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Abstract—Measuring energy exchange in a power system with
distorted signals requires analysis beyond using filtered
fundamental waveform techniques that may fail to capture energy
transfer when dynamics are shorter than a cycle. Time-domain
metering on networks with distortion caused by sources, such as
inverters, measures subcycle phenomena and electric energy flow
under all system conditions.

This paper investigates time-domain metering approaches and
references measurements of a 345 kV transmission line. A new
power quality metric, “electric energy factor” is introduced as an
alternative to power factor utilization measurement under
distorted conditions.

1. INTRODUCTION

Power quality meters with 1 megasample per second (Msps)
sampling rates have existed since the 1980s and are used for
capturing information and detection of high-frequency
transients [1]. In the past 30 years, megahertz data have
primarily focused on harmonic calculations and voltage
transient detection within the power quality community. Many
papers have focused on voltage transient detection, arcing
detection, traveling-wave (TW)-based fault locating and, in the
last decade, TW-based protection.

Analyzing time-series waveform data from both terminals of
a 345 kV transmission line shows several new observations not
seen in measurements filtered to a narrow bandwidth around the
fundamental. For example, Fig.1 depicts a three-phase
instantaneous power signal from Lone Star Transmission with
ripple in the waveform. Fig. 2 shows a similar phenomenon in
the three-phase instantaneous power signal, but at the slightly
higher loading level of the line. The ripple shown in Fig. 1 and
Fig. 2 would not be visible if the signal was filtered. This paper
does not investigate the cause of signals such as shown in Fig. 1
and Fig. 2. These waveforms are shown simply to demonstrate
one example of a signal that is not well-represented if filtered.

Lone Star is a transmission owner and operator in North
Texas. Since March 2013, the Lone Star 345 kV transmission
network corridor has transmitted primarily wind-generated
electric power from remote western Texas to northeastern
Texas. These two lines are partially parallel on double-circuit
towers with 50 percent series compensation. The lines run from
West Shackelford (WS), northwest of Abilene, Texas, to just
south of the Dallas—Fort Worth metropolitan area. A one-line
diagram of the Lone Star transmission line is shown in Fig. 3.

In 2022, Tennessee Valley Authority engineers in [2] and [3]
highlighted the reality of increasing transmission voltage

unbalance, the variance of phase magnitudes and angles, and
the application of solar inverter-based resource (IBR)
generation. The power system is trending towards being more
unbalanced and more nonsinusoidal. Better intelligent
electronic devices (IEDs), algorithms, and methods to monitor,
detect, measure, and report the unbalance and distortion are
needed. The three-phase instantaneous power in Fig. 1 and
Fig. 2 include two visible phenomena: an amplitude-modulated
ripple and high-frequency distortion. In common with most
power measurement devices, one-cycle average power
averages these two distortions and represents the signal as a
nearly flat line.

Fig. 1 17:39:44.564 UTC (1) WS and (2) Navarro (NAV) three-phase
instantaneous power.

Fig. 2 18:38:20.683 UTC (1) WS and (2) NAV three-phase
instantaneous power.
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Presently, metering rms calculations of voltage, current, and
power are computed over integer units of power system signal
periods. Measuring the system within the time domain without
narrow band filtering allows calculations over any window,
independent of system frequency. Sample rates of 1 Msps help
identify higher-frequency content such as power line carrier
communication signals.

Fig. 4 17:39:44.564 UTC (1) WS and (2) NAV phase currents.

Fig. 5 18:38:20.683 UTC (1) WS and (2) NAV phase currents.

Two GPS time-synchronized ultra-high speed (UHS) relays
[4], Fig. 3, at the terminals of the 345 kV 224.9 mile WS to
NAV line (Line 1), captured and stored the data sets as event
records. These two nonsinusoidal three-phase megahertz time-
series data sets are the initial (predisturbance) records
from May 11, 2021, that were examined in a previous technical

paper [5].

Simplified ultra-high-speed (UHS) relays metering one-line diagram for WS to NAV (Line 1) series-compensated line.

The current waveforms are depicted in Fig. 4 and Fig. 5. The
voltage waveforms are depicted in Fig. 6 and Fig. 7. Note that
the signals are nonsinusoidal and slightly unbalanced.

Fig. 6 17:39:44.564 UTC (1) WS and (2) NAV phase voltages.

Fig. 7 18:38:20.683 UTC (1) WS and (2) NAV phase voltages.

This paper summarizes how to perform time-domain energy
and power calculations, which can be useful for power systems
with distorted signals, as shown in the previous figures.

II.  TIME-SERIES METHOD

A. Background and Context

An electric utility prefers that customers have three-phase
balanced fundamental frequency at unity power factor (PF) load
with no distortion. This ideal load condition has the least



electricity service equipment capacity requirement and, hence,
maximizes the efficiency of distribution and transmission level
equipment.

Monthly reading of electricity consumption and demand is
the basis of the monthly bill for the end user. For commercial
and industrial end users, additional penalty charges may also be
billed, such as a PF penalty, to encourage customers to improve
their load PF and offset the cost impact to the utility. In the U.S.,
significant load distortion is addressed through requiring the
end user to mitigate and reduce the current distortion to the
acceptable level stated in IEEE Std 519 [6].

Metering IEDs employ signal processing to provide
measurements that represent the magnitude and angle of the
fundamental component for current and voltage measurements.
These measurements are inherently of limited bandwidth and
are of restricted use for measurement, analysis, and control
when grid voltages and currents are distorted.

B. Time-Domain Measurements

Frequency, phase angle, and PF are unreliable measurement
quantities when voltage and current signals in an electric power
system are not single-frequency sinusoids. Additionally,
reactive power is not well defined for non-single-frequency
sinusoidal electricity measurement and the calculation methods
vary between models of IEDs, which makes it difficult to
compare measurement between multiple metering points [7].

The time-domain devices in this paper use a common precise
time reference that provides time-stamped measurements that
synchronize measurements from multiple points across the
system.

A 1 Msps, precise time-based time-domain IED measures
sampled voltage and current signals with Ts = 1 ps. These ps
time-stamped signals are inputs to instantaneous power and
energy calculations for quantifying the energy consumption and
bidirectional energy flow in the line.

The metering IED receiving the energy data can aggregate
energy for a duration of 1 ps to one month or more for metering,
control, billing, power quality (PQ), compensation, and historic
record purposes.

Instantaneous power (1) quantifies energy transfer over a
given time interval. Energy (2) is the time integral of
instantaneous power (2).

p(t) = v(0) - i(t) M
e(t) = [p(®)-d(D) @

Equations (1) and (2) are written in discrete-time notation as
instantaneous power p[k] (3) and instantaneous energy e[k] (4):

plk] = v[k] - i[k] (3)
e[k] = p[k] - Ts 4)

where:
Ts is the fixed sampling period, Ts = 1/fs.
fs is the fixed IED sampling rate.
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Equation (3) can be separated further into two components:
positive instantaneous power, p“%5[k] (5), and negative
instantaneous power, p"£9[k] (6):

_ (plk],p[k] >0

PPkl = { 0, otherwise ®)
_ (plkl,plk] <O

pNEG L] = { 0, otherwise (6)

Using instantaneous power (3), energy is measured in the
time domain using the energy packet-based method for energy
metering, (7):

EVET[n] = Tg Xizhta-1y+1 PLK] (7)

where:

Tr is the fixed reporting period.

M is the number of samples in the energy packet, M = Tr/Ts.

Energy packets divide into positive and negative, based on
the direction of power flow. These equations are applied later
in the paper.

EP%S[n] = T ZiZMn-1)+1 P" 5 [K] (®)
ENEC[n] = Ty Zz:%?n_1)+1 p"Ee[k] )

The energy packet-based method produces a measurement
of the electric power system at fast, discrete-time intervals and
sums the results. The energy packet measurement is reported at
a fixed rate. Switching from a frequency-based energy
calculation to a fixed time-based energy calculation has two
advantages [8]:

1. Processing latency is deterministic.

2. The need to track and measure system frequency is

eliminated.

III.  APPLICATIONS

Previously in this paper, plots showed how higher rate
sampling enables seeing power system dynamics not visible
when using heavily averaged signals. In this section, two
applications of energy-based calculations are introduced.

A. Energy Flow

The Sankey diagram is a flow diagram where the width of a
line represents the magnitude of flow [9]. Using this approach,
the energy flow through a two-terminal transmission line is
shown in Fig. 8. EF%5[n] is the total energy into the line over
interval Tr seconds and EYE¢[n] is the total energy out of the
line over the same interval. The energy into the line is computed
as the summation of instantaneous energy samples, when the
associated instantaneous power measurements are positive.
Similarly, the energy out of the line is computed when the
power measurements are negative. In this example, the value X
can be either WS or NAV.



Input energy is either moved through the transmission line
to the output, is stored by some device within the line, or is
dissipated by transfer of heat energy out of the power system.
Delays within the transmission line are a result of charge
storage from phenomena such as capacitance, inductance, and
energy storage.

Fig. 8 depicts how energy packets can model energy flows.
Future work can develop this technique and apply it to
additional power system problems.

Fig. 8 Electric energy flow through a two-terminal transmission line.

B.  Electric Energy Factor Metric

The electric power industry uses PF as a metric of the degree
of effectiveness of energy flow in the power system. Power
purchasers causing low PF frequently pay a PF penalty to offset
the seller’s added cost for capacity and capacitive support the
utility provides. It is well understood in [7], [10], [11], [12], and
[13] that under nonsinusoidal distorted conditions, PF has
limitations.

A corresponding energy-based measurement for revenue
and PQ applications is electric energy factor (EEF), which is a
time-domain metric related to PF. The equation for EEF is (10):

EEF([n] = ENET[n]/EABs [n] (10)
In (10):
E*BS[n] = Tg ZiZhn-1+1 1P [K]] (11

EEF is a ratio of the net energy to the absolute energy over
the duration Tr seconds. Note that EEF calculated in this paper
is subject to edge effects and dependent on the integration
window length. An alternative is to low-pass filter the EEF
value before use.

Conceptually, the numerator of (10) is proportional to
average power and the denominator is related to the energy that
could be transmitted under ideal conditions. In this sense, the
denominator serves a similar role as apparent power. Therefore,
the EEF equation is similar to the PF equation, hence the
proposal to consider EEF as a potential alternative to PF. It is
anticipated that future work will develop this technique and
apply it to more power system problems.

IV. CONCLUSION

Time-domain field measurement of three-phase electric
power energy transfer across a nonsinusoidal 345kV
transmission line using time-based and synchronized IED
processed and captured megahertz time-series metering data
was discussed. The authors explored the use of time-domain
metering for distorted nonsinusoidal systems, the application of
which should be explored further.

The insight gained regarding line energy flow using time-
domain measurements can be applied in PQ metering and
revenue metering applications throughout the electric power
system from energy source to the utilization load.

High sample rate energy and demand metering allow seeing
distortion and unbalance, plus measuring it. All signals,
regardless of their shape, distortion, or period, resolve into a
measurable quantity.
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