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Abstract—Rogowski coil current sensors are popular solutions
for current sensing having several advantages over current
transformers (CTs), including size, bandwidth and dynamic
range. These sensors have been used by electric utilities for
gaining visibility into the electric grid directly helping in grid
operations. This paper presents an overview of the design
principles and test results for a PCB-based Rogowski coil that
can be retrofitted around any existing conductor, resulting in
a sensor that can be rapidly installed in the field. Due to the
absence of any magnetic components in the coil, Rogowski coils
cannot saturate and thus have a very high dynamic range,
only limited by the accompanying signal conditioning or data
converter circuits. In order to prevent saturation of the signal
conditioning stage at higher current levels, a method to auto-tune
the sensor has been presented, resulting in a dynamic range that
is orders of magnitude higher than state of the art. The method,
called dynamic range correction (DRC), uses edge intelligence
to detect fault current scenarios and adjust the analog circuit
to prevent saturation or distortion, while capturing the fault
current waveforms. This feature enables post-event diagnostics
for electric utilities at a very low cost.

Index Terms—Clip-on Rogowski, current sensing, edge intelli-
gence, fault current, smart grid.

I. INTRODUCTION

LECTRIC utilities are installing various sensors for ad-

vanced situational awareness into the sub-transmission
and distribution networks. Current sensors are critical for
recording steady state and fault currents in different parts
of the grid. Current transformers have typically been used
by utilities. However limitations of cost and dynamic range
are causing utilities to adopt newer solutions like Rogowski
coils (typical implementation shown in Fig. 1) [1] - [4].
Rogowski coils exhibit several advantages over current trans-
formers (CTs) and other magnetic effect sensors like Hall
effect or even shunt-based current transducers. Rogowski coils,
which encircle the conductors, are air-cored, and hence cannot
saturate due to the absence of magnetic elements. A high
bandwidth can be achieved, along with a linear response [5]
over a wide dynamic range, compared to CTs with magnetic
cores. Rogowski coils are also resilient to thermal, conducted
and radiated noise [6] - [9]. Additionally, they offer isolation
and need minimal signal conditioning, making them ideal for
power electronics applications. Compared to Rogowski coils,
CTs can be bulky and expensive [2].
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Fig. 1. Typical current sensors for utility conductors.

Utilities have used various sensors for capturing waveform
signatures which are a useful resource for utility operations
[8], [9] particularly in protective relaying. These fault current
signatures can also help in identifying faulty equipment [11],
perform predictive maintenance [12], or post-event analysis
[13] - [15]. For instance, Linl et al. have shown that the
waveform data can be used to recognize fault types in over-
head distribution lines in [15], while Ghanbari et al. used a
Rogowski coil for stator fault diagnosis in machines [16].

With recent advances in manufacturing techniques, design-
ers have integrated the toroidal windings on printed circuit
boards (PCBs), thus achieving a compact form-factor, low cost
and good reproducibility [17] - [23]. Besides, the availability
of precision-trimmed operational amplifiers (op-amps) has
helped in achieving low drift, fast settling analog (active)
integrator circuits. The Rogowski coil outputs a signal propor-
tional to the differential of the current enclosed in it (di/dt
sensor). Analog integrators can condition the signals from the
Rogowski coil and feed them into a data converter and micro-
processor based unit that can record the data or perform certain
control actions based on it. PCB-based Rogowski coils have
been developed for both power-line frequencies [20] - [28]
(50/60 Hz) as well as switched mode power converters [17]
- [19], [30] - [32].

However, there are certain limitations that need to be im-
proved. The dynamic range of Rogowski coils is limited by the
signal conditioning circuitry. This is because the associated op-
amps saturate at finite signal levels, causing signal distortion
and clipping. These circuits can also add some phase shift
in the signal, which can add to significant errors when the
signal is used for power metering or for operating protection
equipment [2].

With micro-processor and digital signal processor (DSP)
based systems, the integration function can be performed
digitally, using filters [9] to achieve better phase response.
Faifer er al. used an FPGA based digital integrator and
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TABLE I
ROGOWSKI COIL BASED SENSOR DESIGNS PROPOSED IN LITERATURE
Reference Bandwidth Size Dynamic Range Applications Notes
Power frequency anplications Square Rogowski coil, for fault
[11] 50 Hz - 800 Hz 18 cm? 1 to 100 (SO‘GOYHIZ)S ) diagnosis of on-line load tap changer
- in aerospace power systems
10 Hz - 400 Hz 2 ..
(03] @y | for[131& 1Hz [gl[ﬁ] | 11311102000 monl\ifgrt;’; f‘;‘r‘:l:n‘:clf;ri“(‘gg_Go Not actually PCB-embedded, but
- 150 Hz for 2 & [42] 1 to 300 e ) - wire-wound
[42] cm' Hz)
Embedded in power converter Integrator & comparator specifically
[17] & [18] 500 Hz - 1 MHz <7 cm? 1 to 5000 gate-drive for protection of designed to trigger a ‘shutdown’ pulse
switches when over-current condition detected
. . . ] PC based system, mainly designed for
[19] 100 Hz - 1 MHz N/A 1 to 700 Measuring high di=dt pulsed high currents, of the order of several
currents in lasers KA
Power line frequencies as well as No active integrator used, output
(201 DC - 1 MHz N/A 1 10 500 switching power converters saturates beyond 500 A
A method to mass-produce a
Volume of . . Rogowski coils based on an assembly
[21] 60 Hz 295 cm3 1to 72 Measuring power line currents of 2 PCBs, which is a complex
assembly
[25] & [26] 50 Hz - 700 kHz N/A 1 to 190: 000 Protective relayimgifor power line 2 F_’CB _00115 Wou.nd in opposite
applications directions, passive integrator
0:64 cm? 4-layered PCB, differential Rogowski
[30] 20 MHz 0% cm N/A Switching converters in EVs coil design to eliminate common mode
for coil - .
dv=dt coupling
. . . Active integrator used till 1 MHz and
. 2 g
[32] 10 Hz - 1 MHz 6:6 em for N/A DC link capacitor currents in 20 self-integrating coil recommended for
coil kHz buck converter
f >1MHz
B [31] 314 For high currents (upper limit of . . e .
[31] & [41] [31] 10 MHz cm? & [41] [31] 1 to 5000 100 kA) & a rise time of several Wire wound on a PCB, self integrating
175 MHz 2 & [41] 1 to 40 coil
515 cm nanoseconds
0:01 Hz - 43 51 cm? for Transient & fault current capture .Palr of differential coils used, only
[35] kHz coil ltoll for overhead transmission lines high frequency components (> 1 kHz)
! & impulses captured (> 1000 A)
[36] N/A N/A 1 to 5000 Gas-insulated switchgear in HV Active integrator
power line applications
High density interconnect PCB based
Power frequency applications coils, using a complex assembly of
; 2 q y app > g p y
(37] 50 Hz - 50 kHz 69 cm 1 t0 300 (50=60 Hz) coils to construct a sensor that is
resistant to external EMI
Capturing transients in industrial o PP )
[38] 60 Hz - 1:2 kHz 240 cm? 1to 75 processes like welding and circuit Machinable ROgOWSkl Coils (MRCS)
" based on a custom wire-wound design
breaker testing
Current measurement in furnaces, A complex PCB-based structure
[39] 50 Hz 1360 cm? N/A ranging to 300 kA. Main containing 8 Rogowski coils built and
conductor split into 8 branches. tested till 12 kA.

a programmable gain amplifier (PGA) to control the gain
and ensure that the coil voltage is scaled for the ADC
(analog to digital data converter) stage. Hemmati et al. [10]
have proposed both time-domain and frequency-domain digital
compensation techniques for reconstructing the input current
signals. However, these approaches add costs in hardware,
computation and power consumption.

Besides, with a traditional closed-coil structure, it is difficult
to install these sensors on conductors already present in the
field. Utilities have to de-energize the circuits, sever the
conductors and pass them through the Rogowski coil as part of
the installation process - a task that significantly adds to the
overall costs. Thus retrofit capability is important for a low
cost, commercially viable design. While several designs have
been proposed [33], [34], the solutions are still significantly
expensive (> $150) with no other advantages.

A. Related Work

Several PCB-integrated Rogowski coil sensors have been
proposed in literature, with precise tuning for frequencies of
interest. Table I summarizes some of the work, along with the
parameters of interest and their end applications.

The bandwidth of the Rogowski coil is determined by

self-resonant frequency (fy), which depends on the lumped
parameters (L, C, R) of the coil. The designer must have a
good understanding of the dependence of the parasitics on the
coil construction.
At lower frequencies, the coil can act as a self-integrating coil
if the terminating resistance Ry < wL, and a di/dt sensor if
Ry > wL, thus designers need to take into account the coil
termination carefully [41], [42].

The integrator design at lower frequencies can be challeng-
ing since a low frequency offset-drift can accumulate; or the
capacitor in the RC feedback can discharge causing errors.
Besides, it is difficult to design a wide bandwidth integrator
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Fig. 2. Frequency response: Red trace shows the frequency response of PCB-
based Rogowski coil, green trace shows analog integrator response and blue
trace shows the combined response of the coil and integrator.

that can measure both power line (50/60 Hz) as well as
high frequencies (several kHz range) like those encountered in
switching power converters. Often times, the PCB Rogowski
coil implementations found in literature meet either power
line or high frequency requirements. The combination of the
frequency response of the PCB coil itself along with the 15
order analog integrator are shown in Fig. 2. The +20 dB/dec
due to the coil and 20 dB/dec from the integrator result in
a relatively flat gain response over the integration bandwidth.
Careful tuning of the integrator can result in a wide bandwidth
design, which is only limited by the integration gain and the
coil self-resonant frequency, as discussed in Section II.

As such, an ideal signal conditioning circuit would entail
a precise analog design that has a wide bandwidth, near-zero
phase shift over frequencies ranging from power-line to several
10°s of kHz and can scale and track the signal according
to the current being measured. It would thus be possible to
capture fast transients and fault currents without the limitations
imposed by the signal conditioning circuitry.

B. Limited Dynamic Range in Rogowski Sensors

An important limitation of the Rogowski signal conditioning
system is the dynamic range. Even though Rogowski coils (air-
cored) themselves do not saturate and offer higher dynamic
range than the magnetic core based CTs (that can saturate),
the primary limitation is the signal conditioning circuit. Ac-
tive integrator based signal conditioning can have a limited
dynamic range and starts saturating (causing signal distortion
and clipping) when the signal levels start hitting supply rail
voltages. With a static integrator gain, the dynamic range is
dictated by the rail voltages. This results in a significant level
of selection and tuning in the field for matching the currents
flowing to the sensor itself. As a consequence, utilities are
forced to employ different sensors depending on the current
rating of the asset - e.g. from 10 5,000 A for steady state
in 5 distinct steps, not including fault currents.

C. Typical Current Sensors for Smart Grid Applications

As shown in Fig. 1, most asset monitoring solutions based
on Rogowski coils [11], [21], [46] would have a coil, an
analog front end, an ADC, a MCU (micro-controller unit) and
a radio [43]. Some applications involve specialized sensors
like ©-PMUs (micro-phasor measurement units) for advanced
visibility into the grid [44] or extracting d ¢ and zero
sequence currents in 3-phase systems [45].

The radio includes a cellular network or a standard ‘Internet
of things’ (IoT) protocol, with a wireless gate-way device for
cloud connectivity. Today’s sensors tend to be very expensive
- a typical current/voltage sensor may cost over $1200 to
monitor a transformer asset that is of similar value, making
cost justification very challenging. These costs do not include
the back-end system for data management that needs to be
customized, installed and maintained. As a result, even though
the need for ubiquitous sensing is well recognized, the high
cost has limited the deployment of such sensors only to high
value applications.

D. Proposed Sensor and Contributions

In this paper, the design considerations for a Rogowski coil
embedded on a PCB have been explored. The viability of a
PCB-based ‘clip-on’ design, that can be retrofitted around any
existing conductor has been proven. This results in a current
sensor that can be easily installed on existing utility conductors
without having to de-energize the system. This paper presents
an analog design that is suitable for a wide bandwidth - sup-
porting both power line (50/60 Hz) as well as switching power
converters (few kHz). The limitations in dynamic range based
on traditional approaches have been discussed. A method
has been proposed for mitigating the limited dynamic range
due to the integration circuit. The approach, called ‘Dynamic
Range Correction’ (DRC) uses edge-intelligence to analyze
anomalies in the incoming signal and adjusts the dynamics of
the circuit appropriately. Proposed approach results in a single
sensor that can monitor steady state currents and dynamically
scale and adjust itself to capture fault currents. Finally, this
paper discusses how the proposed sensor can enable advanced
situational awareness in smart grid applications.

The rest of the paper is organized as follows: Section II
discusses first principles for designing PCB-based Rogowski
coils, and experimental results that show the viability of the
clip-on design. Section III presents the analog design of the
sensor. Section IV discusses the DRC algorithm. Section V
presents experimental results, including frequency response,
dynamic range correction, waveform capturing using edge
intelligence and resilience to drift and external interference.
Section VI shows how the sensor can be effectively used for
smart grid applications and Section VII concludes the paper.

II. ROGOWSKI COIL OPERATING PRINCIPLES

A brief overview of the operating principles behind the
embedded Rogowski coil and experimental results showing
viability of the clip-on design are presented in this section.
Consider a PCB which has the coil traces embedded in it,
forming a torroidal structure. The top view and the side view
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Fig. 3. Structure of PCB embedded Rogowski coil: (a) Geometry (b)

Equivalent circuit.

of the PCB are shown in Fig. 3. If h is the thickness of the
PCB, and a, b are the inner and outer diameters of the PCB
coil, a closed form expression can be derived [2] - [6], [20]
- [23], relating the mutual inductance of the primary current-
carrying conductor to the coil as follows:

H=-2>B=p -2 (1
2mx 2mx
where H is the magnetic field strength, B is the magnetic
flux density and pp is the permeability of free space, 47
10 "H/m
Z =3
B dA =

a=2

VA b=2

1o p

— _ ipfioh b
¢= 2mx hde = 2 1n(a) @

a=2
With N number of turns on the PCB; by Faraday’s law, voltage
induced on the coil, vg is

d¢ poh | b, dip

= N —= N — - 3
v dt 2m n(a) dt )
The mutual inductance M, can be represented by:
poh b
M= N — In(- 4
2m n(a> @

Typically, for power line applications,

ip(t) = ioed 't wo(t) = Njw&h ln(é)ioej!t %)
2 a

It can be seen that the voltage induced varies directly with

the frequency of the primary current, making the Rogowski

coil suitable for high frequency current measurements, as vo

is proportional to w.
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A. Lumped Parameters of the Rogowski Coil

The frequency characteristics of the coil also depend on the
lumped parameters. The coil can be approximated as an LCR
circuit [2], [6] and the self-inductance Lg and series resistance
Rs can be estimated as:

Nz,u,oh b
Ls = 5 ln(a) (6)
dy
=2Np——
Rs pdh duy (7N

where p is the electrical resistivity of PCB traces (for
copper, p = 1.68 10 80 m), di, dn and dy, are length,
height and width of PCB traces and ¢g is the permittivity of
free space, 8.854 10 2 F/m.

The lumped capacitance Cs for a PCB embedded coil needs
finite element methods to derive a closed-form expression [2],
and we will use measured values in our model.

It is evident that the bandwidth of a PCB based coil itself is
greater than several hundred kHz as determined by the lumped
parameters, Lg and Cs [6]. The resonant frequency fy is:

1
fr= P A ®)

Based on these principles, four PCB embedded coils were
manufactured to compare the performance. Two of these coils
(coils A and B) had a closed structure and were identical to
each other, with only the PCB thickness being different. Coils
C and D were ‘clip-on’ Rogowski coils, with similar structures
but different number of turns. A snapshot of the different coils,
with their parameters is shown in Fig. 4.

N =80 turns
Thickness = 1.575 mm  Thickness = 1.575 mm

N =64 turns
Thickness = 1.575 mm
Coil A

N =64 turns
Thickness = 3.988 mm
Coil B

N =100 turns
Coil C Coil D

Fig. 4. Comparison of the 4 PCB-embedded Rogowski coils fabricated. Coils
C and D can be clipped onto any conductor in the field.

For the parameters noted above, experimental data using
an impedance analyzer (Fig. 5) on the 4 constructed coils
show that fr > 10 MHz, making them suitable for use in
frequencies up to 1 MHz. The expected values (using (4) -
(8)) and measurement results from an impedance analyzer are
compared in Table II.

To evaluate the performance of the coils, they were excited
with the same current (i, = 1.2 Arms at 60 kHz) and the
coil output voltage (Mdip/dt) compared. Fig. 6 shows that
the responses of the clip-on coils are comparable to the closed
core coils, with the mutual inductance M being the dominant
governing factor. It can be concluded that the clip-on versions
(coils C and D) are equivalent to the traditional PCB-based
coils (coils A and B). The step response for coil D is shown
in Fig. 7, showing a fast settling dip/dt output for an excitation
current of ip = 333 mApk pk-
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TABLE II
COMPARISON OF EXPECTED AND MEASURED PARAMETERS OF THE PRINTED COIL AT f = 60 Hz

Coil A Coil B Coil C Coil D
Parameter ~ Expected Measured Expected Measured Expected Measured Expected Measured
Ls 3:552 H 3:375 H 5:645 H 5:986 H 2:255 H 2:238 H 2:96 H 3:103 H
Rs 5:95 Q 5:59 Q 7:798 Q 7:738 Q 7:358 Q2 7:045 Q 10:72 Q 11:392 Q
Cs N=A 7:4 pF N=A 15:2 pF N=A 5:799 pF N=A 5:281 pF
M 16:2 nH 17 nH 41:27 nH 44:78 nH 15:68 nH 15:5 nH 19:61 nH 19:91 nH
fr 39:3MHz >10MHz 21:18 MHz >10MHz 44:18 MHz > 10MHz 39:31 MHz > 10 MHz
— ek Stop. T 2 T
No resonance No resonance 1p =333 mApkpk T=5pus
ll 10 MHz 1110 MHz_ — T
—— e X
Impedance 7| onuzll] R T Impedance |Z| oM Freq = 100 kHz
| | B 60117 g 10 I
Coil B
e — hokstop
No resonance No resonance
till 10/:\/LHZ«/’/ i1l 10 M/HZ/ A
- ) 7/77///'/’ — P
10 MHz Impedance Z] 10 MHz
125 mV
‘ i ) ) 80 ns R
Angle0 10 MHz Angle, 10 MHz
Coil C Coil D

Fig. 5. Impedance trends of the unloaded coils tested on Agilent™ E4990A
Impedance Analyzer. No resonance observed till ¥ = 10 MHz, indicating
fr > 10 MHz.

B. Mutual Inductance Variation with Conductor Location

It has been shown [29] that, for a Rogowski coil with an
air gap without any compensation, the mutual inductance M
varies as little as 3.52% when the conductor is near the airgap.
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Fig. 6. Comparison of the coil outputs when excited by primary current
ip = 1:2 Arms at 60 kHz.

Fig. 7. (Green trace) Step response of coil D for a (pink trace) 100 kHz,
333 mApk pk square wave primary current, ip. Zoomed in version shows
fast settling time.

It also has little variation in other arbitrary locations inside the
coil which is confirmed from our findings.

A test to measure the variation of the mutual inductance due
to the conductor position within the coil was carried out. The
test setup is shown in Fig. 8, with the positions marked. Based
on the primary current excitation and Rogowski coil output
voltage, mutual inductance was measured using (4) and (5).
It was seen that the normalized mutual inductance M varied
within 3% as the position of the conductor was changed.
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Fig. 8. Variation of the mutual inductance M with conductor position inside
the Rogowski coils (coils C and D). Up to 3% variation is observed.






