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1 Introduction

1.1 Assignment

Produce a special report describing applications of Rogowski Coils used for protective relaying in
electric power systems.

1.2 Summary

Rogowski Coilsoperate on the same principles as conventionaldova current transformers
(CTs). The main difference betweBwmgowski Coit and CTs is thdRogowski Coilwindings are

wound over ar(nornrmagnetic)air core, instead of over an iron corAs a resultRogowski Coi$

are linear since the air core cannot saturate. However, the mutual coupling between the primary
conductor and the secondary windingRogowski Coi$ is much smaller than in CTs. Therefore,
Rogowski Coil output power is small, gocannotdrive current through lowesistance burden like

CTs are able to drive. Rogowski Coils can provide input signals for microprodxssat devices
thathavea high inputresistance; thereforthese devices measure voltage acrosftgowski Coil
secondsy output terminals.

In general, Rogowski Coil current sensors have performance characteristics that are favorable when
compared to conventional CTs. These characteristics include high measurement accuracy and a
wide operating current range allowing thige of the same device for both metering and protection.
This can result in reduced inventory costs since fewer sensors are needed for all applications. Less
variation in inventory requirements should also improve installation time when replacements are
needed, reducing equipment ddwme; thereby,lowering overall sensor costs to the utility or
industrial company. This is achieved through higher unification and standardization of products,
which benefits manufacturers and users.

In addition, Rogowski CGts make protection schemes possible that were not achievable by
conventional CTs because of saturation, size, weight, and/or difficulty encountered when attempting
to install current transformers around conductors that cannot be opened.

An additional advatage of Rogowski Coil current sensors is significantly lower power
consumption during operation. Rogowski Coils are connected to devices that have high input
resistance, resulting in negligible current flowing through the secondary circuit. Conventimal C
contain a ferromagnetic core that also consumes energy/power due to hysteresis losses. Rogowski
Coils have no core losses. In fact, an operating Rogowski Coil has much smaller power loss than
conventional CT§ which leads to significant savings of eggrandultimately reduced lifecycle

costs.

Rogowski Coils can replace conventional CTs for protection, metering, and cdtwgwski

Coils have been applied at all voltage levels (low, medium, and high voltage). However, unlike
CTs that produce secongaturrent proportional to the primary curreRipgowski Cois produce
output voltage that is a scaled time derivative di(t)/dt of the primary current. Signal processing is
required to extract the power frequency signakjaplications irphasorbased prtective relays and
microprocessebased equipment must be designed to accept these types of signals.
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1.3 Abbreviations and Acronyms

A/D
AIS
CT
CB
DC
EAF
ECT
EVT
EIT
GIS
HV
IED

LAN
LPCS
LTC
MU
OPDL
PCB
RMS
SuU
T™W
TWC
TWV
VT

Analog to Digital

Air InsulatedSwitchgear
Iron-Core Current Transformer
Circuit Breaker

Direct Current

Electric Arc Furnace

Electronic Current Transformer
Electronic Voltage Transformer
Electronic Instrument Transformer
Gas Insulated Switchgear

High Voltage

Intelligent Electronic Device
Instrument Transformer

Local Area Network

Low Power Stand Alone Current Sensors
Load Tap Changer

Merging Unit

Optically Powered Data Link
Printed Circuit Board

Root Mean Square

Sensing Unit

Traveling Wave

Traveling Wave Current
Traveling Wave Voltage

Voltage Transformer

September 2010
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2 Rogowski Coils

2.1 Theory of Operation

Conventional irorcore current transformers (QTare typically designed with rated secondary
currents of 1 Amp or 5 Amps, to drive low impedance burden of several oRigste 2-1 shows

the principle of a CT connectiotANS | / | EEE St a+20D&[1] dpeclliésCT. atcBricy

class for steady state and symmetrical fault conditions. Accuracy class of the CT ratio error is
specified to be +10% or better farfault current 20 times the CT rated curremtd up to the
standard burden CTs are designed tmeet this equirement. But, if the standard burden is
connected to the CT secondary dhd RMS value of aymmetric fault current exceeds 20 times

the CT rated current or if theMS value of dault current is smallethan 20 times the CT rated
currentbut containdDC offset (asymmetric current), the CT will saturate. The secondary current
will be distorted and the current RMS value reduced.

Traditional Rogowski Coils consist of a wire wound on a-n@gnetic corerglative permeability
w=1). The coil is then plced around conductors whose currents are to be meésiget2-2).

Iron Core
& (saturable)

Is
—>
Air Core v_(t)
S
Rg (non-saturable) -
RB

Figure 2-1. Current Transformer
Figure 2-2. Rogowski Coil

As Rogowski Cois use a nomagnetic core to support the secondary windings, mutual coupling
between the primary and secondary windings is weak. Because of weak coupling, to ohitsin qual
current sensor&ogowski Coils should be designed to meeat main criteria:

e the relative position of the primary conductor inside the coil loop should not dffect t
coil output signgland

¢ the impact of nearby conductors that carry high currenth@coil output signal should
be minimal.

To satisfy the first criteria, mutual inductance M must have a constant value for any position of the
primary conductor inside the coil loophis can be achieved if the windings are:
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1) on a core that has a caast crosssection S,

2) perpendicular to the middle line m (dashed liné-igure 2-2 that also represents return
wire through the winding and

3) built with constanturn density n.
Mutual inductance M is defined by the formula:
M =po-n-S

Wherepy is permeability of air.

The output voltage is proportional to the rate of change of measured current as given by the
formula:

dt

Because thé&kogowski Coilprimary and secondary windings are weakly cougtedprevent the
unwanted influence from nearby conductors carrying high cujr&ugowski Coi¢ are designed

with two wire loops connected in electrigalbpposite directions. This cancels electromagnetic
fields coming from outside the coil loogOne or both loops can consist of wound wire. If only one
loop is constructed as a winding, then the second wire loop can be constructed by returning the wire
through (Figure 2-3) or near this windingsinglelayer coils) If both loops are constructed as
windings, then they must be wound in opposite dioest(multi-layer coils) In this way, the
Rogowski Coiloutput voltage induced by currents from the inside conductoillshbevdoubledif
windings are identical

Vs(t) =-M

Return wire loop
on Top of the Core within Winding

Figure 2-3. Rogowski Coil with the Return Wire Loop through the Winding

Figure2-4 shows the equivalent circuit of an irgore current transformer. Magnetiziogrrent }
introduces amplitude error and phase error. Since the CTam@nhas a nehnear characteristic it
saturates at high currents, or wreeRC componentis present in the primary current. When the CT
saturates, the magnetizing current increases the secondary current produced decreases (ie. CT
ratio error increases). This may negatively impact relay performance, resulting in delayed
operation, nofoperation, or unwanted operationthe case of differential protection schemes
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I

_r L. R, 5

o2 :
I, ¥
<B“ Lm Vs Rg
Low
— | , o Impedance
_l_ Burden

Figure 2-4. Current Transformer Equivalent Circuit

Figure 2-5 shows the equivalent circuit of Rogowski Coil The phase angle between the
Rogowski Coilprimary current and the secondary voltage is nearty(@3placed from 90by a
small anglea caugd by the coil inductance Ls)Figure 2-6 shows theRogowski Coil vector
diagram.

M
|
° A
3 v.| [
High
o y Impedance
Burden
Figure 2-5. Rogowski Coil Equivalent Circuit
i
:
joL
E V, JoLg
. Ry
E=joMI, vs&
Ry
(24 VS
90, |
=]

Figure 2-6. Rogowski Coil Vector Diagram
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As the Rogowski Coil signal is a scaled time derivative, di(t)/dt of the primary current, signal
processing is required to extract the power dssgpy signal for phasdrased protective relays.
This may be achieved by integrating the Rogowski Coil output signals, or usirigtaegrated
Rogowski Coil output signals in other signal processing techniques.

Integration of the signals can be performedhe relay (by analog circuitry or by digital signal
processing techniques) or immediately at the coil. To use the Rogowski Caitagrated analog

signal, it is necessary to perform the signal corrections for both the magnitudes and phase angles.
For phasotbased protective relaying applications, the Rogowski Coil secondary signal must be
scaled by magnitude and phasefted for each frequency.

Because th&ogowski Coiloutput voltage is proportional to the rate of change of measured current
(di/dt) enclosed by the coll, the waveform of fRegowski Coiloutput signal is different from the
waveform of the measured current. For symmetric primary current faultdRagewski Coil
secondary voltage signal is shifted in phase yv@dsus the primargurrent as shown ifigure

2-7a. For an asymmetric primary current fault, the DC offset will be attenuated Rotjmvski

Coil and phase shifted as shown Higure 2-7b. However, the integrated signal accurately
reproduces the primary current waveform.

Rogowski coil

non-integrated -

secondary signal 4* Primary current '7 40 . ,

20 Primary current
TR IR N N /\/

A EANI N AR LA ——
f I

I

/

Ammi \

T o I ARV

W RMIW\V/\\//\//\
\ I

10

CurrentfkAj
(=]
Current [kA]

|

L]
N
|

-10

VAL YT 0 colf
20 LA W 20| sccondery

signal
0 0.02 0.04 0.06 .08 0.1 2 O.IOZ 0.04 0.06 0.08 0.1
Time [s] Time[s]
(a) SymmetridPrimary Currents (b) Asymmetric Primary Currents

Figure 2-7. Rogowski Coil Non-Integrated Output Signals
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To achieve high accuracy, Rogowski Coils should be connected to devices that have high input
impedance Figure 2-8 showsthe impactof the device input resistancen the secondary output
voltage foran example oRogowski Coil that produces 150 mV at rated currenteality, different
RogowskiCoils may have different requirements on thput resistancef connected device$n

addition, capacitances of the burden and/or connected cable may affect the phase error; nevertheless
the effect of such capacitances is relatively small.

300

|

et 140
250 /
r4 120
/ — Is
200 y 100
—_ / — VS —
i 150 / 8 >
n / [5]0 Juy—
= 100 )
// 0 >
50 e 20
| maa
0 — 0
10 100 1000 10000 100000 1000000 10000000 100000000
Rg (Q)

Figure 2-8. The Impact of Burden on the Rogowski Coil Output Voltage

Figure 2-9 illustrates characteristics of Rogski Coils that can improve actual metering and
protection system designs. When compared to conventional CTs, Rogowski Coils are linear and
havea wide current range of application so one device can replace multiple conventional CTs and

can be used asmulti-purpose sensor for both metering and protection.
Current transformers Current sensor

S80A LSO-IZSOA
480 A
1250 A

Current transformer Multi-purpose sensor

|—E Measurement L M&P

Protection

Figure 2-9. One Rogowski Coil can replace Multiple Current Transformers

11



IEEE PSRC Special Report September 2010

2.2 Gapped-Core Current Transformers

Some irorcore current transformers adesigned with an air gap in the core. In fgapped core

CTs, a remanent flux may remain in the core after a fault current interruption. lrogemted iron

core CTs, when saturated, a remanent flux e80% of saturation flux may remain in the core.

Very little of the remanent flux can dissipate during normal CT operation and it will remain in the
core until the CT is denagnetized. An aigap in the core reduces remanent flux. Typically, air

gaps of 0.0001 0.0003 per unit of mean length of the magneath reduce remanent flux to an
acceptable level. The main advantages of gdpgore CTs are smaller CT siznce the air gap

reduces the large core size needed to avoid saturation. Disadvantages are increased CT phase error
and the need for morente to allow stored energy to dissipate.

2.3 Linear Couplers

Traditionally, the problem of CT saturation was eliminated using linear couplers. A linear asupler
an air core mutual inductor thatoducesan output voltage proportional to the derivative of the
primary current(Figure 2-10). Because there is no ferromagnetic material, linear couplers do not
saturate. The number of secondary turns is much greater than mventional CT. The linear
coupler A characteristic is a straight line having a slope of about 5 volts per 1000 atumpres @t

the rated frequency. By agreement between manufacturer and customer the linear cdupler V
characteristic can have any sloper differential protection of busbars, linear couplers are typically
connected in a voltaggifferential circuit. For normal load or exterdallt conditions, the sum of

the voltages induced in the secondargesar zeroln actual operatiora gnall voltage exists due to
effects such aglifferent coil sensitivities resulting from manufacturing toleranaed external
electromagnetic fieldd.inear couplers will not be damaged and do not create a high voltage hazard
for personnel wherhe secondaris opencircuited.

A linear coupler is constructed as a single coil and in some designs a return path edinttuthe
case of a Rogowski dll, the return path geometry is critical to reduce the influence of external
magnetic fields. Linear couplatesigns generally result in the ratio being dependent on the
conductor position in the window arid susceptible taexternalelectranagnetic fields. Linear
couplers are scaled with a fixed primagnductor location in the window

Figure 2-10. Linear Coupler

12
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2.4 Comparison of V-l Characteristics

A comparison of Wl characteristics for negapped irorcore CTs, gapped irecore CTs, linear
couplers, andRogowski Cois is shown irFigure2-11. Non-gapped irorcore CTs are saturable and
may retain remanent flux in the core up to 80% of the saturation flux. Gappecbm®ICTs are

also saturable, but remanent flux is signifitpmeduced by the air gap. However, magnetizing
current increases in a gapped hwore CT, resulting in increased phase error. Linear couplers are
air-core inductorsand do not saturate, but are susceptible to external magnetic fields and do not
have hidn accuracyRogowski Coit are lineaiand maybe used fometeringapplications Phase

displacement is nearly 90

Non-Gapped Iron-Core
Current Transformer No Air-Gap

Voltage

Increasing Air-Gap

\et
Co\lp
. \{
Line?

(@] ti int
perating point

Rogowski Coil

Current

Figure 2-11. Comparative V-l Characteristics for Iron-Core CTs, Linear Couplers, and Rogowski Coils

2.5 Rogowski Coil Designs

There araifferentRogowski coildesigns such asingle or multi-layer,and rigid or flexible. Rigid
Rogowski Coils arevoundover anonmagneticcoreusuallyhaving toroidal shapélhis coremay
be made of plastic, epoxyr other insulating material. Theain advantageof using nomr
ferromagnetic materials obtaining the coil linearity since ndarromagnetic material cannot
saturate at high currents.

Singlelayer coils have lower values of mutual inductance, seriésneklctance, series resistance
and distributed capacitand¢kan multi-layer coils that consistf two windings wound over each
other Theseparameters should be taken imonsideration wheperformingmeasurementahen
high-frequency and low pisedisplacement is required he winding capacitance of the mulkayer
coil increases approximately linearly with the number of turns. The seriaadattance of the coill
increases with thequare of the number of turnBheseparametersnfluencet h e  cemuehcy s

response.

13
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Flexible Rogowski Gils may bewoundovera silicone rubbecore In most caseshe winding isa
singlelayer style Thewire from the end of the coWwi ndi ng o&éreturnsdé al ong
through a conductalong the axis of theoreas illustrated irfFigure2-3. This arrangement reduces
magnetic pickup and ensures that the ctédrminalsare at the same eraf the coil. Flexible
Rogowski @ils are convenientfor measuring electric current in large A a w k w ashageld y
conductors, where spaaound the conductor is restricted or wherdy a lightweight transducer

can be suspended on the conductor. Misalignment of thmgofaces of a split Rogowskioll has

only a small effect on the amplitudedano effect on the phasgplit iron-cored devices such as
current transformers are subject to appreciable amplitude and phase errors if the halves are
misaligned by even a sath amount) Flexible Rogowski Gils are usually delivered together wah

device that integrats the coil output signalRigure 2-12). Flexible Rogowski Coils arsplit-core

style and can be installedthout any need for eleatal or mechanical interruption of the current
carrying conductor, while also ensuring galvanic insulation. This makesedhgyto useAccuracy

of flexible coils is not as high (can be improved by proper positioning of the primary conductor).

Figure 2-12. Flexible Rogowski Coil with Integrator

Paper[7] published in 1994 describescambined current and itage sensor for metering and
protection in high voltage power systems. The sensor consists of an elefiit Eltage sensor

and a magnetic field current sensor suitable for applications in 10 kV, 200 A. THild sensor
shown inFigure2-13 is in the form of a toroid having 1000 turns wound on an insulating former
with an average diameter of 10.75 cm. It has an axial length of 10 cm, and radial thickn&ss of 0
cm. The output voltage at 60 Hz and 200 A is 140.38 mV.cbiles compensated against astyay

axial magnetic fields by using a compensating turn and a potentiometer.

14
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H-Coil

Compensating

Turn ™
| |
, it |
i Potentiometer
-

Figure 2-13. H-Coil with Compensating Turn and Potentiometer

Figure2-14 shows a Rogowski Coil design thages pecewisestraight(discrete) coils connected in
series to create a chain. Each amiy have several layers in order to provide sufficient output
voltage. This chaimay form a circle asa toroidal Rogowski Gil. In comparison to classical
Rogowski @ils, this discrete cosolution is smaller and is teisuitable for applications with small
space available. Due to the fact that the coilsstisght their production igasierthan in thecase

of acontinuously woundoroidal core However, in this desigthe number of turns per unit length
is no longerconstant over the whole length of the winding of the measuring device. A structural
discontinuity exists due to the fact that the last turn of one coil is joined with the first tthra of
next coil througha wire. The mutual induction coefficient betwedme device and an external
circuit is not zeroAs a resultthe impact fronthe external electromagnetic fiélis larger than in
designs witha continuous windingThis impact can be redut®y implementingalargernumber of
discretecaolls.

Figure 2-14. Rogowski Coil consisting of piecewise straight coils

15
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Figure 2-15 shows a design that uses piec@wstraight (discrete) coils implemented BGBs.
Several coils are connected in seriesniog a circular shapeTheuse ofmore PCB coilgesults in
higher accuracy, lower sensitivity to positioning the conduend better external field rejection
perfaomance. Aother avantage of this solutiois lowerproducton costs.

PCB Coil

Figure 2-15. Rogowski Coil designed with Discrete Coils made on Printed Circuit Boards

Figure 2-16 shows a design where two windings are implemented on one single PCB. Two
windings are wound in opposite directions to reduce magneticupickom nearby conductors.
Figure2-17 shows a design using two PCBs sandwiched together as a multilayer PCB design. Each
PCB has an imprinted coil. To reduce magneticqigkrom nearby aeductors, coils are wound in
electrically opposite directian The output voltagef PCB Rogowski Coilsis smaller than the
output voltage of Rogowski Coils designed with conventional wire wound oviaiaa o rsmae

the core crossection area is small. However, this design allows precise coil manufacturing,
resulting in high accuracy arldgherimmunity to external fields. Rogowski Coils have also been
designedusing the PCB design technique a splitcore style forinstallation around primary
conductors without the requirement to opre primary conductors.

Figure 2-16. Rogowski Coil Designed on One Single Printed Circuit Board

16
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Output Signal

Figure 2-17. Rogowski Coil Designed on Two Printed Circuit Boards

The acuracyof flexible splitcore Rogowski Coilss about %-3% andthe position accuracys
about 2%. Figure 2-18 shows designs of non sptibre Rogowski Coils from three different
manufacturers. The accuracy each coildepends on the coil design and operating conditions.
Generally,the accuracy classs 0.5%, but coils can beedigned for 0.1% accuracy class, making
them suitable fometering and protectioapplications

Non splitcore style pnted circuit boardRogowski Coildesigrs from three different manufacturers

are shown inFigure 2-19. The accuray of PCB coils depends on the coilsag Generally,the
accuracyclass is 0.299.5%, but coils can be designed for 0.1% accuracy ,clas&ingthem
suitable for metering and protection applicatioRsr installation ofnon splitcore stylecoils,
primary conductors must be opené&tgure 2-20 illustrates asplit-core Rogowski Coiblesignfor
installation around primary conductdisat cannot bepered Figure 2-20 alsoshows a splicore
Rogowski Coil used to measure current in multiple conductors and one application measuring
current in a watecooled conductor with a large cressction PCB coil designs have usually lower
output voltages compared to rigid Rogowski coils due to smallinaa, therefore special care must

be taken to protect lowutput signal from external disturbances.

Some companies have manufactured combined voltage and current sensors as oné\slevice
Rogowski @ils can be made much smalkBen conventional CTs anthere exist technologies that

could replace conventional VTs as well,rhé a great benefit to combinitigese separate devices

into one unit.A combined classical inductive transformer is a bulky device, having big size and
weight. The combination of &jowski @il and some Lowpower voltage sensor can fit basically

into the same body asclassical blockype CT with a lot of margin or can be made much smaller.
Some companies are using these advantages and they have manufactured combined voltage anc
current sensors as one deviegyure2-21 shows designs from two different manufacturers.

17
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Figure 2-18. Rigid Non-Split-Wound-Core Rogowski Coil Designs

18
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Figure 2-19. Printed Circuit Non-Split Core Board Rogowski Coils

19
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Figure 2-20. Split-Core PCB Rogowski Coil Design (design illustration, coil measuring current in six conductors,
and coil measuring current in one water-cooled conductor)

20
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— Primary Conductor

| Rogowski Caoil
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Figure 2-21. Combination Voltage an

d Current Sensors
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2.6 Linearity

Rogowski Coils are wound over a noragnetic (air core) material, instead of over an iron bkee
a conventional CT As a result, Rogowski Coils are linear since the air core cannot sakigate
2-22 shows the Rogowski Coil linearity in the current rangé A to 100 KA.

10

0.1

Voltage [V]

0.01

0.001

0.001 0.01 0.1 1 10 100
Current [kA]
Figure 2-22. Rogowski Coil Linearity

2.7 Transient Response

Figure 2-23 showsa comparison in transient response between conventional CTRagmlvski
Coils. When the iron-core current transformer saturateits secondarycurrent waveforra are
distorted The Rogowski Coiloutput signad cannot bedistorted The ntegrated signahccurately
reproduces the origah waveform In Figure 2-23, the Rogowski Coiloutput signal ogrlaysthe
primary current waveformro visually depicthe difference in transient response between CTs and
Rogowski Coils Figure 2-24 showsthe calculated RMS values of the primary current frBigure
2-23. Trace (a) is the original primary current with DC offset. Traces (b) and (c) are the RMS values
derivedby the relay fothe same primary current whehe DC offset is filtered by the relay. Trace
(b) is the RMS value usingRogowski Cois, and Trace (c) is the RMS value using current
transformers when saturated. The shaded area is the reduced RMS vatuprimhény current that
the relay cannot sense dugd® saturation.

Figure 2-25 shows norintegrated and integratédRlogowski Coilsignals for high power tests at 68

kA fault currents. Th&kogowski Coilpreserves linearity at high fault currents. The-imdagrated
Rogowski Coil signal attenuates the primary circuit DC component. However, the integrated
Rogowski Coilsignal accurately reproduces the primary currents.
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Figure 2-23. Comparison of Current Transformer and Rogowski Coil Transient Response
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Figure 2-24. Comparison of the Rogowski Coil Integrated Secondary RMS Signal and the Saturated Current
Transformer Secondary RMS Current for an Asymmetrical Fault Current
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Figure 2-25. Laboratory Test Results of a Rogowski Coil Transient Response

2.8 Frequency Response

Rogowski Coil desigrs generally have high frequency responselative to conventional CTs
Depending on the desigthe Rogowski Coilfrequency response can be significantly higher than 1
MHz which makes them suitable for traveling wdbased protection applicatiorRogowski Cois

are frequencydependent devices. However, th®ogowski Coil output signals ardinearly
proportional to tk frequency. Integrated signals &requencyindependent (seEigure 2-26) over
typical operating ranges of frequency until the self resonance point of the seresachisd
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Figure 2-26. Rogowski Coil Frequency Response
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2.9 Rejection of External Electromagnetic Fields

Influence from nearby conductors is one of the most important tests to deternfrugtveski Coll
current sensor accuracy. The effectiveness ofRogowski Coi in rejecting an external
electromagnetic field depends on the coil design. The main factocem@sestencyn the coil core
crosssection, windingimplementationand counter loopesigns The effectivenessn rejectingan
external electromagnetic field fqrinted circuit boardRogowski Cois designed by imprinting
windings on two separate boards sandwiched together is showvngume 2-28. Tests were
performedin a high power laboratory at test current magnisuofe60 kArus. The test setup is
shown inFigure 2-27. For comparison, wo Rogowski Coilswere testedRC1 was installed to
measure the test current and RC2 was locat@tthesnext to the primary conductor to test the
influence from the primary conductor. Since the induced signal in RC2 was very small, a x100
amplifier was used to increase the signal to the level acceptable by the recorder. The results are
shownin Figure2-28. The influence from the primary conductor was below 0.01%, verifying very
good coil immunity to the external magnetic fields. In most applicatiRogpwski Coilcurrent
sensors will be irtalled at a distance from nearby conductors. Since the magnetic field from a
current carrying conductor declines proportional to the distanceestjule influence will be near
zero.

Transient
Recorder
BB o
Circuit Fiber
Breaker R, X Optic
oo oI —— Cables
Making I m
i ™ E/O
Switch Laboratory CT E
rRc1 CO—

re2 | O—>

Amplifier
e
scm

Figure 2-27. High Power Test Setup for Testing the Impact of External Electromagnetic Fields
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Figure 2-28. Influence from the Nearby Conductor

2.10 Review of Rogowski Coil Characteristics

2.10.1 Accuracy

Rogowski Coit can be usefibr metering, protection, and contrdlraditionally, separate secondary
windings for measurement and protection have been used. The wide range linearity of sensors
makes it possible to combine sensors for measurement and protection in one singlea$eNiivey r
in smaller sensor dimensions, simpler {@altage circuit cabling, and more uniform cubicle design.
2.10.2 Linearity (No Saturation)

Rogowski Coit are linear over a wide range of currents. No esgecific calculation for various
primary currents isecessaryThere is no need faralculation of accuracy limit factar

2.10.3 No Accuracy versus Burden Calculation

Rogowski Coils are used with micpyocessotEDs that havehigh input impedanceTherefore, o
calculation for accuracy versus burden is required.

2.10.4 Size

Rogowski Cois aresmalland compact. fiey can easily be combinedth voltage sensori& one
device:acombisensor. They can hetegrated into other equipment like switchesclosers, circuit
breakers, and power transformers. They can be installed atousiings or post insulators,
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resulting in more compaeguipment angwitchgear.

2.10.5 Weight

Rogowski Coils are lightweight, especially compared to conventional current traes$owith
heavy coresAn even bigger weight/size benefit results from the use of combined units, comprising
both current and voltage sensors.

2.10.6 Safety

Low Secondary (Transmitted) Voltage Figure 2-29 shows hazardous voltages that may exist
when a conventional CT secondary opefse Rogowski Coil output signal is low enough to be
harmless to secondary equipment and people, when the fghest currents and voltages occur on
the primary side. A broken circuit or shaitcuit in the signal cable will cause no hazards or
damage.Even under faul conditions such as a primary shontcuit, the transmitted signal is
approximately 10 V (depemj on scale factor in specific application) or le#s. addition,
Rogowski @ils have a small mutual inductance so they cannot produce significant current, even if
the terminals are shortedhese voltage levels are generally below the values where iogerat
personnel need to apply specific safgiyecautionsand cannot cause hazards to secondary
insulation and instruments. Therefore, there is no need to calculate an instrument security factor

Iron-Core
Current Transformer

'pl . Vs =0i 10KV

T
i =N -

Figure 2-29. Hazardous Voltages for an Open CT Secondary

Terminal Blocks Not Required Rogowski Coi$ areinterconnectedo relaysby shielded cables

and connectorgFigure 2-30). Terminal blocks are not used since Rogowski Coils can be-open
circuited without any risk of developing voltages dangerous for personnel. In addittable is a

part of the Rogowski @l and the whole setup is accuracy tested. Therefore, there is no need for
additional cabling and calculation of burden impedance/influence and providing fast installation on
site without any tools.
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Figure 2-30. Interface to Relays for CTs and Rogowski Coils

2.10.7 Simplified Ordering

Since oneRogowski Coil basic design can cover a wide range of applications, the amount of
product versions is considerably small. Ordpecific actionsare minimaland the logistic process
short. As a result,the delivery time for standard sensorgy beshorter than for trational
instrument transformers.

2.10.8 Improved Switchgear Design and Performance

Rogowski Coils enable improving switchgear deslgn reducing swithgear dimensions and
improving metering, control, and protection performarides is possible becaustgowski Cois
accuratelyreproduce primary currentshder normal and fault conditions, includihgrmonicsand
high-frequency disturbances

Switchgearfeatures enhanced by modern relays and sensors
e Better selectivity
e Improved fault location
e Better disturbancanalyss
e Power quality measurements
¢ Remote monitoring and control
e Easy maintenance
e Optimized maintenance program
e Simplified IED testing
e Fasterinstallation within switchgear

e Optimized wiring
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e Lower weight
e Small Rogowski coil size contributesitoprovedair-flow (cooling) inside switchgear
e Lowertotal costs of ownership

2.10.9 Environmental Aspects

Less use of raw materials Sensors with small dimsions enable design otonpact and
uncomplicated cubicles

Less copper inside cast resinThe amount of copper iasingle Rogowski Coilcurrent sensor is
only a fraction of that used in a corresponding madtie current transformer. The absence of iron
cores makes the recycling of the primary winding possible.

Small Power Consumption. The efficiency of a sensor is highhen compared wih instrument
transformers. In addition, there are no losses in the secondary cabling.

2.10.10 Relay Design Simplification

Current transformers have traditionabgenused for protection and measurement applications in
part because of their ability to produce thigh power output required by electromechanical
equipment. Microprocesstrased equipmermtoes not reque high powersensorutput and allows
the use of novel high performance senssush as Rogowski Coils for current measurements

Figure 2-31b shows simplification in the relay input board design when using Rogowski Coils
compared ta conventional CT based input board showifrigure 2-31a. In addition, this design
requires less space inside the relay, and the weight and cost of the relay can be reduced. However,
the relay may be designed to have input boards that accomnbodatechnologies

a) Input Board for Convention@lTs b) Input Board folRogowski Coi$

Figure 2-31. Relay Input Board for Conventional CTs and Rogowski Coils
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3 Standard Requirements for Protective Relaying and Metering

Standar ds | -PE IEC 80D489 [EE 618509-1, and IEC 6185@-2 define the
interface between loyower sensors and protective relays or other substation intelligent electronic
devices. | E E R003 pravide§@delines Bobtlte application of Rogowski Coils used
for protective relaying purposes. Existing Standard IEC 60044d 600448 will migrate into the

new structure of IEC 61869.

International Standard IEC 61869s a family of standards that specifiequrements for
conventional and nenonventionalinstrument transformersStandard IEC 636910 specifies
requirements for Low Power Stand Alone Current Sensors (LPCS). This Standard is based on th
IEC 618691 and IEC 61869-1 andshall be read iconjunction with the IEC 61869 and the IEC
618699-1. This section includes selected paragsapbm Standard IEC 61868D.

3.1 Scale Factor

Factor by which the value of the secondary voltage is to be multiplied to obtain the value of the
primary current.

Ky =2

sf

c

Ssr

Where
ki is the scale factor;

I, isthe r.m.s. value of the rated primary current;

U, isthe r.m.s. value of secondary voltage at rated primary current.

Note: This definition is only related to rated burden and rated frequdhdoes not take into
account direct signal componentdsgc= 0) as well as harmonic and sbhrmonic components

(ipredt) =0, up redt) = 0).
Note: Scale factor is determined for each individual sensor.

Rogowski coi$ can be used under different system frequencies without any change in design and
without loss of accuracyHowever, when the system frequency is different from the rated
frequency, the rated scale factoustbe calculated by usinttyefollowing equation

ksf = .
U Ssr i
f,
Where
fr is the rated frequency;
f is the system frequency.
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3.2 Standard Accuracy Classes

3.2.1 Metering LPCS

The standard accuracy classes for measuring LPCS are:

0.17 0.27 0.57 17 3

Limits of current error and phase displacementlf8CS For classes 0.1 0.27 0.5 and 1, the

current and phase errors at rated frequency and at rated burden shall not exceed the values given in
Table3-1.

Notel: In generalthe prescribed limits of current and phase errors are valid for any given position
of an external conductor spaced at a distance in air not less than that required for insulation in air at
the highest voltage for equipment.

Note 2: Proper pasioning of primary conductor should be defined by manufacturetha
installation instructions

Table 3-1 Limits of current and phase errors for measuring LPCS (classes from 0.1 )

+ percentage current (ratio, + phase error at primary current shown below

Accurac scale factor) error at primary - —
Class y current shown below Minutes Centiradians

0.05l, | 0.21, lor | Kper lpr [ 0.051, | 0.21, lor | Kper lpr | 0.0515 | 0.21, lor | Kper lpr
0.1 0.4 0.2 0.1 0.1 15 8 5 5 0.45 0.24 0.15 0.15
0.2 0.75 0.35 0.2 0.2 30 15 10 10 0.9 0.45 0.3 0.3
0.5 1.5 0.75 0.5 0.5 90 45 30 30 2.7 1.35 0.9 0.9
1.0 3.0 1.5 1.0 1.0 180 90 60 60 5.4 2.7 1.8 1.8
3.0 - 4.5 3 3

For classes 0.2 S and 0.5 S, the current error and phase error of current transformers for special
applications at rated frequency shall not exceed the values giVaiblie3-2.

Table 3-2 Limits of current and phase errors for measuring LPCT for special applications

+ percentage current (ratio, + phase error at primary current shown below
scale factor) error at - L
Accuracy primary current shown Minutes Centiradians
class below

0.01 | 0.05( 0.2 lpr | Kper | 0.01]0.05( 0.2 lor Kper | 0.0110.05 | 0.2 lor | Kper
lpr lpr lpr lpr lpr lpr lpr lpr lpr lpr lpr lpr
0.2S 0.75/0.35| 0.2 | 0.2 [ 0.2 | 30 15 10 10 10 ( 0.9 |0.45]| 0.3 | 0.3 | 0.3
0.5S 15 (0.75]| 0.5 | 0.5 | 0.5 | 90 45 30 30 30 | 2.7 |1.35( 09 | 0.9 | 0.9

3.2.2 Protective low-power stand-alone current sensors
Rated accuracy limit primary current . The standard accuracy limit currents are:
500071 750071 125001 250001 315001 40000i 500001 63000 A
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NOTE: Depending on the applicatipother values can be used.

Accuracy class designationFor protective electronic current transformers, the accuracy class is

designed by the highest permissible percentage composite error at the rated accuracy limit primary
current prescribed for the accuracy class con
or by the |l etters ATPEO (meaning transient pr

Standard accuracy classeslhe standard accuracy classes for protective LPCS are
5P, 10 P, and 5TPE.

Limits of error . At rated frequency and at rated burden, the current (ratio or scale factor) error,
phase error and composite or composite scale factor error and, during application of specified duty
cycle if transient performance specified, the maximum peak instantaneous error shall not exceed
the values given iTable 3-3. The phase error indicated in the tables of limits of errors are the
values remaining after the compensation of the rated delay time.

Table 3-3 Limits of error

) Phase error at rated Composite o
Current (ratio, primary current (composite scale At accuracy limit
Accuracy | S¢@le factor) error factor) error at rated condition
class g atrated primary accuracy limit - Maximum peak
current Minutes Centiradians Primary current instantaneous error
% %
%
5TPE +1 + 60 +1,8 5 10
5P +1 + 60 +1,8 5
10 P +3 - - 10
NOTE 1 Information on transient conditions related to class TPE and classes (PR and PX) defined in IEC 60044-1
and other classes (TPS, TPX, TPY, TPZ) defined in IEC 60044-6 are given in annex A.

3.3 Multipurpose ECT

Multipurpose electronic current transformers (ECT) are designed for both measurement and
protection. Multipurpose ECT should comply with all the clauses of Standard IEC 61869.

3.4 Standard values for rated primary current
The standard values of rated primary currents are:
257 507 100 A

and their decimal multiples or fractions..

NOTE: The same LPCS could be usedhiwide range of primary current values. Selection of
proper primay and secondary rated values should be done in line with input limits of the measuring
equipment.

3.6 Standard values for rated extended primary current factor

The standard values for rated extended primary current factor are:
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51 1071 207 507 100
and theirdecimal multiples or fractions.

NOTE: The same LPCS could be usedaiwide range of primary current values. Selection of
proper primary and secondary rated values should be done in line with input limits of the measuring
equipment.

3.6 Rated continuous thermal current

The rated continuous thermal current shall not be lower than the rated primary current or the rated
extended primary current if specified.

3.7 Standard values of rated secondary voltage

The standard r.m.s. values of rated secondary valtageed primary current are:

225 mV and 200 mV

NOTE: Typical electronic relays and meters can easily accommedatell variation in the rated
value of the standard rated secondary voltage. For example, an electronic relay expecting a
secondary voltagef@00 mV can easily accommodate secondary voltage of 150 mV and 225 mV.

For existing designs, the following r.m.s. values of rated secondary voltage at rated primary current
are also allowed

225 mV for LPCT delivering an output voltage proportional tocineent
150 mV for Rogowski coil delivering an output voltage proportional to the derivative of the current.

NOTE: The same LPCS could be used in different applications requiring different rated secondary
voltage values. Selection of proper primary andsdary rated values should be done in line with
input limits of the measuring equipment.

3.8 Rogowski Coil Burden

The standard values of rated burden in ohms are:

2 kgo ikiqok i 1Mqi 4Mq

The burden connected to LPCS has to be equal to, or higirerthe rated burden.

NOTE: Attention should be paid to the parallel capacitance of electrical measuring instruments or
electrical protective devices.

3.9 Range of Operation

Figure 3-1 shows the accuracy limits of a multipurpose ECT (i.e. an ECT which obeys measuring
and protective requirements), which is also specified for transient response.

The marks show at which primary current the accuracy is actually tested during type tests. The lines
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show in which primary current range the accuracy is supposed to be maintained.
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Figure 3-1. Accuracy Limits of a Multi-Purpose ECT

If an application requires a small deviation between the phase and/or amplitude error between the
ECTs on different phases, the user shall select a set of electronic current transformers with similar
calibration data, as is also o with conventional transformers. The calibration data is available
from routine testing. A special test is metjuired

34



IEEE PSRC Special Report September 2010

4 Rogowski Coil Application Designs

Rogowski Coit have been designed and applied at all voltage levels (low, medium, and high
voltage). They have been designed for indoor and outthmdallations and applied for metering,
protection, and control. This section reviews different designs and applications.

4.1 Low Voltage Application Designs

Figure 4-1 shows lowvoltage switchgear that uses Rogowski Coils for metering and protection.
Circuit breakers are equipped with sptiwered, microprocesstwased tripdevices to sense
overload and shbcircuit conditions. Rogowski Coil accuracy is better than 1%.

Figure 4-1. Rogowski Coil Applications in Low Voltage Switchgear
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4.2 Energy monitoring

Figure 4-2 shows flexible Rogowski Coils for energy measurements in applications such as
industrialproduction machinesupermarkets,ala centersschools, and TV studios.

Figure 4-2. Rogowski Coil Application for Energy Measurements

4.3 Medium Voltage Application Designs

Figure4-3 andFigure4-4 showapplicatiors of Rogowski Coilscombined with voltage sensor

Circuit Breaker

Combined Current and —»p s
Voltage Sensor

Cables —»

Figure 4-3. Rogowski Coil Applications in Medium Voltage Switchgear (combined current and voltage sensor)
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Integrated Voltage & Current Sensor
(weight: 2,5 kg each sensor)

Figure 4-4. Outdoor Application of Rogowski Coils Combined with Voltage sensors

4

Figure 4-5. Rogowski Coil Integration with Medium Voltage Circuit Breakers
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Figure 4-6. Rogowski Coil Applications in Medium Voltage Switchgear (Rogowski coil integrated into bushings)

Figure 4-7. Rogowski Coil Applications in Medium Voltage Switchgear
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