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Abstract: Electrical utilities have relied upon potential transformers (PTs) and current transformers
(CTs) for very accurate metering and to provide reliable signals for protective relays. Less expensive
alternative sensing technologies offer the possibility of wider deployment, particularly in grids that
employ distributed energy resources. In this work, the performance of an advanced medium-voltage
sensor is compared with that of a reference PT and a CT and experimentally evaluated for different
power grid scenarios on an advanced outdoor power line sensor testbed at the U.S. Department of
Energy’s Oak Ridge National Laboratory. The sensor is based on a capacitive divider for voltage
monitoring and a Rogowski coil with an integrator for current monitoring. [Fhe'advanced outdoot
power line sensor testbed has a real-time simulator that is used to generate transient scenarios
(e.g., electrical faults, capacitor bank operation, and service restoration), while the analog signals
are recorded by the same high-resolution power meter. The behaviors of analog signals, harmonic
components, total harmonic distortion, and crest factors are assessed for this power line sensor and
compared with those of the reference PT/CT because of the absence of testing standards for advanced
outdoor power line sensors.

Keywords: sensors; monitoring; instrumentation; smart grid; simulation; testbeds

1. Introduction

In electrical substations, protective relays (or power meters) are metered via potential
transformers (PTs) and current transformers (CTs). These devices measure phase voltages
and currents and are commissioned by electrical engineers [1]. PTs/CTs can detect and
react to various electrical anomalies that could adversely affect electrical grid operations.
However, most protective relays have low sampling frequencies and cannot detect high
harmonic events, which may be related to incipient power outages [2]. For protective relays
and power meters, the computational process that measures transient events with high-
frequency components at electrical faults must process the phase voltage and current signals
using small time steps. The Nyquist sampling theorem [3] indicates that the sampling
frequency of a signal should be at least twice the highest frequency of the signal to avoid
aliasing [3]. Another aspect of measuring transformers built using magnetic iron cores
is that the performance of CTs can be affected by the magnetic saturation errors caused
by high current faults in the power grid [4,5], yielding ratio, and phase-angle errors [6],
especially during transient power grid events.

The global use of solar and wind power has rapidly grown, accelerating in recent
years [7]. With this growth, the penetration of inverter-based distributed energy resources
and electronic solid-state switches to control microgrid systems has also increased [8].
These devices could introduce high harmonic components into microgrids, which can
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affect the power quality and grid reliability [9]. Consequently, using more accurate high-
speed sensors to measure and control the electrical power grids is crucial for detecting
these events.

In electrical utility substations and laboratories, PT and CT test equipment has been
used by electrical engineers to assess traditional measurement transformers for several
decades [10,11]. Today, PT and CT test equipment involves microprocessor-based single-
phase or three-phase turn ratio testers that allow for assessing PTs/CTs [12,13]. PT and
CT test equipment analyzes the PT/CT by injecting analog signals into the PT/CT and
determining their equivalent circuit parameters and performance. CT test equipment can
determine different parameters such as voltage excitation, ratio, polarity, phase angle, and
winding resistance, and perform insulation measurement [14]. PT test equipment can
determine several parameters such as current excitation, ratio, polarity, power factor, and
winding resistance, and perform insulation measurements [15]. Generally, the research
testbeds used for power line sensors are set on indoor sites instead of outdoor sites. In
such cases, sensors are only tested in a room environment instead of under real-weather
conditions and gauge the magnitude and phase of voltage/current signals under limited
conditions [16]. Furthermore, these research testbeds do not compare outdoor power line
sensors (OPLSs) in real outdoor environments at seasonal temperatures and solar radiation
conditions. In addition, the absence of testing standards for the advanced OPLSs in the
market could be replaced by comparing their voltage and current measurements from
CTs/PTs in a testbed at same time for different electrical events.

Today’s voltage and current sensing solutions include optical sensors, air-core coil-
based sensors, resistive and capacitive dividers, and hybrid solutions that have received
interest for use in the digital electrical power grid [17]. Some electrical utilities have
increasingly started to install these new sensor technologies for experimental monitoring;
the Electrical Power Board (EPB) of Chattanooga installed optical power line sensors
(26.6 kV phase-to-neutral voltage) to measure the line currents and voltages at the 46 kV
EPB Chattanooga electrical substation [18].

Advanced sensor technologies have focused on simplifying the installation of the
sensors, improving the reliability of power delivery, enhancing the detection of electrical
faults, and observing transient events. However, it has yet to be determined whether
these advanced power line sensors can replace or supplement traditional PTs/CTs in
electric distribution systems for anomaly detection and/or transient events with high-
frequency components. Therefore, traditional PTs/CTs must be compared with advanced
voltage/current sensors to assess the ability of these new technologies to respond to steady-
state operation and transient events. Using the novel OPLS testbed (OPLST) over a full
range of operating conditions, this study compared new power line sensors with iron-core
PTs/CTs up to 20 kV line-to-ground or 34.5 kV line-to-line.

In this study, an OPLST with an Opal-RT OP4510 real-time simulator and Schweitzer
SEL-735 power meter was constructed at the Distributed Energy Communications and
Controls (DECC) laboratory, located at the main campus of Oak Ridge National Laboratory
(ORNL)! This medium-voltage OPLST consisted of an aluminum aerial cable that passed
current through the equipment under test while being floated to medium-voltage. The
current and voltage were both driven by amplifiers that were driven by signals from
the simulator. The outdoor PTs/CTs together with advanced power line sensors were
connected along this aerial cable loop. The OPLST with a real-time simulator and power
meter allowed for testing conventional PT/CT and advanced power line sensors u different
electrical grid operation conditions such as electrical faults, capacitor banks connection,
and energy restoring services.

The main novelty of this testbed is based on assessing the current and voltage measure-
ment behavior of a new commercial power line sensor that did not have testing procedures
or standards; therefore, advanced power line sensors were compared with the PT/CT
measurement transformers that were commonly used by electrical utilities and tested based
on testing standards. Another important aspect is the possibility of comparing advanced



Energies 2023, 16, 4944

30f28

DUPII-C at e
+his m ouy

tch . lab

OPLS versus the PT/CT for different electrical grid events by observing their behavior with
a high-resolution power meter. Table 1 shows the novelties of the OPLST, indicating types
of tests and metering.

Table 1. Novelties of the advanced medium-voltage otitdoor power line sensor testbed.

Advanced Medium-Voltage Outdoor Power

Methods Types Line Sensor Testbed

Comparison of OPLS vs. CT/PT

Tests . o
Outdoor testing in real weather conditions

e  Measurement of power grid test scenarios
20/34.5 kV OPLST with such as electrical faults (SLG, LLG, LL,
3LG), load feeder, and capacitor bank
breaker operations.
Metering e  Measurement of voltage and current
signals with up to 512 samples/cycle:
e Measurement of total harmonic distortion
for voltage and current signals.
e  Measurement of crest factor for voltage and
current signals.

real-time simulator and
power meter

OPLS: outdoor power line sensor, OPLST: outdoor power line sensor testbed, CT: current transformer, PT: potential
transformer, NA: not available, SLG: single line to ground, LLG: line to line ground, LL: line to line, 3LG: three
lines to ground.

In the medium-voltage OPLST, the analog signals from the outdoor 20/34.5 kV PT
(ratio = 175 V:1 'V, accuracy = 0.15Y) and CT (ratio = 400 A/5 A, accuracy = 0.15SB — 1.8)
were measured and compared with those of the OPLS. The OPLST with a real-time simu-
lator and a high sampling frequency power meter has the advantage that electrical grid
transient event tests can be simulated and performed as often as desired, instead of at an
electrical substation site where events only rarely occur. Because the OPLST is single-phase,
the sequential playback of events is performed for each of the phases (A, B, or C). In this
OPLST, the analog signals from the real-time simulator were amplified in two steps: first by
the voltage/current amplifiers and then by a PT/CT that injected the voltage and current
signals to the aerial cable loop.

2. Methodology
2.1. Individual Harmonic Component

The individual harmonic components for voltage and current signals are usually plot-
ted in frequency plots for harmonic analysis. The individual harmonic components for the
voltage and current signals are defined as the percentage at the nth generic harmonic compo-
nent with respect to the fundamental signal of 60 Hz. The individual harmonic components
of the voltage and current signals are calculated via Equations (1) and (2), respectively.

Vi
Vo, = <V’1’>100% @M
where V9, is the individual harmonic component of the nth generic harmonic for the phase
voltage signal in percent, V}, is the phase voltage magnitude of the nth generic harmonic
component signal in volts, and V is the phase voltage magnitude of the fundamental
signal in volts.
I
Lo, = (”)100% )
L
where I,9, is the individual harmonic component of the nth generic harmonic for the line
current signal in percent, I is the line current magnitude of the nth generic harmonic
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component signal in amps, and I; is the line current magnitude of the fundamental signal
in amps.

2.2. Total Harmonic Distortion Factor

In this study, the total harmonic distortion for phase voltage and current signals for
different power grid scenarios were compared between the PT/CT and OPLS. In power grid
systems, voltages and currents have harmonics with frequencies that are integer multiples
of the waveform’s fundamental frequency. For example, given a 60 Hz fundamental
waveform, the second, third, fourth, and fifth harmonic components occur at 120, 180, 240,
and 300 Hz, respectively. The total harmonic distortion is the degree to which a waveform
deviates from a pure sinusoid at its fundamental frequency (e.g., 60 Hz) and is calculated
from the sum of all harmonic components of the voltage or current waveform divided by
the corresponding fundamental component. The total harmonic distortion for the phase
voltage and current signals can be estimated using Equations (3) and (4), respectively.

/Nm 2
THDy = <V=2V> 100% 3)

1

where THDy is total harmonic distortion of the phase voltage signal in percent, V,, is the
phase voltage magnitude of the nth generic harmonic component signal in volts, V is the
phase voltage magnitude of the fundamental signal in volts, and m is the harmonic limit to
perform the summation in the numerator.

/Nm 2
THD; = <"—21”> 100% (4)

I

where THD; is total harmonic distortion of the line current signal in percent, I, is the line
current magnitude of the nth generic harmonic component signal in amps, I; is the line
current magnitude of the fundamental signal in amps, and m is the harmonic limit to
perform the summation in the numerator.

2.3. Total Harmonic Distortion Factor

In this study, the crest factor for the voltage and current signals for different power
grid scenarios was compared for the PT/CT vs. the OPLS. The crest factor is defined as the
ratio between the peak amplitude value and its root mean square (RMS) value. The crest
factor of a perfect sinusoid is 1.414. The crest factor for the voltage and current signals can
be estimated using Equations (5) and (6), respectively.

CPV _ peak (5)

where CFy is the crest factor of the voltage signal in volts/volt, Ve is the peak value of
the voltage signal in volts, and Vs is the RMS value of the voltage signal in volts.

I
CFy = e ©)

Irms

where CF is the crest factor of the current signal in amps/amps, e is the peak value of
the current in amps, and I, is the RMS value of the current in amps.

2.4. Percentage Errors of Total Harmonic Distortion and Crest Factor

In this study, the percentage errors for the total harmonic distortion and crest factor
of the measured phase voltage/current signals between the PT/CT and the OPLS were
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calculated. The percentage error for the total harmonic distortion of the measured phase
voltage/current can be estimated by Equations (7) and (8), respectively.

E _ THDvyoprs — THDVPTO/
%THDV = THDypr o

@)

where Eo,pypy is the percentage error of the phase voltage total harmonic distortion in
percent, THDyopy s is the phase voltage total harmonic distortion of the OPLS in percent,
and THDypr is the phase voltage total harmonic distortion of the PT in percent.

THDopLs—THDjct o
THDcr

EorHp1 = ®)
where Eq,tpy is the percentage error of the line current total harmonic distortion in percent,
THDjoprs is the line current total harmonic distortion of the OPLS in percent, and THD)cr
is the line current total harmonic distortion of the CT in percent.

Consequently, the percentage error for the crest factor of the measured phase voltage
and current signals can be estimated by Equations (9) and (10), respectively.

F —CF
Eocrv = <C VOIZ:L;VPTC VPT)lOO% )

where Eo,cry is the percentage error of the phase voltage crest factor in percent, CFyoprs
is the phase voltage crest factor of the OPLS in volts/volt, and CFypr is the phase voltage
crest factor of the PT in volts/volt.

Evucrl = (CF IOgLFSI;SF ICT> 100% (10)

where Eo,cry is the percentage error of the line current crest factor in percent, CFjoprs is
the line current crest factor of the OPLS in amps/amps, and CFjcr is the line current crest
factor of the CT in amps/amps.

3. Materials
3.1. Diagram of Medium-Voltage Outdoor Power Line Sensor Testbed

Figure 1 shows a diagram of the medium-voltage OPLST. The area outside the dashed
line (Figure 1a) shows the 20/34.5 kV aerial cable loop with the PTs/CTs and the OPLS.
The area inside the dashed line (Figure 1b) shows the equipment installed in the rack
unit (indoor), including an OP4510 real-time simulator, an SEL-735 power meter, and
current/voltage amplifiers. The OP4510 real-time simulator was connected to a host
computer to run the tests, and the SEL-735 power meter was connected to another computer
to collect the events after running the tests. The analog inputs of the OP4510 real-time
simulator were connected to the PT/CT and to the OPLS, and the analog outputs were
connected to the power meter and voltage/current amplifiers (Figure 1b). The SEL-735
power meter was connected to the high-voltage/current interface and to the low-voltage
interface. Figure 1b shows that by opening the switch of the low-voltage interface, the
high-current/voltage interface was enabled, and it was used to adjust the gains of the
amplifiers (CGca and VGyy) for the real-time simulator. However, by closing the switch of
the low-voltage interface, the high-current/voltage interface was disabled, and the low-
voltage interface was used to adjust the gains of the simulated medium-voltage loop circuit
or power grid (CGg, VGg) and PT/CT (VGpr, CGcr) for the real-time simulator. As shown
in Figure 1b, the voltage (VGyu, VGg, VGpr, VGg) and current (CGca, CGg, CGer, CGs)
gains for analog outputs were calculated to set the RT-LAB project in the OP4510 real-time
simulator. The gains to connect the SEL-735 power meter were calculated using the voltage
(750 V/V) and current (16.53 A/ V) scaling factors of the low-voltage interface. The gains
to connect the voltage/current amplifiers were calculated using the amplifier gains and
PT/CT ratios that were wired between the amplifiers and the medium-voltage aerial cable
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loop. From the low-voltage interface of the power meter (Figure 1b), phase A measured
the voltage/current of the simulated medium-voltage loop circuit or power grid, phase B
measured the voltage/current of the PT/CT, and phase C measured the voltage/current
of the OPLS. To record the phase A, B, and C voltage/current signals during the tests, the
OP4510 real-time simulator generated a 16 VDC signal (Figure 1b) that allowed to trip the

recording of the test events inside the SEL-735 power meter.

~

20/34.5 kV aerial cable single-line loop (outdoor)

Switch open: Adjust CG, and VG, - Switch close: Adjust CGg, VG CGer, and Vipy

- ~
/’ - Power meter OP4510 real-time simulator \
computer [ ANA0G araet computer) |- \
outputs Trip em—mmw | CTR
Event trip signal (16 VDC) e Andlog | Host y 1:0)
Control| | SWitch | Gains ‘ outputs | computer : T
input | |olflA_~ Lyia Medium- Current
2 Ol < |_ It — CGes >
SEL735 |€|[\ | ] I DR ampliier [ 1
5IVAL | Vo loop circuit I6ria I
power |E|[g B 75 I, or EPB Volage :
meter |&F <o, | Riverside |G| e T@
8 —f’._(:@L power grid b |
- 0 odel " ) PT
ngh' =[|c L ]Sewsorf--. m : I
current/ | | E|=*] "qzi}‘—V — Gains | PTR
voltage —'ﬂ’._@ﬂ/”\_ _ ((1:175)
interface| L Analog inputs |
Clamp current sensori'] Rack unit and ;
Violtage differential prober? computers (indoor) ’ o
CTR @
1:80
\CT( ) Outdoor power
ol line sensor

MUltrastab 866 precision current transducer 2Model 4232 voltage differential probe
®0P4510 analog outputs ® OP4510 analog inputs ®20/34.5 kV aerial cable single-line loop
IA/ VA: Simulated grid current/voltage - 1B/ VB: Transformer current/voltage - IC/ VC: Sensor current/voltage

Figure 1. Diagram of testbed with 20/34.5 kV aerial cable loop (a) and rack unit (b).

3.2. Voltage and Current Gains for the Real-Time Simulator

In the medium-voltage OPLST, the OP4510 real-time simulator (Figure 1b) was the
main interconnection used to adapt the voltage and current signals from all devices. The
voltage and current gains were calculated for the low-voltage interface of the SEL-735
power meter and the voltage/current amplifiers. The gains of the amplifiers, power grid,
and PT/CT for the OP4510 real-time simulator were calculated. The voltage and current
gains were calculated and then adjusted using the OP4510 real-time simulator and SEL-735
power meter. Table 2 shows the voltage and current gains of the OP4510 real-time simulator.



Energies 2023, 16, 4944

7 of 28

Table 2. Voltage and current gains for the OP4510 real-time simulator.

Gains (ID) Gain Interface Gain Area Gain Function Caé;c:il;;ed Equation
. To scale voltage signal
VZﬁgageaf’nauﬁ f?(fer from simulated power 0.00028571 (11)
EgVG g) grid to voltage amplifier 0.00028492 *
vA 20/34.5kV aerial L . and PT
Grid simulation
cable loop T ] ional
Current gain of o scale current signa
current amplifier from simulated power 0.11363636 (12)
cC })’ grid to current amplifier 0.11172054 *
cA and CT
Voltage gain of the To scale voltage signal
simulated grid from the simulated /131555 1 /130903 + (13)
(VGe) power grid to SEIZ-735
t
Grid simulation powet meter
Current gain of the To scale current signal
simulated grid from the simulated 1/1322.41/1315.5 * (14)
(CGe) power grid to SEL-735
G power meter 4
Low-voltage :
Voltage gain of the interface of To scale voltage signal 0.13333333
PT (VGpy) SEL-735 power from the PT to SEI;—735 013383402 * (15)
meter PT/CT power meter
Current gain of the f:"grictakllz Cél;iin;]zf_r;gé 0.30248033 (18)
CT (CGcr) N 0.30130787 *
power meter
. To scale voltage signal
V(’“Oal%isg”(‘g‘cogthe from the OPLS to 0038095 (19)
S Outdoor SEL-735 power meter 4
power line sensor = 1 -
. (OPLS) o0 scale current signa
Current gain of the from the OPLS to 2,520 20)

OPLS (CGs)

SEL-735 power meter 4

* Adjusted gains, # Connected to the low-voltage interface of the SEL-735 power meter.

3.3. Calculation of Voltage and Current Gains for Amplifiers at the Real-Time Simulator

The voltage and current amplifiers used in OPLST are the AE TECHRON Model
7228 [19]. These linear amplifiers can be used as single units or connected in series or
parallel to increase the voltage and current outputs, respectively. Here, these amplifiers
were used as single units by connecting one as a voltage-to-current amplifier and another as
a voltage amplifier. The manufacturer default voltage and current gains of these amplifiers
is 20 v/v and 5 A/V, respectively [19]. However, these gains were set by the gain control
knob that can change the gain from 0% to 100% [19]. The voltage and current gains were
set at approximately 20 v/v and 0.11 A/V, respectively. The voltage (VGy4) and current
(CGca) gains of the amplifiers for the OP4510 real-time simulator were calculated by using
Equations (11) and (12), respectively.

1 1 14

VGyp = - — 000028571 11
" Gya(PTRL) ~ 20%(175 % (1)

where the VGyy is the voltage gain of the voltage amplifier for the OP4510 real-time
simulator in volts/volt, Gyy is the selected gain of the voltage amplifier in volts/volt, and
PTR; is the ratio of PT connected between the voltage amplifier and medium-voltage aerial
cable loop.

L L 0113636362 (12)

CG pum— pum—
“4 7 Gca(CTRL) ~ 0.114(80) A
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where the CGcy is the current gain of the current amplifier for the OP4510 real-time
simulator in volts/amp, Gcg is the selected gain of the current amplifier in amps/volt, and
CTRy, is the ratio of CT connected between the current amplifier and medium-voltage aerial
cable loop.

3.4. Calculation of Voltage and Current Gains for Power Meter at the Real Time Simulator

In the OPLST (Figure 1), the SEL-735 power meter measured the voltage and current
signals, and the OP4510 real-time simulator was the main interface between the SEL-735
power meter and the testbed devices. Therefore, the voltage/current gains for the OP4510
real-time simulator were calculated based on Table 2. The voltage and current gains of the
simulated medium-voltage loop circuit or power grid for the OP4510 real-time simulator
were calculated by Equations (13) and (14), respectively.

1 1 1

VGg = = =
Ce VSFm(PTRM) 7509 (175) 131,250

1%
=7.619 x 10*6V (13)

where the VG is the voltage gain of the simulated medium-voltage loop circuit or
power grid for the OP4510 real-time simulator in volts/volt, VSF), is the voltage scal-
ing factor of the SEL-735 power meter in volts/volt, and PTRy, is the PT ratio set in the
SEL-735 power meter.

1 1 1

CG - = =
7 CSFM(CTRum) ~ 1653{(80) 13224

= 7.562 x 10—4% (14)

where the CGg; is the current gain of the simulated medium-voltage loop circuit or power
grid for the OP4510 real-time simulator in volts/amp, CSF), is the current scaling fac-
tor of the SEL-735 power meter in amps/volt, and CTRy is the CT ratio set in the
SEL-735 power meter.

The voltage and current gains of the PT/CT for the OP4510 real-time simulator were
calculated to connect the PT/CT signals at the low-voltage interface of the SEL-735 power
meter. Therefore, a differential voltage probe and clamp current sensor were used to collect
the PT/CT signals with the OP4510 real-time simulator (Figure 1b). For the PT connected
to the SEL-735 power meter (Figure 1b), the voltage signal was collected using a Model
4232 differential voltage probe [20] that had a voltage scaling factor of 100 V/V. The voltage
gain of the PT for the OP4510 real-time simulator is given by Equation (15).

VSFpp 1004

VG = =
"7 VSEM  750Y

= 0.13333333 (15)

where the VGpr is the voltage gain of the PT for the OP4510 real-time simulator, VSFpp is
the voltage scaling factor of the Model 4232 voltage differential probe in volts/volt, and
VSF) is the voltage scaling factor of the SEL-735 power meter in volts/volt.

For the CT connected to the SEL-735 power meter (Figure 1b), the current signal was
collected with an Ultrastab 866 precision current transducer [21] with a current transfer
ratio of 1500:1, three turns of primary cable, and a burden external resistor impedance of
100 Q). Figure 2 shows the circuit of the Ultrastab 866 precision current transducer.

From Figure 2 and Equations (16) and (17), the current scaling factor of the Ultrastab
866 precision current transducer (CSF;g¢5) was determined tobe 5 A/ V.

Linput (Nturns)
Voufput = <W>Zburden (16)
Iinput o CTmtio . 1500 _ A

CSFuses = 5- 17)

Voutput N Nturns(zburden) N 3(100) vy
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XP Power 5 pin
DIN connector

v _ Tinput X Neturns
output —

where Vot is the output voltage in volts, Iinput is the input current in amps, Nyms is
the number of turns of primary cable, CT,,;, is the current transfer ratio of the Ultrastab
866 precision current transducer (1500:1), CSFyjgg6 is the current scaling factor of the Ul-
trastab 866 precision current transducer in amps/volt, and Zy,4., is the burden external
resistor impedance in ohms.

Z
e burden

Ultrastab 866
DB9F connector

@)
1

Red | +15V g )_I I
5 | Output 6 ’ 1|
O : i
, Black ! —15V 5 ) i : | < 1000 Voutput
|
Ground 4 ) ;
4 | “T ! | | Black
White i )—IZI;i
Optional shield to DB shell
Iinput CT ratio 1500
CSF yitrastap 866 = = — =54/V

Voutput  Nturns X Zburden 3100

Figure 2. Circuit of the Ultrastab 866 precision current transducer.

Because the CT was connected to the Ultrastab 866 precision current transducer, the cur-
rent gain of the CT for the OP4510 real-time simulator was calculated using Equation (18).

CSFuses 54
CGeT = = = 0.30248033 18
T~ CSFm 16 53A (18)

where the CGcr is the current gain of the CT for the OP4510 real-time simulator, CSF ;s is
the current scaling factor of the Ultrastab 866 precision current transducer in amps/volt,
and CSF) is the current scaling factor of the SEL-735 power meter in amps/volt.

The voltage and current gains of the OPLS for the OP4510 real-time simulator were
calculated using Equations (19) and (20), respectively. This calculation process required the
voltage (5000 V/V) and current (3333.3 A/ V) scaling factors of the OPLS, voltage (750 V/V)
and current (16.53 A/ V) scaling factors of the SEL-735 power meter, and the PT (175:1) and
CT (80:1) ratios set in the SEL-735 power meter.

VSFs 5000
VGg = = = 0.038095 19
® "~ VSEM(PTRy) — 750%(175) 1

where the VGg is the voltage gain of the OPLS for the OP4510 real-time simulator, VSFs is
the voltage scaling factor of the OPLS in volts/volt, VSF), is the voltage scaling factor of the
SEL-735 power meter in volts/volt, and PTR), is the PT ratio set in the SEL-735 power meter.

CSFoaw 3333.34
CGg = = = 2.520 20
® 7 CSFm(CTRy) — 16534 (80) 20
where the CGg is the current gain of the OPLS for the OP4510 real-time simulator, CSFj is
the current scaling factor of the OPLS in amps/volt, CSFy; is the current scaling fac-
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20/ 34.5 kV loop circuit
CURRENT [A]

tor of the SEL-735 power meter in amps/volt, and CTRy is the CT ratio set in the
SEL-735 power meter.

3.5. Adjustment of Voltage and Current Gains

The calculated voltage and current gains for the OP4510 real-time simulator were
adjusted by creating an RT-LAB project that simulated a medium-voltage loop circuit, as

shown in Figure 3.

Current

: SEL-735 power meter display
~ display

Current/ voltage scope
1) 1A/ VA:

RMS PHASE
(0211612022 151224 RIS grid
Voltage semesnc | —J (L 7944 -1"R current/voltage
o display  ShrcnTo 10— CURR_PEAK {. B soon -2l 2)IB/VB:
o+ Solkce | .. lmic 7904 —3°l Transformer
TO MODIFY RMS PHASE AND ANGLE |
@)vomss VOLTAGEM e lava 199kv ool current/voltage
MAGNITUDE THE PHASE | :
Al CURRENT | |mvs 19.9%y —1° 3) IC/VC:
FREQUERCY ANDVOLTAGE | 1 Sensor
{mve 19.8kv. —2°
! current/voltage
(o o
=) (©)
i |
= G CURRENT |
- Analog inputs rﬁ[ﬂ"’—‘l K
I —f| Analog outputs SR
\MPLIFIER VOLTAGE i |, OP4510_1A_Choo-07_AIN References
(5 RS} "(P“SWJB—CWLAO‘” OP4510_1A_Ch00-07_AIN
7 I! - OP4510_1B_Ch00-07_AOUT > Gains_of medium voltage
B T5) ‘ loop circuit or grid (CGg. VGg)
I — == Gain_s of current/ voltage
amplifiers (CGey. VGyy)
= > cn
eSO CORRERD m ﬁ — Gains of CT /IPT (CG¢r. VGpy)
_ ] > Gains of outdoor power
line sensor (CG, VGy)
Figure 3. Medium-voltage loop circuit (a), SEL-735 power meter display (b), and gains (c).
This circuit was formed by a sinusoidal source and an impedance in series (Figure 3a)
that simulated the line-to-ground voltage of 19.9 kV and line current of 80 A. The ad-
justing process of the gains for the OP4510 real-time simulator was based on running a
simulation test of the medium-voltage loop circuit and comparing the measurements with
those on the display of the SEL-735 power meter (Figure 3b). The gains calculated using
Equations (11)—(15) and (18) were initially set in the model (Figure 3c). Then, these values
were adjusted to match the conditions shown in Table 3.
Table 3. Adjustment of voltage and current gains for the OP4510 real-time simulator.
SEL-735 Power Meter
Gains (ID) Connect Measure Phase Conditions
Interface (Device)
Voltage gain of voltage o VB * (PT) Up to match the PT/CT measurements (phase B
amplifier (VGyy) V simulated voltage/current from the SEL-735 power meter with the
Current gain of current H IB * (CT) high-voltage/current interface) vs. the voltage/current
amplifier (CGca) I simulated simulated at the medium-voltage loop circuit (Figure 3a).
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Table 3. Cont.
SEL-735 Power Meter
Gains (ID) Connect Measure Phase Conditions
Interface (Device)
Voltage gain of simulated H VB * (PT) Up to match the PT/CT measurements (phase B
grid (VGg) L VA (Grid) voltage/current from the SEL-735 power meter with the
high-voltage/current interface) vs. the simulated
Current gain of simulated H IB * (CT) medium-voltage loop circuit measurements (phase A
grid (CGg) L IA (Grid) voltage/current from the SEL-735 power meter with the
low-voltage interface).
Voltage H VB * (PT) Up to match the PT/CT signal (phase B voltage/current from
gain of PT (VGpr) L VB (PT) the SEL-735 power meter with the low-voltage interface) vs. the
. H IB * (CT) PT/CT signal (phase B voltage/current from the SEL-735
Current gain of CT (CGer) L IB (CT) power meter with the high-voltage/current interface).

H: high-current/voltage interface, L: low-voltage interface, PT: potential transformer, CT: current transformer,
and * measurement used as main reference in the adjustment of voltage/current gains.

The amplifier gains (VGyy and CGcy) for the OP4510 real-time simulator were ad-
justed by using the measured the voltage/current from the PT/CT of phase B at the
high-voltage/current interface in the SEL-735 power meter as a reference that represented
the real voltage/current from the outdoor medium-voltage aerial cable loop in the OPLST.
These gains were adjusted using Equation (21).

M
G'ap; = G'carc H (21)
SGRID

where G’ 4py are the adjusted voltage and current gains of the amplifiers for the OP4510
real-time simulator in volts/volt and volts/amp, respectively; G'carc are the calculated
voltage/current gains of the amplifiers from Equations (11) and (12), respectively; My
are the measured phase-B voltage and current values that were collected by using the
high-voltage/current interface in volts and amps; and Scggrip are the simulated phase
voltage/current values that were measured from the voltage and current displays of the
20/34.5 kV loop circuit in volts and amps, respectively (Figure 3a).

Additionally, the gains of the simulated grid (VGg and CGg) and PT/CT (VGpr
and CGcr) for the OP4510 real-time simulator were adjusted by using the measured the
voltage/current from the phase-B PT/CT at the high-voltage/current interface in the
SEL-735 power meter as a reference. These gains were adjusted using Equation (22).

Gapj = Gcalc (1\;/1;;) (22)
where G4py are the adjusted voltage/current gains of the simulated grid (in volts/volt and
volts/amp, respectively) and PT/CT (unitless) for the OP4510 real-time simulator; Gcarc
are the calculated voltage/current gains from Equations (13)—(15) and (18); My are the mea-
sured phase B voltage/current that were collected using the high-voltage/current interface
in volts and amps, respectively; and M) are the measured phase A or B voltage/current
that were collected by using the low-voltage interface in volts and amps, respectively, based
on the conditions in Table 3.

In this gain adjustment process for the OP4510 real-time simulator, when the low-
voltage interface was connected at the SEL-735 power meter, the measurements from
the high-voltage/current interface were not available from the SEL-735 power meter’s
display. Then, during the simulation of the 20/34.5 kV loop circuit tests (Figure 3a), the
low-voltage interface of the SEL-735 power meter was connected and disconnected to
adjust the voltage/current gains with Equations (21) and (22), based on the conditions
shown in Table 3.
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34.5 kV aerial power singIe-Iinop
(APSLL), power line poles (PLP)

Host computer (HC) and advanced
meter computer (AMC)

3.6. Medium-Voltage Outdoor Power Line Sensor Testbed

The 20/34.5 kV OPLST (Figure 4a,b) was located at the DECC laboratory at ORNL.
Figure 4 shows the medium-voltage aerial cable loop, power line poles, sensors (including
others not mentioned in this report), control rack unit, and computers. The PTs were ABB
VOG-20B voltage transformers, with a ratio of 20,125 V/115V, or a potential transformer
ratio (PTR) of 175, and the CTs were ABB KOR-20ER current transformers with a ratio of
400 A:5 A or with a current transformer ratio (CTR) of 80. A mounting bracket (Figure 4b)
allowed for mounting the OPLS and PTs/CTs. Inside the DECC lab, the rack unit (Figure 4c)
housed the power meter, simulator, and amplifiers (Techron Model 7228). The OPLST
accurately reproduced the current and voltage waveforms under most conditions but
within limits because of the nature of the transformers operated under reverse conditions.
The current amplifier that fed the CT in the OPLST (Figure 1) could not generate currents
greater than 80 A in the aerial cable single loop circuit without introducing distortions
caused by core nonlinearities. Thus, high current faults could not be directly generated by
the OPLST. Additionally, the PT used to increase the voltage had an intrinsic resonance at
roughly 1500 Hz, which became evident during events with abrupt voltage changes by a
ringing of the applied voltage. The CT and PT used as reference sensors were extensively
tested during the commissioning of the OPLST and found to be very accurate to beyond
the 100th harmonic.

s | i

|/ g N
Oscilloscopes (OSC), advanced

Three position regLiIar duty bracket
(TPRDB), outdoor power line sensor meter (AM), input/output

(OPLS), current transformer (CT), connectors (I0C), real time
potential transformer (PT), weather ~ simulator (RTS), voltage amplifier
condition sensor (WCS) (VA) and current amplifier (CA)

Figure 4. Medium-voltage aerial cable loop (a), power line pole with sensors (b), rack unit (c), and
computers (d).

In the rack unit, an advanced meter computer (Figure 4d) was used to set the power
meter and to collect the transient events as COMTRADE files after running the tests. In
the power meter, phase A was configured to measure the voltage/current of the simulated
circuit or power grid, phase B measured the voltage/current signals of the PT/CT, and
phase C measured the voltage/current signals of the OPLS. Figure 5a shows the rear side of
the power meter on the rack unit. In the power meter, the low-voltage interface measured
the voltage and current signals via a DB-25 connector that had a voltage scaling factor of
750 v/v and a current scaling factor of 16.53 A/ V. These voltage and current scaling factors
were used to integrate the signals from the power grid simulation, PT/CT, and OPLS with
the power meter through the simulator using the Equations (13)-(15) and (18)—(20). In
Figure 5b, the “Event Report Equations” setting for the power meter is shown. The power
meter could save the voltage/current signal events as COMTRADE files. The power meter
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was set using AcSELerator Quickset software (version 7.1.4.0), and the event was triggered
by the control input IN401 that was controlled with a signal of 16 VDC (Pickup 15-30 VDC)
that was generated by the simulator. In the power meter, the waveform capture sample
rate was set to 512 samples per cycle, and the event length was set to 300 cycles to record
the test events for 5 s. The power meter had a color touchscreen that facilitated observation
of the sinusoidal and phasor diagrams of voltage/current signals with 256 samples per
cycle [22]. During the tests, the signals could be supervised from the display of the power
meter practically in real time.

Event Report Equations 1) Set the “IN401” control input

ERT Event Report Equation 1 as the event report equation

IN40T &«

D) ‘ 2) Set 512 samples
ER2 Event Report Equation 2 per cycle
[ha
ER3 Event Report Equation 3 / 3) Seta Iength event of
[NA e / 300 cycles (5 seconds)
SRATE Wavemele Rate (sgwptes per cycle) 4) Seta pre-fault Iength

@ ) SHet16.128.512 event of 10 cycles

5) Set the PRI
o< (primary) values

Number of Event
Reports Available:

102

Ethernetport (ETHP), high level interface
(HLI), low level test interface (LLTI),
control input (IN401)

Select: PRI, SEC

Figure 5. Power meter rear side (a) and event report settings (b).

4. Experimental Model
4.1. Single Line Diagram

This study simulated a power grid model based on a utility circuit at the Riverside
EPB of Chattanooga. The simulation circuit was created with MATLAB/Simulink software

and was integrated into an RT-LAB project to run with the OP4510 real-time simulator at
the OPLST. Figure 6 shows the single line diagram.

Riverside substation o . p_ - . . .
CKT 209 — 7.2 kY 12.47 kV Riverside - EPB of Chattanooga utility grid (Partial circuit)

@7”/ PLS 25 PLS 26 PLS 27 PLS 28 PLS 29 PLS 30 PLS 31 PLS 32 PLS 33
=] LOAD 22 LOAD 23 LOAD 24 LOAD 25 LOAD 27| | LOAD 28

a

Inverse-time E @ e E Mr:giau;; r;ﬂf‘{%e
‘ overurent oo g il , I devices of
G oumpon
-Electrical faults (BCG - ABCG - BC) at PLS 28 testbed
B IEECE D 5] SPrSe GEE g Ry p GEED e GEE S
-Close capacitor bank breakers |XFMR > | |LOAD 29| |XFMR 1| TgKF_tljdzgaesdale

-Trip LOAD 26 feeder breaker

References

@ Utility grid source Power line section [LOAD] Load [ BK | Breaker [CAP] Capacitor bank Overcurrent relay | XEMR | Transformer
Photovoltaic panels (- Measurement current transformer Q) Measurement voltage transformer \Fault locations Power meter
OPLS | Outdoor power line sensor

Figure 6. Single line diagram of 12.47 kV Riverside utility grid partial circuit (a), outdoor power line
sensor location (b) and inverse-time overcurrent relay site (c).
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This network configuration is a radial power system (7.2 kV phase-to-ground voltage)
that is fed by a three-phase source with a Wye-grounded configuration (Figure 7a). At
load 26 (Figure 6b), the voltage and current were measured by the OPLS and PT/CT
at the load feeder. The overcurrent relay (Figure 6¢c) was located between power line
sections 27 (PLS 27) and 28 (PLS 28) to clear the electrical faults along the power lines. This
experimental model performed various tests such as the line to line ground (LLG), line to
line (LL), and three-line to ground (3LG) electrical faults; capacitor bank operation; and
load 26 fuse switch events.

POROTES |

"F@NH"]"%

2

Riverside substaion
CKT209-7.2kV

Loed22

CAPACITOR | fig01vag TB24W

BREAKER | CAPBANK |8
pom

| |
| ) 1 c
|_ | frip | | B0 |
-- [la>— telayoperaon | g
. . ) fime [seconds] |
Note 1: Set (51) relay with IEEE extremely inverse curve, plug setting/ 00 (51)0T i |
low-set of 200% ([Ipickup /lsec] x 100 = [10A/5A] x 100 = 200%), time Mi“mmgl O
dial mutipier setting of 0.15 (TOM =T0S/ 7=1.08/ 7= 0.15), curent. ey i fmps] - "i"’n‘l’fmgf |
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b e o ____ 3
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= XY
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+10% MAX PV FAULT) 09kvar

Note 4 : Run the real tme simulations with harware in the loop for 40 seconds.

Figure 7. Three-line diagram of power grid circuit (a), relay breaker (b), inverse-time overcurrent
relay (c), fault block (d), capacitor banks (e), and feeder switch (f).

4.2. RT-LAB Project

Figure 7 shows the three-line circuit in the RT-LAB project, including a relay breaker
(Figure 7b), an inverse-time overcurrent relay (Figure 7c), a fault block (Figure 7d), capacitor
banks (Figure 7e), and a feeder switch (Figure 7f). This power grid circuit included the
utility source, power line sections, feeder loads, breakers, and capacitor banks.

Power line sections were simulated with a three-phase m-section line block. Intel-
liRupters were used in the EPB grid [8]; however, an inverse-time overcurrent relay MAT-
LAB/Simulink model [23] was used in this study. The ratio of the CTs for the relay’s breaker
was 400A:5A = 80. The inverse-time overcurrent relay model (Figure 7c) was set with a
time dial setting of 1.05 s, current transformer ratio of 80, relay current pickup of 10 amps,
and IEEE extremely inverse curve as shown in Equation (23):

) 60

where Tg is the relay time in cycles, TDS is the time dial setting in seconds, Iyipary, is the
primary current in amps, CTR is the current transformer ratio, and I, is the relay current
pickup in amps.

TDS
7

2.82
2
(Iprimary/CTR/IP) -1

Tg = (o 1217 + (23)
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Select the phase to be measured with the G&W power line sensor
(Phase A =1, Phase B =2, Phase C = 3)

The inverse-time overcurrent relay allowed the opening of the breaker (Figure 7b) at
the electrical fault currents. The grid simulation events were run to observe the prefault,
fault, and postfault states for each test. The simulated grid test events included the effect
of the electrical fault resistance, with the fault block (Figure 7d) set to an electrical fault
resistance of 0.001 Q). The OPLST was given by a medium-voltage aerial cable loop.
Therefore, before running a test for the three-line diagram (Figure 7), the A, B, and C phases
to be measured by the OPLS was selected from the phase-setting circuit (Figure 8a) by
selecting 1, 2, or 3 for measuring the A, B, or C phase, respectively.

OpWriteFile

OpWriteFile

=
. acq>goupl26 "]

(normally open)

Set the capacitor breaker trip time :
|
|

N |
|

Set the feeder switch trip time
(normally close)

:Gso\— FEEDER_TRIP

FEEDER_TRIP

Figure 8. Phase-setting circuit (a), event-trigger circuit (b), electrical fault circuit (c), capacitor bank
circuit (d), feeder switch circuit (e), and OpWrite File block (f).

During the tests, the real-time simulations were run for 40 s, and the signal to record
the test event with the power meter was set at 30 s for the event-trigger circuit (Figure 8b).
To record the test event with the voltage/current signals before and after the transient
events, the selected test scenario was tripped at 31 s, and the other test scenarios were
set at 50 s. As shown in Figure 8, the electrical fault block circuit (Figure 8c) was set at
31 s, and the capacitor bank (Figure 8d) and feeder switch (Figure 8e) circuits were set at
50 s to run an electrical fault test by tripping the fault block (Figure 7d). The OpWrite File
block (Figure 8f) allowed the collection of test results as MATLAB files. Additionally, the
capacitor bank, relay breaker, and feeder switch states were collected. Figure 9 shows the
interface circuits for the analog outputs and inputs of the simulator based on Figure 1b.
The circuit for the event-trip output signal for the power meter is shown in Figure 9a. The
interface circuit for the voltage and current signals of the OPLS and PT/CT are shown in
Figure 9b. The analog outputs of the interface circuit for the gains of the simulator at the
voltage/current amplifiers, PT/CT, and OPLS are shown in Figure 9c.
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Figure 9. Event-trip output signal (a), OPLS and PT/CT input signals (b), and amplifier/PT/CT and
OPLS output signals (c).

4.3. Experimental Model Flowchart

The flowchart for the experimental model (Figure 10a) is based on the (1) pretest
setting, (2) simulation and data collection, and (3) data plot and analysis. The tests were
recorded by the power meter at 30 s (Figure 8b) and the start of the simulations, and the
recorded data for all tests included 300 cycles (5 s). The data from the events were analyzed
around the time when the electrical faults happened (i.e., when the breakers of feeders and
capacitor banks were operated). This process allowed the observation of the behavior of
the phase voltage/current signals (Figure 10b,c) and harmonic analysis (Figure 10d,e) at
transient events to compare the performance of the OPLS with that of the PT/CT.

In the experimental model (Figure 10a), initially, the event trigger circuit was set to
record the test events in the power meter at 30 s. Then, the type of the test event was
selected (electrical faults, capacitor bank, or feeder switch). If the electrical fault tests were
selected, then the fault block was placed on the power line section 28, 31, or 34 (Figure 6),
and the AB (phase A and B), ABG (phase A and B to ground), or ABCG (phases A, B,
and C to ground) electrical faults were set on the fault block (Figure 7d). The fault block
time was set at 31 s (Figure 8c) to generate the electrical fault, and the feeder switch and
capacitor time blocks (Figure 8d,e) were set at 50 s to not trip these scenarios during the
simulation. If the capacitor bank test was selected, then the capacitor breaker time was
set at 31 s (Figure 8d), and the electrical fault and feeder switch time blocks (Figure 8c,e)
were set at 50 s to not trip these scenarios at the tests. Finally, if the feeder switch test was
selected, then the feeder switch breaker time was set at 31 s (Figure 8e), and the electrical
fault and capacitor bank switch time blocks (Figure 8c,d) were set at 50 s to not trip these
scenarios at the tests.
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Figure 10. Flowchart (a) to run the tests with the outdoor power line sensor versus CT/PT with the
phase voltage (b) and current (c) signals, and voltage (d) and current (e) harmonic components.

As shown in Figure 10a, once the electrical fault, capacitor bank, or feeder switch time
blocks were set, the A, B, or C phase to be measured in the simulated power grid circuit
(Figure 7) was selected using the phase-setting circuit (Figure 8a). The real-time simulation
tests were then run and observed using the voltage/current scopes on the host computer;
the test event data were collected by the power meter to plot signals in the time domain
(Figure 10b,c) and their harmonic components in the frequency domain (Figure 10d,e).

5. Results and Discussion
5.1. Total Harmonic Distortion and Crest Factor

The numerical results of the tests given by the total harmonic distortion and crest
factor values for each voltage and current phase (A, B, and C) were collected in a published
report [24]. The measured total harmonic distortion and crest factors for the voltage and
current signals of the OPLS and PT/CT were collected from the frequency plots and
listed in Table 4 [24]. The tests were grouped by the power grid measured phase (A, B,
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or C). The tests were named according the load and type of event (electrical faults and
location, capacitor bank operation, or feeder switch). The total harmonic distortion and
crest factors for each event and for each voltage and current phase A, B, and C are plotted
in Figures 11 and 12.

Table 4. Total harmonic distortion and crest factor of phases A, B, and C for the OPLS vs. the PT/CT.

Test THD Factor of Voltage Crest Factor of Voltage

Phase ¢ (Event) Test Name b° (THD Factor of Current) (Crest Factor of Current)
OPLS PT/CT Grid OPLS PT/CT Grid

1 LOAD 26_BCG 124.46 124.40 12291 2.60 2.60 2.57
(10,139) FAULT_SECTION 28 (193.13) (159.57) (160.93) (3.86) (3.58) (3.70)

2 LOAD 26_ABCG 38.10 38.37) 38.82 1.99 2.00) 2.00
(10,140) FAULT_SECTION 34 (66.14) (53.78) (55.71) (2.26) (2.02) (1.98)

A 3 LOAD 26_BC 89.50 89.89 91.32 2.47 2.48 2.51
(10,141) FAULT_SECTION 31 (94.57) (84.70) (86.28) (2.76) (2.47) (2.44)

4 LOAD 26_CLOSE 11.59 11.60 11.35 1.42 1.42 1.40
(10,142) BREAKER_ALL CAP BANKS (17.56) (11.48) (11.50) (1.75) (1.51) (1.51)

5 LOAD 26_OPEN 161.95 162.61 162.43 3.18 3.21 3.14
(10,143) SWITCH_30T FUSE FEEDER  (223.69) (178.03) (181.15) (4.13) (4.46) (4.56)

1 LOAD 26_BCG 266.90 268.77 230.88 2.81 2.78 3.39
(10,145) FAULT_SECTION 28 (247.35) (258.73) (245.45) (3.32) (3.07) (3.08)

2 LOAD 26_ABCG 169.91 170.47 138.02 3.06 3.04 3.62
(10,146) FAULT_SECTION 34 (182.86) (175.81) (164.55) (2.94) (2.99) (2.97)

B 3 LOAD 26_BC 87.07 87.62 71.08 2.07 2.05 2.28
(10,147) FAULT_SECTION 31 (77.60) (71.25) (68.65) (2.37) (1.99) (1.98)

4 LOAD 26_CLOSE 31.32 31.45 27.17 2.16 2.16 2.01
(10,148) BREAKER_ALL CAP BANKS (28.92) (26.39) (26.68) (2.07) (2.00) (2.00)

5 LOAD 26_OPEN 125.89 126.15 128.78 3.14 3.15 3.19
(10,149) SWITCH_30T FUSE FEEDER  (127.49) (128.33) (128.79) (3.33) (3.09) (3.14)

1(10,150) LOAD 26_BCG 276.51 280.70 243.53 3.37 3.37 4.06
! FAULT_SECTION 28 (254.08) (230.95) (237.88) (3.42) (3.48) (3.53)

2 (10,151) LOAD 26_ABCG 98.14 98.90 88.44 222 2.23 2.37
! FAULT_SECTION 34 (86.91) (85.22) (86.65) (2.78) (2.52) (2.47)

C 3(10,152) LOAD 26_BC 58.69 58.89 39.24 2.29 2.28 2.45
! FAULT_SECTION 31 (45.84) (40.50) (37.09) (3.09) (2.59) (2.62)

4(10,153) LOAD 26_CLOSE 32.03 32.18 27.95 1.71 1.71 1.64
! BREAKER_ALL CAP BANKS (29.33) (27.64) (27.42) (1.93) (1.65) (1.68)

5 (10,154) LOAD 26_OPEN 133.96 134.20 136.34 3.30 3.30 3.34

SWITCH_30T FUSE FEEDER  (146.97)  (134.90)  (134.99)  (3.60) (3.35) (3.40)

® A, B, or C phase of power grid feeder measured during the test. * Test name (measured load_ type of event and
location). ¢ The electrical fault, capacitor bank, and feeder switch tests were based on events with a time length
of 300 cycles (5 s) that were analyzed to the first one-cycle (~16.6 ms) transient event from the simulated tests,
the capacitor bank breakers were closed, and the 30 T fuse feeder switch was opened. OPLS: outdoor power line
sensor. PT: potential transformer. CT: current transformer.

These figures indicate reasonable agreement between the simulated signals, PT and
CT signals, and OPLS signals. In general, the observed THDy of the PT and OPLS were
in very good agreement, but for some events, they were substantially higher than the
measured simulation signals input to the voltage amplifier. This effect is attributed to a
resonance in the neighborhood of 1500 Hz for the excitation PT in especially fast transients
that was followed by both the reference PT and the OPLS. Such resonance was not observed
in the CT; however, the relative background noise of the OPLS was substantially higher
(Figure 10c) because the OPLS had a current range that extends to >20 kA, far exceeding
the excitation levels of 20-30 A of the present study. Consequently, the THD; and CFj of
the OPLS were slightly higher than those of the simulation and CT sensor currents. In
Figures 11 and 12, the measured total harmonic distortion and crest factor values correspond
to the first one-cycle (~16.6 ms) transient event of the simulated tests. The total harmonic
distortion of the voltage and current signals for the OPLS varied from 11.59% to 276.51%
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(Figure 11a) and from 17.56% to 254.08% (Figure 11b), respectively. The minimum and
maximum total harmonic distortion corresponded to the closed capacitor bank test and
the BCG electrical fault test, respectively. In Figure 11, total harmonic distortions (THDy,
or THDj) greater than 0% indicate that the numerator is greater than the denominator
in Equations (3) and (4). Then, the contribution of the of the harmonic components with
respect to the fundamental frequency (60 Hz) are available in the measured signals. A
pure signal based on the fundamental (60 Hz) with low harmonic components resulted in
measured total harmonic distortions (THDy or THD;) near 0%.

THD of A, B and C phase voltage for the simulated grid, PT and

outdoor power line sensor (first one-cycle transient event)

300
- -#-THD of simulated grid voltage X Total harmonic }5‘276,51 LOAD 26 =
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E Q2
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.EE 3 4 5 1 2 @4 4 5 T T B & 5
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THD of A, B and C phase current for the simulated grid, CT and
outdoor power line sensor (first one-cycle transient event)
300 : »
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Phase A in power grid feeder | Phase B in power grid feeder | Phase C in power grid feeder

Test N°: Sensor location_Type of event

Test 1 : LOAD 26_BCG FAULT_SECTION 28, Test 2: LOAD 26_ABCG FAULT_SECTION 34,
Test 3 : LOAD 26_BC FAULT_SECTION 31, Test 4 : LOAD 26_CLOSE BREAKER_ALL CAP

BANKS, Test 5 : LOAD 26_OPEN SWITCH_30T FUSE FEEDER

Figure 11. Total harmonic distortion of phases A, B, and C voltage (a) and current (b) signals for the
simulated grid, PT/CT, and outdoor power line sensor.
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Crest factor of A, B and C phase voltage for the simulated grid, PT and
outdoor power line sensor (first one-cycle transient event)

6 r v
MeCr DB A orest feidon (GF) LOAD 26 =
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Phase A in power grid feeder | Phase B in power grid feeder | Phase C in power grid feeder

Crest factor of phase voltages [V/V]

Test N°: Sesnor location_Type of event

Crest factor of A, B and C phase current for the simulated grid, CT and

% outdoor power line sensor (first one-cycle transient event)

w 6 -#~CF of simulated grid current LOAD 26 =

©  =x-CFof CT current Crest factor (CF) 3x155 kW/

g «¢» CF of OPLS current ; 3x43 kvar
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o

Test N°: Sensor location_Type of event

Test 1 : LOAD 26_BCG FAULT_SECTION 28, Test 2: LOAD 26_ABCG FAULT_SECTION 34,
Test 3 : LOAD 26_BC FAULT_SECTION 31, Test 4 : LOAD 26_CLOSE BREAKER_ALL CAP
BANKS, Test 5 : LOAD 26_OPEN SWITCH_30T FUSE FEEDER

Figure 12. Crest factor of phase A, B, and C voltage (a) and current (b) signals for the simulated grid,
PT/CT, and outdoor power line sensor.

5.2. Total Harmonic Distortion and Crest Factor Percentage Errors

The total harmonic distortion and crest factor percentage errors of the test events
(electrical faults, capacitor bank operators, and load feeder switch) for the measured
phase A, B, and C voltage (Figure 13a) and current (Figure 13b) signals in the power grid
feeder were plotted, comparing the performance of the OPLS with that of the PT/CT. The
percentage errors for the total harmonic distortion and crest factor values correspond to
the first one-cycle (~16.6 ms) transient event of the simulated tests. The total harmonic
distortion and crest factor percentage errors were calculated using Equations (7)—(10).
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THD and CF percentage error between the PT and outdoor power line sensor

for A, B and C phase voltages (first one-cycle transient event)
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Test 1 : LOAD 26_BCG FAULT_SECTION 28, Test 2: LOAD 26_ABCG FAULT_SECTION 34,
Test 3 : LOAD 26_BC FAULT_SECTION 31, Test 4 : LOAD 26_CLOSE BREAKER_ALL CAP
BANKS, Test 5 : LOAD 26_OPEN SWITCH_30T FUSE FEEDER

Figure 13. Total harmonic distortion and crest factor percentage error of phase A, B, and C for the
voltage (a) and current (b) signals between the OPLS and the PT/CT.

To calculate the percentage errors, the signals from the PT/CT and the OPLS power line
sensor were considered as the expected and measured values, respectively. In Figure 13a,
the pink bars are the total harmonic distortion (0.05% to —1.49%) of the voltage signals,
and the blue bars are the crest factor (1.08% to —0.93%) percentage errors of the voltage
signals. In Figure 13b, the green bars are the total harmonic distortion (52.96% to —4.40%)
percentage errors of the current signals, and the red bars represent the crest factor (19.31%
to —7.4%) percentage errors of the current signals.

5.3. Voltage and Current Signals from Test Events

In the electrical fault events, the phase voltage and current signals were generated,
and different transient events were consequently plotted. The test events (electrical faults,
capacitor bank operation, and load feeder switch) were run for phases A, B, and C. Because
the test events were triggered at the same time, the measured phase A, B, and C current
and voltage signals were generated at different angles based on a three-phase system
definition [25], which had a phase difference of 120 degrees. Figures 14 and 15 show the
voltage and current of phase A (a, d), B (b, e), and C (c, {) for the outdoor power line sensor,
PT/CT, and simulated power grid when the capacitor banks were closed and when an
ABCG electrical fault in the main feeder was set, respectively.
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Figure 14. Voltage and current of phases A (a,d), B (b,e), and C (c,f) for the outdoor power line sensor,
PT/CT, and simulated power grid at the load 26 feeder when the capacitor banks are closed.
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Figure 15. Voltage and current of phase A (a,d), B (b,e), and C (cf) for the outdoor power line
sensor, PT/CT, and simulated power grid at load 26 feeder and ABCG electrical fault in power line
section 34 (PLS 34).

In the capacitor bank operation tests (Events 10142, 10148, and 10153), the voltage and
current signals were observed by plotting the first one-cycle (~16.6 ms) transient event at
the measured phases A, B, and C. These events represented the time when the capacitor
banks along the power line sections were closed in the simulated power grid (Figure 6). The
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voltage and current signals at the load feeder (Figure 6b) were measured at the medium-
voltage OPLST. The measured voltage (Figure 14a—c) and current (Figure 14d—f) signals
for phases A, B, and C were compared for the OPLS vs. the PT/CT. In Figure 14, the blue,
red, and green lines are the voltage/current signals for the OPLS, PT/CT, and simulated
power grid, respectively. For the first one-cycle (~16.6 ms) transient event, the behaviors
of the voltage and current signals for the OPLS and PT/CT were similar for the same
measured phase.

In the ABCG electrical fault event tests (Events 10140, 10146, and 10151), the voltage
signals were plotted for the first one-cycle (~16.6 ms) transient event for phase A, B, and
C. These events represented the time when the electrical fault happened at power line
section 34 (PLS 34) in the simulated power grid (Figure 6). Then, the voltage and current
signals at the load feeder (Figure 6b) were generated at the medium-voltage OPLST. The
effect of the ABCG electrical fault at the power line produced the line currents and voltages
decreased on the load feeder (Figure 15). The measured voltage (Figure 15a—c) and current
(Figure 15d—f) signals for phase A, B, and C were compared with the OPLS vs. the PT/CT.
In Figure 15, the blue, red, and green lines are the voltage/current signals for the OPLS,
PT/CT, and simulated power grid, respectively. For the first one-cycle (~16.6 ms) transient
event, the behaviors of the voltage and current signals for the OPLS and PT/CT were
similar for the same measured phase. In the first one-cycle (~16.6 ms) transient event, the
voltage and current signals of phase A had a sinusoidal form (Figure 15a,d), whereas the
voltage signals of phases B and C had a distortion (Figure 15b,c) that generated a ringing
frequency for the OPLS and PT.

The capability of measuring current and voltage harmonics with power line sensors
is very important. When harmonics are presented in the main voltage or line currents
for permanent states (non-transient states), the power quality of the electrical grid can
decrease. Another effect of the harmonics is to increase the current in transformers and the
electrical grid with consequent rise in device temperature and power losses. For example,
the third harmonic causes a sharp increase in the zero-sequence current and increases
the current in the neutral conductors. A non-linear load connected to the electrical grid
draws a current that is not necessarily sinusoidal, and therefore it generates harmonics.
The voltage harmonics are mostly caused by current harmonics. However, if the source
impedance of the voltage source is small, current harmonics will cause only small voltage
harmonics. It is typically the case that voltage harmonics are indeed small compared to
current harmonics. In the results, from Figure 11a,b, the behavior of the total harmonic
distortion for the current and voltage signals had shown a similar behavior for the same
phase and event test, observing a similar conduct for the current and voltage signals.

In this study, the proposed methodology was implemented in an OPLS testbed instead
of a real grid. It is because electrical fault grid events are not likely to be run by an electrical
utility for safety concerns and possible infrastructure damages in the electrical grid. In
addition, the electrical grid events presented in the experimental model could be run
at any time, however in a real electrical grid these events like capacitor bank operation,
electrical faults and breaker operations at a specific site could happen after weeks or months.
The limitation of this testbed is based on the maximum current magnitude that could be
generated during the event tests that will depend on the number of current amplifiers to
be connected in parallel, in most of the use case scenarios the OPLS testbed was run for
current magnitudes up to 40 amps.

An advantage of this methodology is that the testbed could be used for testing other
similar power line sensors. In this study, the OPLS was a Rogowski coil (current sensor)
and capacitive divider (voltage sensor) power line sensor that has a current and voltage
scaling factor of 3333.3 A/V and voltage 5000 V' /V, respectively. However, if the current
and voltage scaling factors of the OPLS had different numerical values, the voltage and
current gains of the OPLS for the OP4510 real-time simulator could be re-calculated by
Equations (19) and (20). Therefore, this methodology can show certain flexibility for com-
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paring other Rogowski coil/capacitive divider power line sensors with the traditional
CT/PT sensors.

Advanced OPLSs like the Rogowski coil should be installed in the electrical distri-
bution grid [26]. However, sensors’ metering, protection and control applications should
be studied in detail. For example, based on the core saturation curves of CTs, different
CT types are used for metering and protection applications [4,5]. In addition, while the
Rogowski coil (current sensor) could be used in protection applications, the interface of ana-
log signals must be considered to adapt the connection of protective relays or meters [26].
While CTs require heavy gauge secondary wires for interconnection to relays and other
metering and control equipment, the Rogowski coils may be connected to relays via twisted
pair shielded cables with connectors [26]. Another aspect is that some advanced sensors
integrate the current (Rogowski coil) and voltage (capacitive divider) measurements in the
same OPLS device, reducing the installation cost when both measurements are needed at
the same site. Therefore, the Rogowski coil (current sensor)/capacitive divider (voltage
sensor) power line sensor can be installed for a small fraction of the cost of conventional
CT and PT.

In this study, the voltage swells and sags as specific test events were not considered.
However, based on the definition that voltage swells are the opposite of voltage sags
(dips) and they are defined as a momentary increase in the RMS voltage of 10% or more
above recommended voltage range for a period of 1/2 cycle to 1 min, according to the
IEEE Std 1159-2009 [27], these type of test events could be performed in a future test plan
to compare the Rogowski coil (current sensor) and capacitive divider (voltage sensor)
versus the CT (current sensor)/PT (voltage sensor) in the OPLS testbed. Electrical utilities
have used PTs and CTs for several decades, and PTs and CTs have been tested using
procedures based on the IEEE Std C57-13 2016 [6]. However, new OPLSs based on advanced
technologies (voltage divider and Rogowski coil) do not have testing procedures based on
electrical apparatuses or instrument standards. Therefore, the assessment of these advanced
OPLS is crucial. In this work, the comparison test procedure for the OPLS vs. the PT/CT
was an effective method to evaluate the performance of these advanced technologies vs.
iron core measurement transformers.

6. Conclusions

In this study, an advanced commercial medium-voltage power line voltage and current
sensor was tested alongside conventional magnetic-core PT and CT under outside condi-
tions. The tests consisted of various simulated steady-state and transient conditions with an
actual utility grid to compare the responses of the new technology with those of accepted
instrument transformers. A real-time simulator was used in conjunction with amplifiers
and transformers to excite the aerial loop, while a conventional power meter recorded the
responses of the simulation, PT and CT, and the OPLS signals. The results showed that this
OPLS technology responded identically to the PT and CT under all conditions. The only
difference noted is that the OPLS current noise is greater than that of the instrument CT
because of its much wider range (>20 kA compared with ~1 kA for the CT).

The technology in OPLS is based on a capacitive divider for voltage monitoring and
a Rogowski coil with an integrator for current sensing. The capacitive divider principle
is well known for its ability to transmit higher harmonics and thus respond well to fast
transients, and the present results are consistent with this principle. The known issues
include recalibration during temperature swings and aging, as well as some sensitivity
to stray electric fields. These effects are minimized in PTs; however, PTs evince various
resonance effects at higher harmonics. The air-core Rogowski-coil technology can be made
linear at currents that saturate magnetic-core CTs and can have excellent responses at high
harmonics. However, it must be carefully shielded to avoid stray electric-field effects.
The response of this OPLS technology was compared with that conventional instrument
transformers for the scenarios that were tested. These devices can be installed for a small
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fraction of the cost of that of conventional CTs and PTs and should be considered for
deployment of additional sensors in distribution grids.
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Nomenclature

Abbreviations

CTR Current transformer ratio

CT/s Current transformer(s)

DECC Distributed energy communications and controls
EPB Electric power board

LL Line to line

LLG Line to line ground

OPLS Outdoor power line sensor

ORNL Oak Ridge National Laboratory

PT/s Potential transformer/s

RMS Root mean square

SEL Schweitzer engineering laboratories
SLG Single line to ground

3LG Three lines to ground

Symbols

CF; Crest factor of the current signal (A/A)
CFicr Line current crest factor of the CT (A/A)

CFiopLs Line current crest factor of the OPLS (A/A)
CFypr Phase voltage crest factor of the PT (V/V)
CFyopLs  Phase voltage crest factor of the OPLS (V/V)

CFy Crest factor of the voltage signal (V/V)
CGca Current gain of the current amplifier for the OP4510 real-time simulator (V/A)
CGer Current gain of the CT for the OP4510 real-time simulator (unitless)

Current gain of the simulated medium-voltage loop circuit or power grid for the

CGe OP4510 real-time simulator (V/A)
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CGs
CSF
CSFy
CSFuses
CTR
CTratio

CTR;

CTRpy
Eocrr
Egcrv
EorHDI
Eq,tHDV

Gapy

G apy
Gca
Gearc

G'carc
Gva

I

Iinput

Iy

Lyos

Ly

Ipeak
Iprimary
Lrms

My

M
Nturns
PTR;
PTRy,

SGRID

TDS

THD;
THDjcr
THDjopLs
THDyopLs
THDy,
THDypr
TR

Vi

VGe

VGya
VGpr
VGs
Vi

Vn%

Current gain of the OPLS for the OP4510 real-time simulator (unitless)

Current scaling factor of the OPLS (A/V)

Current scaling factor of the SEL-735 power meter (A/V)

Current scaling factor of the Ultrastab 866 precision current transducer (A/V)
Current transformer ratio for the simulated inverse time overcurrent relay (unitless)
Current transfer ratio of the Ultrastab 866 precision current transducer (unitless)
Ratio of CT connected between the current amplifier and medium-voltage aerial cable
loop (unitless)

CT ratio set in the SEL-735 power meter (unitless)

Percentage error of the line current crest factor (%)

Percentage error of the phase voltage crest factor (%)

Percent error of the line current total harmonic distortion (%)

Percentage error of the phase voltage total harmonic distortion (%)

Adjusted voltage or current gains of the simulated grid and PT/CT for the
OP4510 real-time simulator (V/V or V/A or unitless *) *for the PT/CT, using
Equations (15) and (18)

Adjusted voltage or current gains of amplifiers for the OP4510 real-time simulator
(V/VorV/A)

Selected gain of the current amplifier (A/V)

Calculated voltage or current gains (V/V or V/A or unitless*) *for PT/CT, using
Equations (15) and (18)

Calculated voltage or current gains of amplifiers (V/V or V/A)

Selected gain of the voltage amplifier (V/V)

Line current magnitude of the fundamental signal (A)

Input current (A)

Line current magnitude of the nth generic harmonic component signal (A)
Individual harmonic component of the nth generic harmonic for the line current
signal (%)

Relay current pickup (A)

Peak value of the current (A)

Primary current (A)

RMS value of the current (A)

Measured phase B voltage or current values that were collected by using the
high-voltage/current interfaces (V or A)

Measured phase A/B voltage or current that were collected by using the low-voltage
interface (V or A)

Number of turns of primary cable (turns)

Ratio of PT connected between the voltage amplifier and medium-voltage aerial cable
loop (unitless)

PT ratio set in the SEL-735 power meter (unitless)

Simulated phase voltage or current values that were measured from the voltage and
current displays of the 20/34.5 kV loop circuit (V or A)

Time dial setting (s)

Total harmonic distortion of the line current signal (%)

Line current total harmonic distortion of the CT (%)

Line current total harmonic distortion of the OPLS (%)

Phase voltage total harmonic distortion of the OPLS (%)

Total harmonic distortion of the phase voltage signal (%)

Phase voltage total harmonic distortion of the PT (%)

Relay time (cycles)

Phase voltage magnitude of the fundamental signal (V)

Voltage gain of the simulated medium-voltage loop circuit or power grid for the
OP4510 real-time simulator (V/V)

Voltage gain of the voltage amplifier for the OP4510 real-time simulator (V/V)
Voltage gain of the PT for the OP4510 real-time simulator (unitless)

Voltage gain of the OPLS for the OP4510 real-time simulator (unitless)

Phase voltage magnitude of the nth generic harmonic component signal (V)
Individual harmonic component of the nth generic harmonic for the phase voltage
signal (%)
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Voutput Output voltage (V)

Vpeak Peak value of the voltage signal (V)

Vims RMS value of the voltage signal (V)

VSFpp Voltage scaling factor of the Model 4232 voltage differential probe (V/V)
VSFum Voltage scaling factor of the SEL-735 power meter (V/V)

VSFs Voltage scaling factor of the OPLS (V/V)
Zyurden Burden external resistor impedance ((2)
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