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Abstract — This work proposes a method that allows theall, which would affect the outcome in any calcidas as
remote measurement of the electric power demand &TL.

clusters consisting of a small group of consumbed &ire
connected to a line section of the distributionwoek and
concentrated in an electricity pole.

The method is based on the detection of the etattri
current and voltage changes at both ends of aildistn
line section, and then computing the demand otthsters.
Due to the statistical nature of the electricitynsomption,
coincident demand steps of the users can cause soore
that can be considered as noise perturbing the uresasnt
signal. The measurement error characteristics agdiqied
through simulation.

The obtained results show that the new techniquebea
an efficient tool to reduce technical and non-técdiriosses
in the electricity distribution network.

Keywords: Distribution networks, electricity demand
measurement, non-technical losses.

1. INTRODUCTION

The energy distribution companies are stronglycidfe
by technical and non-technical losses. As measurtimie
electric power consumption is directly relatedhe tevenue
of the companies, an important aspect is the dpwedot of
new technologies and systems to reduce those IfigsEs.

The apparent obvious solution to this is to instaditers
at every billed load and to use meters that sanysel
power or voltage values at reasonable intervalsveéver
this solution is nearly unfeasible to implement large
service areas because of the logistical and ecaabmbsts
of the meters. Small-to-medium-scale implementation
remains a possibility because of the lower cosid e
added application of real-time pricing [4], but alyg there
is the possibility of some kind of meter adultevatior
bypassing.

In order to deal with the pointed difficulties, weopose
an alternative approach to controlling the tecHrécel non-
technical losses over the low-voltage distributioetwork
by measuring the line voltage and current at botiseof a
line section of the distribution network and conipgtthe
power demand of the groups of consumers conneotéuet
line, which are concentrated in the electricitygslA line
section consists, typically, in the wire segmentated
between two line transformers.

2. SYSTEM MODEL
The system model considered in this work involvas a

electrical line section model and a consumer denpaafile
model that are specified in the following subsettio

For non-technical losses (NTL), commonly associated

with irregular connections and adulteration of
characteristic of meters installed
premises, the improvement of measurement technigoés
equipment that minimize this possibility are criicia

the
in the consumers

2.1. Line section mode

The model illustrated in the Fig. 1 representsdalsi a
line section consisting of an electrical conduckath total
electrical resistanc® The demand of th&th consumer

The affected elements and authorities have deVd'OpQﬂuster connected to the line is represented bwment

methods to reduce NTL, primarily based on detectign
utility companies’ meter reading employees andisiteal
analysis of customer information.

Despite the best efforts, the current results ofLNT

measurements are often inaccurate at best, bedhese
figures rely heavily on the records of detectecesasather
than by actual measurement of the electrical paystem.

Furthermore, the majority of measurement equipmniant
electrical power systems does not facilitate timaeying

calculations of system
determination of NTL impossible [4]. In fact, anyven
power system would have some loads that are naretwat
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source whose short-term value is givenifyThe resistance
between the reference edge of the line sectiont@adap
connecting to th&-th consumer cluster is defined as

k
j=1

wherer; represents the ohmic resistance of each one of the
K subsections of the line, anl < m, < 1 is the resistance

= mkR

)

losses. which makes accuraf@tio representing the ratio between the resistémoe the

reference edge until the considered cluster and tdked
resistance of the line section.
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Fig. 1. Line section model.

We assume that voltages and currents at the eddls o

line section are known by direct measurement. Tditage

X, o<t Txon
X = (4)
0, Ty, SEST

Xoff

where T, andt are vectors oh, Gaussian random

Xoff

variables N (uy, 0y) following the normal probability
density function:
_(r—rz—x)2
fx(m) = e 9% (%)

oV 2m

and current of the reference edge (p@itare denoted by The mean and the standard deviation vectorstfor are
v, andi, respectively, while the voltage and the current agiven by T, =~ and oy respectively. Similarly, forty

the other edge (poif) are represented by andiy.

these vectors are given Iy = ando, .. During the active

Dictated by the Kirchhoff's Current Law (KCL), the interval the current demand of théh load is given by;.

total current entering in the line section has d@me
magnitude of the total consumer demand, that is

iA‘l‘iB:zik (2)

K

Clearly, if only the voltages and currents at thges of

the line are known, foK > 2, the exact value of the current

demand of each line tap is indeterminate.

2.2. Short-term demand statistical model

Most of the domestic
disconnected from the power line abruptly as indhse of
illumination devices and electrical appliances. fEffere, the
resultant instantaneous electricity demand has itctssd
profile by nature. Based on this fact, we assuna the
short-term current demand of a consumer variesngaig
in the form of current steps whose amplitude anidcsing
timing are random variables.

Unfortunately, in the literature we could find orgng-
term models for consumer electricity demand witmeti
resolution of hours or at best of minutes, reflegtonly an
average profile. Consequently, this work will adaptimple
heuristic short-term model to the electrical cutrrdamand
of a single domestic consumer.
refinement can be done to improve it, the propasedel is
adequate to simulate and verify the proposed cdncep

loads are connected an

Although additional

In a similar manner to the previous case, eachecg€tl
the non-periodic loads can be modeled as

Y, 0<t£‘tyOn
Y={ (6)

0, T, <t<T

Yon Yoff

wherety —andt, . are vectors consisting of exponential
random variables with probability density functigiven by

1 -t/T
(@) =—e™Y 7
Ty
%nd expected value vectors given [y = and T,
respectively. In this case, the current demand -t
periodical load during the on-interval, offers anstant
demandy;.

Fig. 2 shows an example of the resultant demaafiler
for the proposed model, relative to the combinatériwo
loads, being one periodic component with parameters
X1 =2A, T, =10 min and7,_; = 60 min and the other
a non-periodic component with parametdfs=1A4, |,

Ty = 30 min andryoff = 60 min.

5

We assume that there are two basic consumer deman
components that should be combined: periodic angt no
periodic. Periodic demand is caused by loads that a
switched at quasi-regular intervals as in the case
refrigerators, electric boilers, etc. Non-periodiemand is
generated by turning electrical loads on and off
asynchronously. In addition, in each case, we censthe
existence of an additive white Gaussian noise (AWGN
ingredient that characterizes the instantaneousaddém 7
fluctuations of the loads. Thus, the electricarent demand _*°m
of each consumer can be represented by T oft

e =1lp+iy=Xx+Xy 3

wherei, andiy are, respectively, the total periodic and non- )
periodic loads. We consider that the short-term voltages and ctsran

Each cycle of the periodic demand components can BBe edges of the line section of Fig. 1 are sampdedlarly
modeled as at a sufficient high rat¢; (e.g., at each power line cycle or
s0). Thus, the probability that two or more load® a
switched in the same instant can be obtained by

CurrenBPemand (A)
=3 I\

ALY

Time (min)

480 600 720

Fig. 2. Demand profile due to the combination gfeziodic load
and a non-periodic load with the following paramst&; = 2 A,
= 10 min, Txoff = 60 min; Y; =1A, Ton = 30 min,

= 60 min.

3. SYSTEM ANALYSISAND DESIGN
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B =1 =TIk = pi) (8)

wherep, is thek-th line tap switching average probability in
any sample interval given by

)—1

o (Tn +Tron) |+ By (B +
fs/2

As mentioned before, it is not possible to deteanrtime
exact value of the current demand of each linedfathe
system by merely measuring the voltage and cusignials
of the line section edges. However, we can getstimate
by detecting the voltage and current variation aigmf the
line section edges and submitting them to a reddgna
simple signal processing.

TYoff

9)

Pk

3.1. Basic Demand Measuring Process

Supposing that in a considered sample interval the
current demand changes are due to a single consum

cluster, then the circuit illustrated in Fig. 3valid and, in
this case, the cluster current variation is given b

Furthermore, we can determine which cluster haseazhu
the demand change, first writing that

Av, — myRAI, = Avg — (1 — my)RAig (12)

and, then determining the resistance ratio valom fthe tap
that caused the current variation:
Ay, EAUB + iy

__ R "7 (12)
Aiy + Aig

mk =
As we assume that the topology of the line secison
identified, i.e., the resistance valuds, = m;R of the
subsections are known, the estimate of the resistaatio
M, uniquely identify the consumer cluster that cautes
demand variation.
mR

Aip (1—I’T1<)R Aig

) di

Avp Avg

O

Fig. 3. Model for current demand variation in agsé line tap.

In a real environment, as result of the systemendise
values obtained are approximated. Based on theciimte
Theory, if we assume that the process noise is sEauthen
the optimal detection is maximum likelihood detenti
[5][6]. This implies that we should choose the mesawalid
m of the obtained value in (6).

The estimate for the current demand of each consum
cluster can be achieved by totalizing the demarahgés,
that is, for each cluster we can compute

e = Xk Al (13)
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3.2. Advanced Demand Measuring Process

The technique developed in the previous subsegtion
flawless while demand variations do not occur
simultaneously in multiple taps. However, in theemt of
multiple tap switching (MTS), if a process adjustmis not
made, the accumulation process defined in (13) loan
permanently disturbed.

For consumer energy demand control purposes, we
consider a catastrophic event when a negative de rsizp
is lost permanently. The reason is that in thigasion the
consumer demand can become overestimated for a larg
period of time as illustrated by Fig. 4. Therefome, assume
that some amount of underestimate error in the ddma
measurement can be tolerated, but not overestienaies.

ek

Current D

L S R R O et N -
480 720 960 1200 1440

Time (min)

Fig. 4. Example of demand overestimates: - catpktc events at
t, = 220 min and, = 1092 min.

Fortunately, MTS events can be detected. To examine

this question more briefly, we consider a simptifimodel

for the line section of the Fig. 1, assuming idealtage
sources and equidistant line taps, i%.= R/K. Taking
these conditions into account, result that, = Avg =0

and m, = k/K. Thus, for this simplified model, we
conclude that the source of each single tap derchadge
can be determined by

KAig

fo=mk = A (14)

If the demand change is due to a single tap, thaltre
obtained from (14) should be an integer in the eajigK].
However, in the case of MTS, the relationship i0)(i not
valid anymore and the resultant value from (14) & a
real number in the rangeof; o). Therefore, single and
multiple tap switching can be distinguished by eidng
the result furnished by (14). To mitigate the imeitl noise,
the outputk can be compared with its nearest intexygs),
wherer(:) represents the rounding function. A single tap

event can be declared if the measured distance @iye

5 = [r(R) - k| (15)

is smaller than an arbitrary threshold valgethat is, if
6 <e.

e As MTS is detectable, the next step is to conthd t
accumulating process in (13) in order to avoid esgmates
like those illustrated in Fig. 4. As tap switchipgpbabilities
are relatively small, i.ep, < 1, we consider that the vast



majority of the MTS events occur by the demandataon
of only two tapsAiy, andAiy,, as illustrated in Fig.5.

.|||_

A_iA> Ry R> Rs <A_iB
Ava = og/v ()Aikl () Qi Ave =0
_;_ L]

Fig. 5. Model for current demand variation in tlivee taps.

In the event of MTS, there are four specific coiodis
related to the polarities di, andAigz. Case 1 occurs when
both are positive and if we consider that multitdes are
submitted to increasing demands, one good stratedyis
case is do not add anything to the demand estiniatés,

A7, = 0. In this way, overestimating the demand of wrong
consumer clusters is avoided.

Case 2 occurs when botti, and Aig are negative. In
this case, the worst situation is when one of ieflicting
taps is responsible for almost the totality of dhemand
change. Thus, the most conservative decision sidase, is
to deduct the demand variation integrally for alpg, i.e.,
A7, = Aiy + Aig.

For the remaining cases, the polarities of the deima
changes have opposite signs. In this case, thiiesphat
the variationsAi,, andAi,,are also in opposite directions.
An analysis in the circuit shown in Fig.5 revediatt

Alkl] |:1 + Rl/RZ _R3/R2 |:AiA:|
B Aip

Aiy, —R,;/R, 1+ R3/R,

Case 3 is forAiy <0 and Aig > 0, resulting that
Ai,, < 0 andAiy, > 0. In this case, the most negative value
for Ai,, occurs for the minimum value oR,, which
corresponds to the situation in which the activestare

(16)

subtracting the negative outpiy(t,) provided by (13) for
the entire time rangg,, t,], that is

() =0 (8) — i (t1), t=to -ty (19)

Summarizing the above discussion, we propose the

following demand measuring process, computed atyeve
sample interval:

Step 1:Verify if the line tap estimaté is close enough

to a integer in the rangg0, K], that is, using (15)
compares ande. If § > ¢, a MTS event was detected
and go to step 2. Otherwise, an single tap everst wa
recognized for the tap. Compute the demand variation
estimate for this tapAi;, using (10) and set the
estimates for all other taps to zero. Jump to Step

Step 2:As a MTS event was detected, then compare the
values ofAi, andAig. If the polarities are opposite, go
to step 3. Else, if both values are positive, dthing
and jump to step 4. Otherwise, if both values are
negative, then deduct integrally the demand vamati
for all taps, computing (10) far = 0,1, -+, K and store
the current time,. Jump to step 4.

Step 3:If Aiy < 0 and Aig > 0, then computedi, =
Afy, using (17) for each line tap. Otherwise, evaluate
Afy = Aiy, by means of (18), fok =0,1,--,K. In
both cases, store the present tige

Step4: Compute the demand estimatgsfor all taps
using (13). If any value results to be negative,tkis
value to zero. Wait for next time interval.

Step 5:Compute the demand estimatigsfor all taps
using (13). If, for ank, the value results to be negative,
correct the baseline for this line tap recalculafip via
(19). Wait for the next time interval.

4. SSIMULATION RESULTS

All simulations conducted in this work employ theel

adjacent, that is, fok, = k; + 1. The same conclusion is section model and the short term demand modelgidedc
also valid for the case 4, whei, > 0 andAiz < 0. Thus, in Section 2. Additional conditions include: a) atjstant
rewriting (16) forR, = kR/K, R, = R/K andR, = (K — line sections, i.er, = R/K; b) ideal voltage sources, i.e.,
k — 1R/K, we obtain that Av, = Avg = 0; and c) identical demand profile in all line
taps. For the last condition, although the numiner tgpe of

AL, = {(1 +R)Ay — (K —k— 1Ay, 0<k<K (17) loads connected to the line taps could vary, theesarrange
! 0, k=K was used in all taps. The basic loads that canobebined
and and employed in the simulations are listed in Tdble
Aiy,, = {(é( —k+ DAip — (k—1Aiy, 0< I]c( f g (18) Table 1. Basic load types used in simulations.
For estimation purposes, the result in (17) card use Type Amplitude (A) T, (Min) T (Min)
estimateA?, for case 3 and case 4 can be handled by (18). Periodic 4~6 5 60
As we choose the detection process to avoid Non-periodic, 20~ 22 10 360
overestimates, the output of the accumulation E®¢#3) is high current
often underestimated and, eventually, reaches #we z Non-periodic, 10~12 30 720
baseline and an important question is how to hatitiee med'um.czrrem
events. As current demand is non-negative, thectzadion Io?wg-F:srtIi?\g;C' 3~5 240 720
in those circumstances is to limit the valueipfto zero.  Non_periodic
Moreover, in those occasions that the baselineeaghed  |ow current 1 1~3 10 60
due to the detection of a single tap switching gvérere is Non-periodic, 1~3 180 720
the opportunity to correct the baseline since thst | low current 2

occurrence of cases 2, 3 or 4 at titgeThis can be done by
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Fig. 6 illustrates the typical total current demamrdfile
ir =4 + ip, resultant for a 50-tap line section, with each _ ,
tap submitted to all the six different types ofdedisted in
Table 1. 8

—— Estimate

30Q

‘ 240 480 720 960 1200 1440
2004 ‘ ! | | M e |

Current Demand (A)

104

Line Current Demand (A)

0 240 480 720 960 1200 1440 0 240 450 720 960 1900 1440

Time (min) Time (min) (b)

Fig. 6. Typical total current demand profile for5®-tap line

. . . Fig. 8. (a) Basic measurement process overestntatedemand.
section. Each tap submitted to all the six loacsypf the Table 1. 9 (@) P

(b) Advanced measurement process underestimatelethand.

Fig. 7 illustrates the fundamental distinction bedw the
basic and advanced demand measurement procesges. Fi

7(a) shows how the first strategy fails to deal hwa
fheloMpe—— T |
1

catastrophic event around= 530 min, while Fig. 7(b)
fS:GO H/

exhibits the capacity of the refined process in agamg the
10 20 30 40 50

situation successfully.

Measurement error (%)

Number of line taps

£40 480“” ';2"0 : ‘ 960 = 1‘2‘00 = ]:;140
4 Fig. 9. Advanced demand measurement process iarfanction
of the number of line taps, for two sample rate$1ZGand 60 Hz.

Current Demand (A)
o

N 5. CONCLUSIONS

1 n ) This work proposed a method that allows measutieg t
, L (eed sy | N , electric power demand of consumer clusters remgtiedy is
0 240 480 720 960 w0, M adequate to applications for controlling techniaatl non-
Time (min) technical losses over the low-voltage distributi@twork.
The method is based on the detection of the etattri
Fig. 7. (a) Basic demand measurement processdallealing with  current and voltage changes at both ends of aikititin
a catastrophic event dt= 530 min. (b) Advanced demand line section, and then computing the demand othhsters.
measurement process deals with the same eventstudte The measuring process avoids overestimating the
demand by detecting multiple tap switching (MTS)dan
Fig. 8 illustrates how basic and advanced strasedéal taking corrective actions in the demand measurement
with MTS events. Fig. 8(a) confirms that basic @sxis accumulation process.
predisposed to overestimate the demand, while &{b) Simulations performed show that if the incidence of
shows that errors in the advanced process tend 1ATS events is kept sufficiently low, either by ieasing the
underestimate it. sample rate or, in last instance, limiting the nemof taps
Finally, Fig. 9 shows the performance of the adeanc of the line section, then long-term demand measeném
demand measurement process for an increasing nuofiberprocess can be accurate enough to be successiyfipged

line taps. The total load of each line tap condisté the in applications combating technical and non-teciinimsses
combination of all load types listed on Table 1.expected, in the electricity distribution network.

the measuring error increases with the numbernaf taps

and decrease with the sample frequency.
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