping
resistor Ry as $hown to minimise reflections or rings.



The cail can be approximately represented by a lumped parameter L-C-Ry circuit asin Figure 3.
Althoughin reality the coil behaves as a distributed parameter transmisgonline, with a properly
terminated coil this modd gives acceptable predictions of overall performance within the transducer
bandwidth.

However, inserting the integrator and damping resistors in the cail i s a manufacturing inconvenience
andin the mgjority of applications a bandwidth o 1IMHz is more than adequate. Y et Rogowski
transducers in which the cable is directly conrected to the coil are often subject to excessveringng
which is nat surprising. If two transmisson lines of significantly diff erent characteristic impedances
are directly conrected it is difficult to properly terminate both lines and tenceringingis likely to occur.

The underlying dojective of this paper is to investigate the behaviour of such a system andin particular
to identify the most appropriate termination at the cable end. For example — should this be the
characteristic impedance of the cail or the cable, or some other value? Andis an autput filter necessary
to reduce therings?

A lumped parameter equivalent circuit is nolonger sufficient to analyse the system behaviour and a
more representative modd of the coil and cableis necessary. The development of this modd andits
experimental verificationis the main dojective of this paper.

Coail-Cable M oddl without Transmisson Line Effeds

Figure 4. Transducer equivalent circuit with series resistor R, mounted at the integrator end d the cable
(Ro >>Ry where Ry = RiR, / (R1+Ry). Roy represents the op-amp output impedance

The simplest system mode is hown in Figure 4 using lumped parameter equivalents for the coil and
representing the cable by its capacitance C,.

Thecircuit shown all ows the posshility of terminating resistances (R; and Ry) at either end d the
cable, or acombination d both. It also shows the output impedance of the integrator op-amp
represented by R, andincludes an RC filter at the output.

The behaviour of the coil -cable system is then represented by

E' 1
E_ - )
E 1+2(Ts+T(s

where TC =1/LIC+CO i, Z =1IL/IC+CO i/sz and Rd = R]_Rz/(R]_"'Rz)




Theintegrator usually has a low passfilter [3] in paralld with the integrating capacitor C; which is nat
shown. This «ts the low frequency bandwidth o the transducer and is na relevant for the
investigation d this paper.

Whereas the simplified representation o Figure 4 and equation (4) gives adequate prediction d the
general behaviour of the transducer up to its high frequency bandwidth (approx. 1/(21T,)), it isnat able
to predict ringing at high frequencies due to transmisgon line reflections.

Coail-Cable M oddl with Transmisson Line Effeds

Before developing a more accurate modd of the coil -cable system it needs to be understoodthat the
high frequency behaviour of the coil differs depending onthe position d the current within the coil

loop, even if the cail turns density andturn area ae absolutely uniform. This has been partly
investigated in [5]. In particular [5] has shown that ringingis particularly prevalent when the current is
nat centrally situated in the coil loop (asin Figure 2) but is close to the side of the cail as shownin
Figure5. Instead o the voltage generated by di/dt being evenly distributed around the caill, it is
concentrated in those turns close to the current.

Figure 5. Coail with closdly adjacent source at position Al from the free ed, where| = coil length

Since the system of Figure 5 often arises in practice and is more likdy to cause ringng, this
corfigurationis slected for the mode developed in this paper.

The cail is therefore approximately represented by a transmisson line of impedance Z,; and phase
ange 6, = wT,, where T, is the coil delay = +/LC, driven by a voltage source E injected into the line

at ardative position A alongits length and loaded by a co-axial cable of impedance Z,, and phase angle
0, = wl,, where T, is the cable dday (4.26nsm for a 75Q cable). The cable is terminated by
resistance Ry(<< R,) and for comparison the posgbility of a coil terminationresistor R; is included.

The systemis siown in Figure 6.

Figure 6. Coil -cable system as two transmisgon lines with terminating resistors R; and R, and with
voltage E injected into line 1 at position A.



The voltage v, and current iy at the coil — termination are shown in the Appendix to be rated to the
injected vdtage E by

_cosh(T,s).v;, +Z sinh(T,s).i;

= Ccosh@QT,s) ©)
putting ;= exp (T.S) gives

E.f(zi,)) = (1420 vi + (1-202) Zowin (6)
wheref(z,\) = 7™ + 27N (7
asoi; = I\:\/’_ll +i, giving

Ef (z,,0) ={(1+p,) + Q- Pp.)z,°}v, +(1-2,) 2 ®
where p; = ZR°11

For the cable, taking R, >>R»

vy ={cosh (T,Ss) + p, Sinh (T,9)} Vs 9)
Zoip = {siNN(T,8) + p, cosh (T9)} v (10
wherep, = Zoz

or putting z, =2e><p (T2.9)

2v1 ={(1+p,) + (1-p2) 22} . 2V 11)
27> = {(1+po) + (1-p2) 5%} .2V (12

Figure 7. Coil-cable system block diagramwhere, Z,=€',  Z,=¢€'*,

P1 = Zo/ Ry, P2 = Zod R, P3 = Zoil Zo2



Equations (8), (11) and (12) may be represented by the block diagram of Figure 7. This canna be
usefully simulated using a computer package such as SIMULINK since it has an algebraic loop (aloop
without any time delays).

The algebraic logp can hovever be diminated using knavn techniques to gve the equivalent block
diagram shown in Figure 8.

Figure 8. Coil-cable block diagram with algebraic loop diminated
Complete Transducer System M odel

Having completed the modd for the coil and cable it remains to modd the integrator and filter shown in
Figure 4.

It isimportant to include the dfect at high frequencies of the direct coupling to the integrator output via
capacitor C,. For example a positive step input E will result in a negative output ramp V, = (E/T)).t
due to theinverting action. However at the instant the step is applied this will cause a positive transient
at the integrator output, initially of magnitude (Ro/R,) E Where R,y is the op-amp output impedance.

This preshoa €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.

S T, TS 13
E T,s(1+T,9)
where Ty = 1/(2nGBW)
GBW = gain — bandwidth product for the op-amp
Tou = CiRou

To reduce the preshoa transient and rings from the coil or cableit is generally desirable [3] to include
an RCfilter of time constant T; = RC; at the output as sown in Figure 4.



Asaumingthat the loading onthe transducer output is high (>> Ry), then it may be shown that the df ect

of thefilter is to modfy equation (13) to the foll owing transfer function
Votn - 1- TbToutSZ > (1 4)
E Tis@+(T, +Ty)s+T,T,s")

where Ty = (RitRow). Gt

Note that this is nat the same as appendng the transfer function 1/(1+T¢s) to equation (13) as was
shownin[3].

Figure 9. Transducer Block diagram

The complete block diagram for the system is own in Figure 9. For the coil-cable modd the
simplified transfer function d equation (4) provides a goodrepresentation d the transducer behaviour
as will be shown below, but to predict the dfect of coil or cable reflections it is necessary to use the
more exact mode of Figure 8.

Experimental Verification

Totest the validity of the modd a Rogowski transducer of the type shown in figure 1 was constructed
having the foll owing parameter values:

Overall sensitivity, Rg, = ImV/A
Cail length = 730mm
Cail sensitivity, H = 65nVgA
Cail inductance, L = 197uH
Cail capacitance, C = 36
Cail impedance, Z,; = 2.34kQ
Cail dday, T, = 84.2 ns
Cablelength = 2.5m
Cable capacitance, C, = 1420
Cable impedance, Z,;, = 75Q
Cabledday, T, = 10.65ns
Dampingresistance, R, = 1.0kQ (R;=o)
Integrator time constants, Ty = 65us

T, = 40ns

Touw = 3881s
op-amp resistance, Roy = 200Q (at high frequency)
Filter time constants, T; = 54ns or 6ns

Ty = 126nsor 14ns
Equivalent values for simplified modd:

Coail-cabletime constant, T, = 187ns
Dampingratio ¢ = 0.526

The transducer was tested with a current step of magnitude 130A of the type I=13Q0(1-exp(t/T)) where
T 040Ms. The current was positioned close to the coil midway between the freeand fixed ends (A=0.5



in equation (7)). Figure 10 shows the measured current in comparison with a high bandwidth (20MHz)
Pearson CT. Thefilter capacitor C; was fitted gvingfilter time constants T =54nsand T, =
126ns. The negative preshod due to the inverting integrator is clearly seen and rings due to cail
reflections are nat apparent due to the presence of thefilter. The measurement delay is approx. 300ns
compared with an expected dday of 291ns (197ns for the coil and cable, 40ns for the integrator and
54nsfor thefilter).
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Figure 10. Real measurement of 130A transient
chl. RGF30with cutput filter
ch 2. Pearson20MHz CT (20A/div 200ng/div)

Tek Run F ] Trig'd
""""" LI 0my Cha[TE0OV TTIM 200ns | A Ch 1 £ 46.4mV

Figure 11. Real measurement of 130A transient
chl. RGF30 without output fil ter
ch 2. Pearson20MHz CT (20A/div 200ng/div)



Figure 11 shows the measurement for the same current pulse but with the filter capacitor removed.
Dueto theinput capacitance of the oscill oscope and someresidual capacitance onthe board, an
equivalent filter capacitance C; = 40 pF was estimated gving T; (1 6ns and T, [0 14ns. The presence of
some rings, albeit suppressd, is clearly seen.

Figure 12. Simulated measurement of 130A transient using RGF 30 with autput filter and using
detail ed coil -cable modd. (unit current 130A 200ng/div)

Figure 13 Simulated measurement of 130A transient using RGF 30 without outpuit filter and using
detail ed coil -cable modd. (unit current 130A 200ng/div)

Figures 12 and 13 show the respective computer simulations correspondng to Figures 10 and 11, using
the coil -cable modd of Figure 8. It will be seen that the modd gives an adequate prediction d the
transducer behaviour in respect of both the integrator preshoa and the suppressd rings. The
frequency of therings (approx. 12MHz) corresponds to the estimated ddlay of the coil (84ns) andis due
to coil reflections.



Figure 14. Same as Figure 13 bu also showing simulated measurement using simplified coil cable
modd (unit current 130A 200n</div)

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

€)] it does nat predict therings

(b) it neverthelessgives avery close prediction d the measurement without the rings.
(© it shows a dlight overshoa in the response (i.e. measured current exceads actual current at time
1to 1.3us)

The simplified moddl, 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. IMHz, the necessary inclusion d a 50ns
filter isnot a serious penalty. However if a bandwidth of say 5SMHz was sought by using a lower
inductance 730mm coil and a faster integrator without afilter, the preshoa and rings would present an
unsatisfactory response.



Figure 15, Simulated measurement of current transient using Hgher bandwidth coil and integrator
without output filter (L00ns /div)

Figure 15 shows the computed measurement for a transducer having T, = 26.8ns, Zo; = 540Q, R, =
270Q, T.=52.6ns, T,=10ns, Tox= 75ns, T = 2nsand T, = 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 therise
time. Although the measurement delay has been reduced to lessthan 100ns the rings are undesireable.

To improve bandwidth it is necessary to use a nortinverting 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 df ect of placing the damping resistor at the coil end
rather than the cable end (i.e. R;=1kQ, R,= = in the simulation). The simulated measurement without
thefilter is shown in Figure 16 andis very similar to Figure 13. Since there is ho apparent
improvement in performance by positioning the damping resistor at the coil end, it is more convenient
and preferableto placeit at the cable end. Similarly using two dampingresistors R;= 2kQ and R, =
2kQ makes little diff erence to the simulated measurement for this particular system.



Conclusions

A mathematical model has been described for a Rogowski coil conrected via aco-axial cableto an
eectronic integrator of the conventional inverting go-amp type. The modd simulates the reflections due
to unmatched terminations for both the coil and the cable.

Thevalidity of the mode 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 dff erent parameters and for
different current transients will be required before the modd is completdy verified.

The simulated measurement using the detail ed coil -cable modd was also compared with that for a
simplified mode using lumped parameters of inductance and capacitance for the coil and capacitance
for the cable. The simplified modd was $hown to agreeclosdly except that it did nd show any rings
arising from reflections in the cail or cable. Neverthdessthe investigation showed that the simplified
model can be used for predicting transducer behaviour in most situations.

The paper also has shown that for Rogowski transducers using a conventional inverting go-amp
integrator an autput filter is necessary to suppressthe rings and this increases the measurement time
and limits the bandwidth.

The «istence of such modds enables a supdier 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 | close to the coil at a
position A relative to the free ed (O<A<1).

Let the cail have the following parameters

= distributed inductance
distributed capacitance

= vJLC
= (,OT]_

o JL/C

O
1

coil delay
coil ange at frequency, w
characteristic impedance

N © -
1
o

As an approximation let the induced vdtage E = H.dl/dt in the coil dueto the current | be taken as
concentrated at relative position A as srownin Figure Al.






