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1. Introduction

People in their daily life interact with electricity via their electrical devices rang-
ing from, laptops to phone chargers. New electrical devices with different appli-
cation are connecting to power grid every year and this increases the total power
consumption. These devices can be connected and operated at different times.
Some loads can be disconnected or turned off after user finished working with
them but sometimes these devices can be left “on” for hours per day. Users

sometimes get surprised by their electricity bill’s amount that need to be paid.
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Therefore, users want to know their power consumption details so they can
manage to reduce some of their unnecessary usage. Currently regular meters can
provide total power usage like kWh. Based on this fact, offering consumers with
enough feedback of their electricity usage rates is an essential step to reducing
the energy waste [1]. By energy management and using technologies advance-
ments, oil consumption can be dropped by 15% lower by 2040 [2]. According to
Energy information administration (EIA), in 2016 residential sector consumed
20,413 trillion British thermal unit (Btu) that is one fifth of total U.S total power
consumption and 3.85 Trillion kWh (64%) of it in form of electricity [3]. Re-
search suggests that residential customers account for a significant amount of
energy wastage [4]. It should be mentioned that some electrical devices consume
energy while they are turned off or in standby mode. This type of consumption
being called “Phantom Load”. A research on energy with Wisconsin utilities ac-
counted phantom loads for costing more than $3 billion dollars annually [5].
American Council for an Energy Efficient Economy (ACEEE) conducted a study
and found that feedback devices cannot increase the energy saving by itself [5].
Therefore, there should be new methods to encourage energy savings through
users. For instance, any method that can be used for identification of type and
location of load would benefit smart buildings to save energy. Hence, focus of
the research should be on monitoring the electrical nodes where loads are con-
nected to the building power lines to observe the consumption and conservation.

Integration of new technologies and methods can lead to developing better
smart buildings. Using smart sensor for each load in order to measure and
record load characteristics and send captured data to main server at system en-
trance for further analyze can be an example of this new technologies. Wireless
monitoring network using a Wi-Fi and ZigBee technologies and a PIC-based
software is being investigated in [6] to control home’s electrical facilities re-
motely in order to reducing household energy.

An existing method that is used to locate open and short conditions of elec-
trical cables is Time Domain Reflectometry (TDR). TDR is a Non-Intrusive Load
Monitoring Methods (NILM). This method has been used for locating faults on
wire like short circuits or damage to wire structure [7]. TDR method relies on
measuring the time-delay of injected signal with its reflection into the cable.
TDR needs a load recognition algorithm based on a database of load signatures
to distinguish different loads. Furthermore, TDR cannot be used on live wires.

Due to above mentioned technique’s limitations, a new technique for locating
power consumption nodes as Sequence Time Domain Reflectometry (STDR)
along with measuring the power at the desired circuit by smart power meter has
been proposed in this paper that overcome those constraints. In this method, a
high frequency pseudo-noise sequence (PN Sequence) sends through the wire
and it reflects back at any impedance mismatches or discontinuities [8].

Section 2 discuss about TDR method. Section 3 represent the STDR method.
Section 4 discuss the experiment procedure. Section 5 describes the results. Con-

clusion given in Section 6 and Section 7 talks about future works.
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2. Time Domain Reflectometry

Time Domain Reflectometry (TDR) method has been used for locating discon-
tinues on wire like short circuits, faults or damage to wire. A pulse signal shape
injects to the wire and it reflects back at any impedance mismatch. By analyzing
the signal’s time for traveling to the end and back and using the velocity propa-
gation (VOP) of wire, delay can be calculated. Using delay which is a time con-
stant, length or distance can be computed. Signal transmission for single flow is
pictured in Figure 1.

In Figure 1, signal generates at TDR and injects to wire. The initial reflection
occurs at the beginning of cable where attaches to TDR due to impedance mis-
match and its reflection coefficient is I, and can be calculated by Equation (1)
[9].

Lo =(2,-2,/2,+2,) (1)

where [is reflection coefficient, Z, is cable impedance and Z, is signal generator
impedance. 7, is the transmission coefficient from TDR to wire and described
in Equation (2). Also, 7}, is the transmission coefficient from wire to TDR and
given by Equation (3) [9].
Ty =1+T, (2)
To=1+T. (3)

In Equation (3), I, is the reflection coefficient that describes signal reflection

back to the line at the junction of TDR and shown in Equation (4) [9].
Ly = (zo - Zl/ZO + Zl) 4)

When signal reaches at the end of cable, depends if there is a load or no load,

reflection coefficient 7', at the load can be written as Equation (5) [9].

Ly :(Zz_zi/zz+21) (5)

Impedance = Z,

Impedance Z, ¢ Impedance Z,

Figure 1. A single section TDR on a transmission line [6] [7] [8] [9].
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Different branches can be added to the shown single section to make a com-
plex system and similarly using the above mentioned equation, system can be
analyzed.

TDR method calculates the time difference of the injected and reflected signal.
Any impedance mismatches can be visible as a step in output. In TDR, using the
achieved time difference and being aware of the velocity of propagation (VOP)
in that specific wire or cable, length of wire can be computed. Equation (6) de-
scribes the VOP [7].

VOP =v/c (6)

In Equation (6), vis velocity of signal in cable (inches per nanosecond) and ¢
is Speed of light (299792.4 kilometer per second). Velocity of signal can be cal-
culated through Equation (7). In Equation (7), dis the distance or length of ca-
ble and ¢ is the time delay of signal that travels from point of incident and
reaches the first impedance mismatch and reflects back [7]

v=(2xd)/t (7)
Length or distance can be calculated using Equation (8)
L=(VOPxcxAt)/2 (8)

In Equation (8), Atis the measured time delay in nanoseconds and length L is
in meter.

By using Equation (7) and injecting a pulse into the 1.066-meter coaxial cable
with 50-ohm resistance (RG-58A/U), measured time delay is 10.8 nanoseconds
displaying in oscilloscope. Accordingly, v calculated to be 0.197 meter per nano-
second (7.777 in/ns). By using this number and applying it to Equation (6) and
converting units into inch, VOP for this type of coaxial cable is 0.659 or 65.9
percent of speed of light.

By knowing the VOP of each cable and measuring the time delay, length can
be calculated. But TDR is not best way to be used on live wire due to this fact
that reflection can be hidden under noise signal of the signals in the tested wire.
In addition, sometimes reflected signal overlap the incident signal because of

very high speed of signal and the width of incident signal [10].

3. Sequence Time Domain Reflectometry

A procedure that can test energized cables or wires repeatedly and can offer lo-
cation of fault, discontinuities, impedance mismatch or junction can be advan-
tageous over the conventional test methods. Therefore, sequence time domain
reflectometry (STDR) has been studied. STDR is more effective in fault detection,
cost, accuracy [7]. STDR technique uses a continues pseudo-noise sequence
along with processing gain to mitigate background noise [11].

This method is similar to time domain reflectometry although instead of using
a single pulse, a maximum length sequence (m-sequence) will be used. In this
technique, a high frequency m-sequence generated in arbitrary signal generator
injects to the wire and upon any impedance mismatch it reflects back. Procedure

in this method described as following:
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3.1. Maximum Length Sequence (m-Sequence)

In order to transfer data between sender and receiver, it should be more than
one message transmitting from sender and receiving by receiver. Simple method
is by sending a pure impulse signal and measuring the time delay of signal in the
medium. But amount of total energy’s short pulse is limited and even by in-
creasing the time duration to transmit more total energy, getting a sharp peak of
time delay in correlation would be difficult. Therefore, by generating and apply-
ing a proper coded signal, the duration can be increased while the total trans-
mitted energy increasing as much as maintaining the sharp peak in correlation.
Hence m-sequence is being used in STDR method [12].

M-sequence (binary maximal length shift-register sequence) is part of pseudo
noise codes that is the longest in PN-sequence code and had been studied well
and are perfect fit for STDR technique. M-sequence is combination of ones and
zeros that are periodic [6]. In addition, linear feedback shift-register (LFSR) and
exclusive-OR (XOR) gate’s circuits can produce this sequence. M-sequence code
is an optimal choice due to lowest side-lobes in autocorrelation [13]. Figure 2
layouts the block diagram of a LESR generator with degree r[14].

M-sequence has a period of n that has shown in Equation (9). In Equation (9)
ris degree of the generator polynomial.

n=2"-1 9)

&(x) is the primitive binary polynomial of degree m and it can be seen in Equa-
tion (10).

900 =g, X" + g X" P+ gx+1 (10)

&, corresponds to switch position. If switch is open, then g, is equal to zero
and if it is closed it represents one.

It should be mentioned that degree of generator polynomial is one unit less
than the length of g(x). For example, if ris equal to 4then length of g(x) is 5.

3.2. Autocorrelation and Cross-Correlation

In order to interpret the signal in STDR which being carried on live wire, corre-
lation method is being used. Correlation compares reference signal with the re-
flected signal. In other word, correlation measures the similarity between two
phenomena [12]. In case of similarity between those signals, correlation value
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Figure 2. Linear feedback shift register for m-sequence [14].
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would be high and it would be less if no match being detected between them.
Autocorrelation is the correlation between a signal with the same shifted signal
in time as a function of delay that can detects the period of signal. Cross-corre-

lation is the comparison of two different signals to detect their similarities [12].

3.3. Coupling

Connecting sensitive or expensive measurement devices directly to the live or
energized wire can cause damages to the devices. Therefore, coupler or coupling
circuit designed to provide an indispensable galvanic isolation of the low voltage
measurements device from high voltage power lines [15]. For instance, in power
line communications (PLC), modem can be connected to the power line through
couplers at both sender and receiver sides. Couplers classified into two main
groups of inductive coupler and capacitive coupler. Inductive couplers are elec-
trically separated or insulated from energized wire hence no direct electrical lin-
kage is made. In this type of coupler, a magnetic core clamped around the cable
and the whole circuit works as a transformer and signals can be induced to the
power cable. Capacitive couplers are low cost and can be as simple as a single se-
ries capacitors or L-C filter. In most of PLC capacitive couplers, a transformer
also added to increase the protection, impedance matching and also passing high
frequency communication signal [16]. Capacitors in capacitive couplers should
be able to pass high frequency signal and block or filter high voltage signals of
power line thus they need to be high voltage capacitors [15]. Capacitors designed
such a way that have a low impedance to allow high frequency signal to pass and
have high impedance to block power line high voltage signal. Impedance of ca-

pacitor Z_described in Equation (11).
Zczl/(ZﬂfC). (11)

Frequency has shown by fand C'is capacitance in Equation (11). For instance,
if it is desired to inject a 1.5-MHz signal into the wire using a 100 Nano-Farad
capacitor, impedance for high frequency signal would be about 0.8-ohm while it
is about 26.5 kilo-ohms for 60-Hz power line voltage.

Figure 3(a) represents the circuit for simple capacitive coupler. Also capaci-

tive coupler that physically built can be seen in Figure 3(b).

4. Experiment Procedure

Before proceeding to conduct experiment, length and frequency of signal should
be calculated. The maximum length of a number 12 American wire gauge (AWG)
in a building planned to be 45.72 meter (150 ft.) long. Moreover, one period of
generated m-sequence signal should travel to the end of cable and reflect back
before the next period generated. Therefore, velocity of propagation of 72 AWG
cable calculated using Equation (6) to Equation (7) and it is 71.7% of speed of
light. Applying this number to Equation (6), time period is 450.2 nanoseconds
[7]. For this experiment KEITHLEY-3390 function generator is used. This signal
generator can produce arbitrary wave-form up to 10 MHz with minimum of 30
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HV Capacitor ~ Transformer

To Power-Line

To Signal Generator

(a)

HV Capacitors 0.1uF 1:1 RF Transformer

(b)

Figure 3. Coupler circuit and physical capacitive coupler.

nanoseconds rise and fall time. Length of the m-sequence (Z,) was computed to
be 14.24 bit by Equation (12). The possible sequence is 15 bit.

L, = Period/30ns (12)

Therefore, time period based on the 15-bit sequence with minimum rise and
fall time of 30 nanoseconds is 450 nanoseconds. Equation (13) yields to associate

frequency to this time period that is 2.22-MHz.
Frequency =1/T (12)

Therefore, a 15-bit m-sequence signal with frequency of 2.22-MHz and vol-
tage of 10 volt needs to be generated in signal generator. Later this signal in-
jected to the three different number 12 AWG circuits with length of 15.24 meter
(50 ft.), 16.76meter (55 ft.) and 27.43 meter (90 ft.). Incident and reflected sig-
nals data captured from scope and stored in computer for further analysis. Using
MATLAB software cross-correlation of both incident and reflected signals cal-
culated and graphed. Location of the peaks in the correlator corresponds the

distance to the impedance mismatch or discontinuities.

5. Experiment Results

In this work, two different experiments conducted. In the first experiment, loca-
tion of discontinuities in an open circuit 15.24 m (50 ft.) dead-wire detected.
Experiment two was carried out on the energized wire of a building and after few
minutes one load connected to that circuit to perform power consumption
measurements. In this experiment a TED digital meter was installed on the tar-
get circuit at the main electrical panel board and location of power outlet along

with changes in corresponding load was indicated.

5.1. Test on 15.24 m (50 ft.) Dead Wire in Open Circuit State

In this test, signal was injected from signal generator and reflected back.
Cross-correlation of signals were calculated using MATLAB software and result

shown in Figure 4.
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Figure 4. Result for cross-correlation for dead wire open circuit 15.24 m (50 ft.) long cable.

As can be seen in Figure 4, the highest peak occurred at 0 feet which corres-
ponds to the highest similarity between two signals that is signal’s period and
repeats at every 450 nanoseconds. The other significant peak represents the
length of 12 AWG cable at 15.37 m (50.44 ft.) with 0.8% error compare to the
real physical length (15.24 m).

Another case in this test is applying the same signal into the same wire while it
has been short circuited at the end of cable. From Equation (5) 77, is —1. Figure
5 illustrates the cross-correlation result of cable while it was short circuited at
the end.

According to Figure 5, lowest point in cross-correlation graph is at 15.16 m
(49.74 ft.) that indicates short circuit at that end of cable. Error for this value is
0.5% compare to real physical value (15.24 m).

5.2. Test on Two Different Live Wires with Active Load

Purpose of this method is to minimizing the number of power consumption’s
measuring sensors on each power outlet. Thus, for this experiment only a single
digital power meter was installed on the desired circuit at the main electrical
panel board. Prior energizing the circuit and while circuit is open, circuit ana-
lyzed through the STDR method. Later, power line energized and a load con-
nected to the power outlet as a typical residential load. This test ran for three
different time states to verify results. For purpose of measuring the consumed
power at circuit, TED Pro 6000/3000 was used. TED Pro 6000/3000 can monitor
and log power usage and display the live data through its commercial software.

Data extracted from TED software and power line circuit analyzed through the
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Figure 5. Result for cross correlation for dead wire short circuit 15.24 m (50 ft.) long cable.

STDR approach for locating the load by correlating the load location to con-
sumed power in watts. Results is shown as a graph in Figure 6.

As shown in Figure 6, live wire test started at 11:21 morning and load con-
nected at 11:23 to 11:26. Estimated power outlet location was 27.4 m (90 ft.)
which can be seen in the marked area of open circuit data. After connecting a
computer and monitor (inductive and resistive) load, location is constant com-
pare to short circuit state and amplitude decreased which represents the active
load. In order to verify the proposed method, location and power consumption
of another circuit was examined too. In this case a 1500-watt heater load used.
Location of load prior and after connecting to the desired node extracted, ana-
lyzed and presented in Figure 7.

According to Figure 7, location of node before and after feeding the load was
detected and verified. In this test resistive load has a lower peak compare to the
no-load condition that represents the presence of load in the cross-correlation

analysis.

6. Conclusion

This paper presented a novel method for measuring the power consumption of
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Figure 7. Power consumption and its corresponding node location.

connected load and its associated location in the energized power line using
m-sequence and STDR technique. By using the provided equations and TDR
method, VOP of cables along with time period of proper signal for signal gene-
rator computed. Coupling circuit designed in way to block high voltage signal
from power line and protect the devices.

Different tests were performed for the dead wire and energized wire to detect
the length of cable. These tests relied on the cross-correlation of incident and re-
flected signal. Power meter (TED) was monitoring the power consumption of
desired node’s circuit at the main panel board while simultaneously location of
the connected load at residential electrical system discovered via STDR. Demon-

strated results verified the accuracy of technique.
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7. Future Studies

Based on the achieved results in this work, future focus will be on eliminating of

any power meter sensor or device and instead analyzing the STDR data to iden-

tify loads based on their load signature.
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