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Abstract—Partial Discharge (PD) current measurements
have been widely used to assess the insulation condition of
power components. Rogowski coil is a low cost current sensor
specifically meant for high frequency transient diagnostics such
as PDs in high voltage (HV) power apparatus. This paper
presents the design of Rogowski coil for transient
measurements. For the designed prototype of Rogowski coil,
correct selection of terminating resistance is of high
importance to calibrate its response for accurate measurement
of the PD current waveforms. Effect of terminating resistance
for the coil model is analysed based on theoretical, practical
and simulated investigations. Simulated model of the coil is
used to determine the behaviour of induced current through
non-physical inductive and capacitive elements of Rogowski
coil. The Electromagnetic Transient Program-Alternative
Transient Program (EMTP-ATP) is used to implement and to
analyze the model of Rogowski coil. The comparison of
practical and simulated results validates the designed model of
the coil. The paper explores EMTP-ATP as an efficient tool to
analyze and modify the transient behaviour of Rogowski coil
for high frequency pulse measurements.

Index Terms—Partial discharges, Rogowski coil, calibration,
diagnostic, transients, measurement.

I. INTRODUCTION

Electrical power networks are always exposed to different
types of faults that may harm the power supply continuity.
One of most common faults in HV networks is insulation
breakdown due to aging and operational stresses. It is
however possible to detect the likelihood of this type of
faults, as they usually provide significant measurable signs
before their occurrence. When insulation deterioration is
minor but with some effect, very short (nano-micro second
duration) miniature breakdown events called partial
discharges (PDs) may occur in the problematic location. PD
is the process of localized dielectric breakdown event in
defects (cavities, voids, cracks or inclusions) of a solid or a
liquid electrical insulation which is under HV stress [1]. As
a result of each such PD occurrence, fast transient current
pulse is generated due to sharp collapse of voltage across the
defective cavity of insulation. Voltage and current
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waveform together present an electromagnetic wave which
travels along the power line at speed of light. Measurement
of these extremely fast pulses can provide the information
where the insulation degradation is happening, how far it
has progressed and how fast it is progressing. If detected in
prior to complete breakdown, it may help avoiding
significant loss and customer dissatisfaction.

The duration and amplitude of these current (PD) pulses
varies with change in operational voltage. Recent research
points out that accurate assessment of PD faults requires
complete information of pulse waveform and this step
requires wider frequency band current sensors [2].
Currently, a comprehensive research on current sensors has
been conducted, including shunts, current transformers
(CT), Rogowski coils, Hall effect sensors, magneto
impedance (MI) sensors, giant magneto resistive (GMR)
sensors, pilot devices in power semiconductors, acoustic and
optical current sensors. Based on some critical parameters of
a sensor such as: cost, bandwidth, sensitivity, saturation,
linearity, operating temperature, footprints, integratability,
flexibility, isolation and material technology, Rogowski coil
has been considered as a favourite tool for current sensing
purposes [3]. Nowadays Rogowski coil is being used for
measuring the currents under normal operating condition as
well as under abnormal condition such as PD faults, ground
faults, and relay protection tasks [4], [5]. Most of the
available literature presents the design and performance of
Rogowski coil based on practical analysis [6]. However, it is
rare to find the simulation of a designed model of coil which
can provide a deeper insight about the behaviour of
Rogowski coil. This study presents effects of terminating
resistance on the output of Rogowski coil using hardware as
well as simulated model of Rogowski coil.

Although RC sensor is simple in construction but its
behaviour and performance evaluation needs detailed
investigation to calibrate its response for high frequency
transient measurements. In this paper, a Rogowski coil
having low number of turns is implemented and its
performance is evaluated for low amplitude high frequency
current pulses. Damping effect of terminating resistance on
the output voltage of the coil is analysed in detail using
theoretical, practical and simulated model of RC. Circuit
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model of the coil is simulated in EMTP-ATP environment
and used for in-depth transient analysis. The designed model
of the Rogowski coil is verified based on the simulated
analysis. The comparison between real and simulated model
validates the transient response of the coil.

Il. DESIGNED MODEL OF ROGOWSKI CoIL

Rogowski coil is composed of uniformly wound n
number of turns on a nonmagnetic core (dielectric). Former
of constant cross-sectional area A in toroidal fashion forms
a closed loop, as shown in Fig. 1(a). The voltage V(t)
induced within the coil can be expressed as

dip (1)
dt ' (1)

Vre(t)=—#oAcn

where u, is the permeability of free space and u,A.n = M, is
the mutual inductance of the coil and also termed as
sensitivity of RC.
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Fig. 1. Model of Rogowski coil. (a) Geometrical parameters model. (b)
Lumped parameters model.

TABLE I. GEOMETRICAL PARAMETERS OF ROGOWSKI COIL.

Model Parameter Symbol Specification
Number of turns n 30
Outer diameter of coil d, 16.1cm
Inner diameter of coil d; 14.1cm
Mean diameter of coil dn 15.1cm
Core diameter d. 1.96 cm

TABLE Il. ELECTRICAL PARAMETERS OF ROGOWSKI COIL.

Name of the Parameter Symbol Value of the
Parameter
Self-resistance of coil Re 0.71Q
Inductance of coil system [ 1.19 uH
Capacitance of coil system Ces 14.7 pF
Mutual inductance M 125 nH
Operating resonance frequency of o 37.6 MHz
coil system

Core diameter is selected to fit the coil even for tight
spaces during measurements. Selected coil diameter is
considered to install the coil safely around the medium
voltage (MV) lines. Keeping in view the basic factor of
dielectric strength of 3 MV/m for air [7] added with
insulation dielectric strength, this diameter is suitable for
safety for the sensor and the measuring system at operating
MV levels. Suitable number of turns (n) is selected to
achieve the higher resonance frequency, necessary for faster
response and acceptable output voltage signal even for
smaller amplitude of pulsed currents.

Electrical parameters of Rogowski coil as shown in
Fig. 1(b) are obtained using measurement based method [8]
for better accuracy of the model and are given in Table II.
C is the capacitance of the coil system having the coil itself
and the measuring system which includes the coil cable and
active differential probe. This type probe allows reaching
higher accuracy as it decouples the Rogowski coil from
other circuitry. f, is the resonance frequency of the coil
system, calculated using the parameters given in Table Il, as

1
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Fig. 2. Laboratory experimental setup for Rogowski coil measurements.
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Fig. 3. Primary pulse in the test circuit measured by HFCT (a); output
measured by RC along with measuring system configured for fe (b); FFT of
the measured response (c).

To ensure the practical resonance frequency response of
Rogowski coil, a laboratory test was made. A high
frequency pulse was injected from a PD calibrator into a
simple test circuit as shown in Fig. 2. The pulse current in
the test line was measured by a commercial high frequency
current transformer (HFCT), shown in Fig. 3(a). The data is
captured at sampling time of 4-10™° sec. The captured
output voltage of Rogowski coil for this primary current
pulse is shown in time-domain plot in Fig. 3(b). The Fast
Fourier Transform (FFT) of the captured response shown in
Fig. 3(c) represents the frequency response of output which
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verifies 37.6 MHz (comparing with that in Table Il) as the
resonance frequency of designed coil. As resonance
frequency reflects the LC parameters of the sensor [9] thus
the determined parameters are also validated. The output is
captured at oscilloscope across open terminal of coil
(without terminating resistor), i.e. with Ry =1 MQ which is
input resistance of oscilloscope.

I1l. EMTP-ATP SIMULATION OF ROGOwSsKI COIL

A high frequency transient signal shown in Fig. 4 is
considered for measurement using the simulated model of
coil in EMTP-ATP software. In the literature, pulse or
impulse used in different simulation software is mostly
based on the waveforms characterized by its mathematical
model described as [10]

i(t) = At —g~2hy, ©)
where A is the peak value of the pulse, at rise-time and ot
half of fall-time. In this work, a practical current pulse
captured during testing is imported to EMTP to be sensed by
the simulated model of RC. Both (mathematical and
practical) current pulses are shown in Fig. 4. It can be
clearly seen that practical current pulse contains high
frequency variations during rise and fall time. This kind of
variations or distortions (especially during rising front) in
the pulse can significantly change the amplitude of output
voltage of RC. To avoid any loss of high frequency
components present in the practical pulse, the simulated
model of RC is made to measure the same practical primary
current. This verifies the validity of identified parameters of
the coil for establishing an accurate model.
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Fig. 4. Comparison of wave shapes for mathematical and practical current
pulses.

The schematic diagram of the simulated model is shown
in Fig. 5. The measured parameters (Table 11) of the RC are
used for simulation. Current carrying line is shown as circuit
with source B1 and resistance R.

Block B1 in model represents the PD current pulse source
shown in Fig. 5. The Transient Analysis of Control Systems
(TACS) block “T” is for sensing the current flowing in the
test circuit without disturbing the test circuit current. Block
B2 represents the time-derivative of the primary current
while V(t) is measured as voltage induced in RC. Block B3

24

shows the R-L-C equivalent of Rogowski coil. Ry represents
the terminating resistance which is the external resistance
connected across the terminal of the coil. Output voltage
Vo(t) is measured at the oscilloscope having 1 MQ input
resistance (in parallel with Ry).

Test line having PD current pulse

Rogowski coil model E

Ve AN e e A2 V
" R L. i ) Q;J
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B3

Fig. 5. ATP simulation model of non-compensated Rogowski coil using
RLC equivalent circuit.
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Fig. 6. Comparison of measured and simulated output voltage of Rogowski
coil: a —time domain; b — frequency domain.
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The comparison is carried out considering the time
domain performance and FFT analysis of the measured and
simulated outputs as shown in Fig. 6(a) and Fig. 6(b)
respectively. The comparison shows a nice match between
measured and simulated results which not only ensures the
correct identification of the parameters of Rogowski coil but
also validates the simulated model with enough accuracy to
use it for further analysis.

In this work the R-L-C-based model (Fig. 5) will be used
for further consideration. The advantage of using this model
is the possibility to measure currents in the lumped
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components (R, L. and C) of the coil. This provides an
opportunity to analyze the behavior of these components
during any design modification. The current ic;(t) induced
within the winding of Rogowski coil can be expressed as

igoil (€) = ic (1) + g, (1), 4)
where i¢(t) and irr(t) are the current through the C and Ry
of the coil system respectively as shown in Fig. 5.

The response of measurement head of RC to the pulse
current is captured as oscillating voltage signal. For
detection of a current pulse, this response can be considered
sufficient as the 1% peak of the signal reflects the amplitude
and polarity of the primary current pulse. For accurate
measurement of the primary current pulse waveform, the
oscillating output response needs to be compensated
properly. For recreating the actual current waveform, the
basic model of coil mentioned above requires certain
modifications based on its transient behavior, namely
termination and integration. The simulated model of the coil
is analyzed in the next section to suggest the modification
for the practically investigated prototype.

IV. TRANSIENT BEHAVIOUR DURING PULSED
MEASUREMENTS

Observed from (1) the output of the RC is a time-
differential of the primary current. To obtain the primary
current, the coil’s output voltage is needed to be integrated
and then scaled by the reciprocal of the value of mutual
inductance [11]. It can also be derived from (1) as

ip(t)= —Mic [Vie (). (5)

This is true for lower frequencies but for higher
frequencies, integration of V,(t) does not result in the
measured primary current.

A. Transfer function of Rogowski coil

Electrically, Rogowski coil behaves as a R-L-C circuit as
shown in Fig. 1(b). The output of RC can be represented by
the transfer function (in s-domain) [8] as

1
Vo (5) = 5 Lc LCCCS 1 R Vrc (S): (6)
—+RC —+1
o LcCcs (RT " CS)S+ LcCcs (RT " )
where
Vrc () L)Vrc (t) =-M¢ % @

For higher frequencies the significant presence of L. and
C.s causes oscillations of frequency w, in the V,(t) as shown
in Fig. 6. Based on circuit analysis theory [12] oscillatory
response of RC can be expressed in terms of forced and
natural response as

25

VO(t) =V, (t) + Vi (t) -6t sin (a)n J1-&2 j t  (8)

and

diy®
dt

dip®) e
dt

Vo(t)= -M, . sin(a)n 1—§Z)t, ©)
where w, is the natural (resonance) frequency of the coil and
is calculated by (2) while ¢ is the damping coefficient. Eq.
(8) presents the output voltage of RC in terms of forced and
natural response for R-L-C second order circuit of RC.
Natural response is the response of coil’s own circuit
properties which hides the information of the original
measured signal. As visible from (8), damping can be
efficiently used to get rid of natural response from the
output voltage of RC.

The transfer function given in (6) represents classical 2"
order behavior whereas characteristic equation can be
written as

s% +2Ew,5+ %, =0. (10)
Comparing with the transfer function, damping
coefficient & can be expressed as
1L
=——(—+R.Ce), 11
: 2a’nl-cccs(RT ReCes) -

where ¢ depends on all the four parameters of the Rogowski
coil (L,,Ce, R; and Ry). As L., C.s and R, are fixed for a
certain geometrical design of RC hence ¢ is completely
dependent on the terminating resistance Rr.

B. Effect of terminating resistance

It has been observed that for the higher value of
terminating resistance i.e Ry >> (1/ ,C.s) the RC behaves
as R-L-C series circuit, with oscillations in the output of
coil. In this case considering (4), irr ~ 0 and i (t)=i(t) as
shown in Fig. 7(a). When Ry is decreased, irr(t) increases
and ic(t) decreases. This reduces the effect of charging and
discharging of capacitance C. and takes the coil behavior
closer to R-L inductive circuit. The current through the Ry
represents losses in heat and oscillations are more damped
as value of Ry decreases and share of izr increases. Fig. 7
shows the effect of Ry on current distribution inside RC
using its simulated model given in Fig. 5.

Looking back at (8) there is a working point useful for the
sensor application, when ¢ =1:

sin(a)n«/l—cfZ j t=0, (12)
C%-e‘é“’ht sin(a)n«fl—gzjtzo. (13)

This expresses the circuit operation when the oscillations
due to the measured primary current are fully damped. In
this case the RC output
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diin(t)

Vo(t) =V (1) = -M¢ at

(14)

Based on electrical parameters of Rogowski coil, the
value of terminating resistance can be calculated using (11)
as

L.
28 L Ces —

Rr = (15)

ReCos

Considering the values of high-frequency RC parameters

R:Ces << 28 LCos.- (16)
Therefore the value of Ry can be calculated as
Rr=————. (17)
286, Ces
For §=1
Z
Rr = ! === (18)
20,Ces 2
where
A/ onCes) =Zc. (19)
x10* x 107
4 = ic oil e O] m—
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Fig. 7. Current ici, ic and irr through the components of L, C and Ry of
Rogowski coil respectively for different value of Ry: (@) Rr= 1MQ > Z; (b)
Rr=Z.; (¢) Rr=24/2; (d) Rr< ZJ/2.

V. INTEGRATION OF ROGOWSKI CoIL OUTPUT

Integration of the output of Rogowski coil can be
performed by one of two common means:

1) by use of an electrical or electronic integrator, or

2) by using numerical integration in software after the

coil output voltage is digitized [11]. Numerical

integration is selected and can be expressed as

i () = K¢ [Vo Bt (20)

Integration is added in the simulated model of RC shown
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above as block “B4” in Fig. 9 having K.=1/M..

The diagram shown in Fig. 8 represents the laboratory
measurement setup with different values of terminating
resistance connected to evaluate its effect on the output of
RC. Fig. 9 represents the similar setup modeled in EMTP-
ATP. Both, the output voltage V,(t) and (integrated and
reconstructed) current io(t) results of Rogowski coil for
different terminating resistances are presented as measured
values and compared to simulation results (Fig. 10). The
comparison of measured and simulated results shows a nice
match.

Test line having PD current pulse

[ Rogowski coil

ip(t)
=50 ()

Integrator

High frequency PD
pulse A

Terminated Output Terminated Output
Without Integrator With Integrator

Vo L) =iyft)

Fig. 8. Laboratory measurement setup to observe the effect of terminating
resistance on Rogowski coil’s output.

Test line having PD current pulse

Fig. 9. ATP simulation diagram of Rogowski coil test setup.

The oscillations are properly removed at Ry = 175 Q for
our designed coil as shown in Fig 10(b). Lowering the Rt to
40Q (<Z;) makes the response of coil over-damped and
slow, which results in lower amplitude and increased pulse
duration of the reconstructed primary current as visible in
Fig. 10(c). Therefore the value of Ry considerably less than
Z. is not recommended for termination.

0.04
02 0.03
0.02
0.01

0

Measured output (Volts)
B o
Measured output (Amps)

04 08 o8 10 12 Ve 0 12

a1 Time (usec) a-2 Time (usec)
mi3 LT}
12 (1)
0l '
0 (175
14 ool
42 ]
13 101
Q& 0 08 1,12 04 .06 08 10,12
a-3 a-4
(@



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 19, NO. 7, 2013

b
n

B z
2 02 £003
S oA 2002
3 5
3 % 001
2 0 2
g g
E 2 0
01
04 06 08 10 12 04 06 08 10 12
b-1 Time (usec) b-2 Time (usec)
mh3 Mom
02 (11K}
0l e
0 o
) 'M ;
. 0B 08 10 :
04 06 08 10 fus] M2 o [us]
b-3 b-4
(b)
01 0.04
£ 008 g
g Eoos
Eo.oa iooz
2 0.04 Ele
3 3
5 0.02 5 0.01
2 M‘I 2
= o =
= 90
04 06 08 10 12 04 06 08 10 12
c1 Time (usec) c2 " Time (usec) ’
0l Mom’
0.06
008 05
(1] .02
e 0l
! A
04 06 08 10,12 0.4
s T 1) Lhol® 0B 1012
c-3 c-4

(©
Fig. 10. (a): a-1 and a-2 shows v,(t) and i,(t) for real RC at Ry (1MQ) >>
Z., a-3 and a-4 shows v,(t) and ix(t) for simulated RC at Ry (IMQ) >> Z,,
10; (b): b-1 and b-2 shows v,(t) and ic(t) for real RC at Ry (175€)=Z./2, b-3
and b-4 shows v,(t) and is(t) for simulated RC at Rr(175Q)=Z./2, 10; (c): c-
1 and c-2 shows v,(t) and io(t) for real RC at Ry (40Q) < Z; c-3 and c-4
shows v,(t) and i(t) for simulated RC at Ry (40Q) < Z..

VI. PRACTICAL IMPLEMENTATION OF RoGowskI CoiL

In order to carry out in-depth transient analysis of RC
using simulated model, the basic hardware model of the coil
(given in Table I and Table Il) is modified by adding the
selected Ry and proposed integration technique for the
output voltage of Rogowski coil. The measured non-
oscillated output voltage of coil (measuring the calibrated
PD pulse) is captured using a digital storage oscilloscope.
LeCroy Wavesurfer 24Xs oscilloscope is used for this
purpose where 8-bit built-in data acquisition system (DAS)
is used to get the digital data with a sampling rate of
2.5GS/s. Here 8-hit resolution provides (2™ = 2°) 256
vertical levels of the observed signal which means one level
gives 0.4% of full scale. The maximum error during
digitalization of the signal with 8-bit DAS is less than
+0.2% which is sufficient in this application.
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Fig. 11. Comparison of actually current pulse in the test line and current
pulse measured by Rogowski coil.

The captured RC signal is integrated numerically to
recreate the original (primary current) signal using
Trapezoidal rule. Trapezoidal rule in general is considered
as having faster convergence in particular cases of rougher
signals (ones with weaker smoothness). Numerical
integration is done using the same oscilloscope. Similar
integration methods are provided also by Matlab software.
This method is easy to include in a microcontroller based
measurement system.

Comparison between the primary current pulse in
simulated circuit and practically measured output current
pulses are compared which shows a nice match as shown in
Fig. 11. This confirms that the design of Rogowski coil for
transient application. The final design of the coil is capable
for measuring the real transient signal in electrical
components.

VII.

In this paper, the circuit behavior of Rogowski coil is
investigated in detail for high frequency PD current pulse
measurements. Analysis is made using real and simulated
environments at different stages of construction of the coil
model. Simulated model is verified for the measurement
head of coil and then further used for developing the final
design of the coil. The feature of using practically measured
calibrated PD pulse instead of numerically generated pulse
during simulation provides more reliable analysis of the
simulated coil. During simulation it is necessary to keep the
sampling rate of the measured and simulation system same.

Theoretically analyzed effects of terminating resistance
are evaluated using the circuit model of the RC. During
practical investigation, different values of Ry in the close
neighborhood of Z./2 presented the acceptable damping to
get the reconstructed primary current. However based on the
availability of possibly pure resistance, Rr=175 Q ~Z/2 is
selected for better accuracy. The results show that the
measured output voltage of Rogowski coil is closely
matched with the simulated output. The slight mismatch is
also observed in the output shown in Fig. 6a can also be
seen in the reconstructed wave shape presented in Fig. 11.
Reasons for mismatch can be stray inductance and
capacitance of the RC itself, terminating resistance or other
components in measurement circuitry. The terminating
resistance used in simulated model is an ideal resistive
component while the real resistance can have stray
inductance effects at such high frequencies. The difference
is not major thereby confirming the model applicability. The
stray components of the terminating resistance are not

CONCLUSIONS
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modeled in this paper.

Simulated model has been used to verify the basic design
of the coil for the assessment of expected behavior of coil
during modification in design. Simulated model of coil can
be used to propose better diagnostic techniques in cables,
transformers and other electrical apparatus, before real
implementation. In real-life application, there would be
multiple RCs needed for the full diagnostics, as the
diagnostic methods may require multiple coils for multi-end
measurements. During research stages while the coil
manufacturing is not done with the specialized equipment,
multiple coils may not be perfectly identical even for the
same design of coil. Non-uniform turn density, imperfect
central position of the return loop and loose connections
may result in ambiguities in measured signals. Simulating
the diagnostics set-up with such a model, using parameters
identified for each coil, will provide better accuracy and
concurrency of the response.

ACKNOWLEDGEMENT

The authors highly appreciate the valuable and interesting
discussions with Dr. Petri Hyvonen, Mr. Tatu Nieminen and
Dr. John Millar.

REFERENCES

[1] High-Voltage Test Techniques, International Electrotechnical
Commission (IEC) 60270.

[2] G. Robles, J. M. Martinez-Tarifa, M. V. Rojas—Moreno, J. Sanz—
Feito, “Inductive Sensor for Measuring High Frequency Partial
Discharges Within Electrical Insulation”, IEEE Transactions
Instrumentation and Measurement, vol. 58, pp. 3907-3913, 2009.
[Online]. Available: http://dx.doi.org/ 10.1109/T1M.2009.2021239

[3] C. Xiao, L. Zhao, T. Asada, W. G. Odendaal, J. D Van Wyk,
“Overview of Integratable Current Sensor Technologies”, in Proc. of
Industry Applications Conference, 38" IAS Annual Meeting, vol. 2,
2003, pp. 1251-1258.

[4] J. Zhu, L. Yang, J. Jia, Q. Zhang, “The design of Rogowski coil with
wide band using for partial discharge measurements™, in Proc. of
International Symposium on Electrical Insulating Materials, vol. 2,
pp. 518-521, 2005.

[5] L. Kojovic, “Rogowski coils suit relay protection and measurement”,
IEEE Computer Applications in Power, vol. 10. pp. 47-52, 1997.
[Online]. Available: http://dx.doi.org/ 10.1109/67.595293

[6] J.L.Davidson, T.J. Williams, A. G. Bailey, “Electrostatic Discharges
between Charged Insulators and Grounded Spheres”, Journal of
Electrostatics, vol. 56, pp. 29-42, 2002. [Online]. Available:
http://dx.doi.org/10.1016/S0304-3886(01)00202-9

[7] B. Miedzinski, D. Pyda, M. Habrych, “Selection of Energizing
Quantities for Sensitive Ground Fault Protection of MV Electric
Power Networks”, Elektronika ir Elektrotechnika (Electronics and
Electrical Engineering), Kaunas Technologija, no. 7, pp. 57-60,
2012.

[8] M. Shafigq, M. Lehtonen, L. Kiitt, T. Nieminen, M. Hashmi,
“Parameters Identification and Modeling of High Frequency Current
Transducer for Partial Discharge Measurements”, IEEE Sensors
Journal, vol. 13, no. 2, pp. 1081-1091, 2013. [Online]. Available:
http://dx.doi.org/10.1109/JSEN. 2012.2227712

[9] L. Kitt, M. Shafig, “Magnetic Sensor Coil Shape Geometry and
Bandwidth Assessment”, in Proc. IEEE International Conference—
Workshop Compatibility and Power Electronics (CPE 2011), 2011,
pp. 470-473.

[10] J. Hlavacek, R. Prochazka, K. Draxler, V. Kvasnicka, “The Rogowski
Coil Design Software”, in Proc. of 16™ IMEKO TC4 Symposium
Exploring New Frontiers of Instrumentation and Methods for
Electrical and Electronic Measurements, 2008.

[11] J. D. Ramboz, “Machinable Rogowski Coil, Design, and Calibration”,
IEEE Transaction on Instrumentation and Measurement, vol. 45, pp.
511-515, 1996. [Online]. Available: http://dx.doi.org/10.1109/
19.492777

[12] M. R. Boelkins, J. L. Goldberg, M. C. Potter, Differential Equations
with Linear Algebra. Oxford University Press, USA, 2009.

28


http://dx.doi.org/10.1109/TIM.2009.2021239
http://dx.doi.org/10.1109/67.595293
http://dx.doi.org/10.1016/S0304-3886(01)00202-9
http://dx.doi.org/10.1109/JSEN.2012.2227712
http://dx.doi.org/10.1109/19.492777
http://dx.doi.org/10.1109/19.492777



