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Abstract

This paper presents a unified loss theory, a
measurement and computation method for the
determination of network losses. This approach
enables to jointly treat and compare the
different components of losses such as reactive
current, time-variance, asymmetry and
harmonic currents, thus making it possible to
evaluate the effect of different loss-reduction
investments. Further a  stochastic loss
computation method is introduced, and
compared to the previously shown method.
Finally, measurement results and their
evaluation are presented.
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1. Introduction
Considering the present Hungarian
network conditions the network losses run
up to 10-12 % of the total electric power
fed in, and ca. 40 % of these losses arise on
the LV networks.
Therefore it is an important task to survey
the components of the LV network losses,
on the one hand in order to accurately
estimate the losses (no widely-used
automatic meter reading infrastructure is
installed yet), and on the other hand to
enable a cost-benefit analysis of loss
reduction investments.

The aims of the research reported on are:

- to determine the amount of information
needed to estimate the LV network
losses in a way as simple and as
accurate as possible, and

- to establish a simple measurement
procedure and a computation algorithm.

In Section 2 the components of the LV
network losses are reviewed

In Section 3 the fundamentals of a unified
loss theory are presented, which is further
improved in Section 4.

Section 5 describes a Monte-Carlo
approach for the network loss calculation.

The load models used in this approach are
outlined in the Appendix.

Section 6 shows measurement and
simulation results using both the unified
theoretical and the Monte-Carlo approach.

2. Components of LV network losses
The unified loss theory proposed in
Section 3 comprises the determination of
an ideal case network loss arising due to
the total energy supplied to the consumers,
and the calculation of additional loss-
increasing components, such as

- capacity load factor

- fundamental frequency reactive power

- fundamental frequency current
asymmetry  (negative and  zero
sequence)

- harmonic currents.

Capacity load factor

The current i(?) flowing through a line
segment with a resistance R from time 0 to
T causes a loss of energy

W, =R-ji2(t)-dt [W-s] (1)

In ideal case the current is constant over

the time and the loss is expressed:
Wyiay=T-R-i; [W-s] 2)

A%

T
where i, =;ji(r)-dt [A]. The capacity
0
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load factor KCS=[ v J shows the loss
v(id)

increase relative to the ideal case, due to

the time-varying current.

Fundamental frequency reactive power

In the ideal case the consumer current has
only an active component /p causing a
network loss power of

Pv(id)=3~R-112) [W]. If the current I



consists of reactive component as well,
then the loss power P, =3-R-|IS| 2 [wl,

and the loss increase is expressed in eq.3.

P 1
Y —1|= -1 3
(Pv(id) J (COS((P))2 )

Harmonic currents

The loss increase due to harmonic currents
can be expressed as Pyy/Pyig= 1+ (THD;)’
for harmonic orders 4 not being multiples
of 3. In case of triplen harmonic currents
the additional loss of neutral wire, should
be considered as well:
Ponns/Pyacay = 3(THDy) .

Asymmetry

Negative sequence current causes an
additional loss only in the phase wires,
whereas the zero sequence current
produces an additional loss in the phase
wires as well as in the neutral wire. Latter
is proportional to 9Iy% because the current
in the neutral wire is three times the zero
sequence current Io.

3. Aggregate treatment of network loss

components: the unified loss theory

Let us consider a line segment with

resistance R, and the current be time-

variant, asymmetric and distorted with
harmonics.

The loss on this line segment can be

written as P,= P,+Py+P.= 3P,+3P.+ 3P

where

P.= (Ims)°R, etc.

P.= (I.)’R+ summarized for positive
sequence fundamental and
harmonic components

P=(L)’R. summarized for negative
sequence fundamental and
harmonic components

Py= (10)2R0 summarized for ZEero
sequence fundamental and
harmonic components incl.
the loss on the earth wire

Denoting the fundamental frequency
positive sequence current by I, the
corresponding power factor (computed

from [; and the V) by cosg, then the 3
phase ideal-case loss is Py ic=3(I:cos¢)°R..

Let’s apply the definition of capacity load
factor for the fundamental frequency
positive sequence current:

+ : j i (OF dr
K=ty (@)

(;;fi*(r) dzJ

and similarly for the other sequences and

harmonics.

If we assume, that

- R+ =R-=R0 (and is the same for all
harmonics)

- cos( = constant over time
1 1
A_=— 4= -
- L L asymmetry factors
are constant over time
I h,s

Ihs =
I+

factors are constant over time, then
the ratio of the real-case loss energy to the
ideal-case loss energy will be:

- D harmonic distortion

w, K
W " cos’ 0
K. K
1+ e A +F4A,20 (5
IL;O : 15—
+———4D},, +%Df5’_

Using this formula it is possible to estimate
the loss of a LV network based on
measurements performed solely at the
feeding point of the network, if we assume
that the measured current is divided among
the consumers in the same proportion
every moment.

With the above assumptions the formula
enables to compare the loss components
and to evaluate the effect of different loss-
reduction investments.

4. Enhancements of the unified loss
theory



In this section we present how Eq. (5) has
to be modified if we assume more realistic
conditions. At the same time some factors
similar to the above mentioned will be
derived that are also easily calculated from
measurement data; using these factors it is
possible to compare different LV networks
and queue loss reduction investments.

Let us consider a LV feeder with N
consumers and N line segments (see Fig.
1), and let us assume that the time-varying
complex current /(?) — either harmonic and
sequence — measured at the busbar is
divided among the consumers so that the
current of the consumer £ is

1,(@)=a, 1) (6)

N
where Zak (t)=1 and all o are constant
k=1

over time.
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Fig. 1 Sample network

Thus the loss power can be expressed as
NG R2 |2 RN (2
P(t)=R[I®(@)| + BT +..+ R (1) =

PWAG) PWAG

2 2
=R, +R, tt R (1) =

=R11(t>2[§ak(r>] +R21<r>2(ﬁak<r)j + (7

A R &P (t) =
=10 R

where

N N 2

R =ZRn(Zak(t)] )
will be called “equivalent resistance” of
the LV feeder.

Such equivalent resistances can be
calculated for every sequence and

harmonic order considered (and it can be
calculated for active and reactive parts of

the positive sequence fundamental
current).
The scale parameters o; for the

fundamental frequency positive sequence
active current can be chosen according to
the annual energy consumption, i.e.

W,

= N
2.,
i=l1

consumption of the i-th consumer.

For all other current components either the
above scale parameters can be used, or — as
a first step towards a probabilistic model —
they can be varied randomly, as long as
their sum remains unity. The random
variation can be performed based on
statistical ~ evaluation of  previously
recorded measurement data of different
typical consumer types. (See Fig. 2 and
Fig. 3.)

a, , where W; is the annual energy

After determining the parameters oy and
the equivalent resistances (8) the loss
components can be calculated according to
Eq. (7) for every sequence and harmonic
order, and the total loss can be expressed
as

P, =33 S|P -R" ()
h s=0,1,2

By integrating Eq.(9) over time one
obtains the loss energy for that time
interval, by averaging Eq.(9) over time
one obtains the mean loss power.

In order to express the mean loss power as
the product of the ideal case loss and the
sum of the loss increasing factors, Eq. (9)

has to be rearranged. Let us denote

T
<x>=;J.x(t)dt the average of x(z) over
0

time.
Then the ideal loss can be expressed as

© P
P, =3-(1{)) R}, (10)

1

and the total mean loss power as



(11)

(Note, that in Eq. (11) only the dominant
sequence components of the harmonic
currents were taken into consideration, i.e.
zero sequence for the 3" negative
sequence for the 5™ and positive sequence
for the 7™ harmonic currents, all other
components can usually be neglected.)

The quotient in Eq. (11)

1 T
<11<1>2> ) T!)'If') (t)‘2 dt
= can be

]

0

considered as the generalization of the
loss-increasing effect of both the capacity
load factor and cose in Eq. (5), since it
shows the loss increase due to the presence
of an imaginary component and time-
varying behavior of the positive sequence
fundamental current.
oo

<1§”2>
)

Similarly, can be

)

seen as generalizations of the asymmetry
7w 2>

2
)
<11("W >
and h > 1 can be treated as generalizations

of the loss-increasing harmonic distortion
factors.

factors, and ratios for s = {0,1,2}

The method assumes that the consumers on
the network considered are very similar in
nature (see Eq. (6)), e.g. only household
consumers exist on the network.
Nevertheless, this approach can be
extended so that it can take into
consideration one or more consumers,

- that have probably significantly larger
consumption

- the currents of which are a-priori known
(the currents can be either measured
quasi on-line using AMR or estimated
using pre-defined user profiles).

(This extension will not be further detailed

in this paper.)

Using Eq. (11) it is possible to calculate
the network loss in a simple way using
measurement data and some basic
information (annual consumption) about
customers.

This method is fast, easy to implement, and
yields insight into the composition of the
loss.

There are, however, some issues that the
above method cannot cope with.

Presently in the Hungarian LV distribution
system a considerable part of the
residential consumers has a single-phase
PCC, but the operators’ databases lack the
information about the exact connection
phase of each consumer. This uncertainty
cannot be dealt with the method described
above in an easy, straightforward way.

The other drawback of the method is that it
assumes time-invariant oy parameters, but
in reality the measured current at the
transformer is the sum of consumer
currents that are varying rather dissimilarly
every time step (compare Fig. 6 and Fig.
7).

These considerations led to the elaboration
of a pseudo-stochastic model, which is
described in the next section.

5. The Monte-Carlo approach

The load model described in the Appendix

is used in a Monte-Carlo simulation, where

the network losses are calculated

- assigning different connection phases
for single-phase consumers, and

- assuming different time-varying
behavior for the consumer currents in
every simulation run.



The random variation of the parameters is

performed in such a way that

- the sum of the consumer currents be
equal to the measured currents every
time step

- basic properties of consumers known in
advance (annual energy consumption,
distribution of possible cos¢ values and
harmonic  distortion  factors)  be
complied to as much as possible.

Current  measurements of  several
residential customers were carried out in
order to determine usual cosp values and
harmonic distortion factors. Empirical
cumulative distribution functions of these
quantities resulting from the measured
households are shown in Fig. 2 and Fig. 3.
1 T T T T T T

ool COS ¢ |

0.8} |
0.7} |
0.6 4
0.5} 4
0.4} 4
0.3} |
0.2} 4

0.1r B

0

0.4 O.‘5 0‘.6 O.‘7 0‘.8 019 1
Fig. 2 Empirical cumulative distribution
function of cos@ for the measured households
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Fig. 3 Empirical cumulative distribution
functions of the ratios Dh (mean rms harmonic
current to mean rms fundamental current ratio)

In a Monte-Carlo simulation these factors
are randomly chosen for every consumer
using these distribution functions.

The steps of the Monte-Carlo simulation

are outlined below:

1. The connection phase of single-phase
consumers is randomly chosen, so that
in every phase the sum of the annual
consumptions approximately matches
the annual energy extrapolated from the
phase current measurement data.

2. The consumer currents are composed of
so-called “elementary appliances”. Thus
quite realistic consumer currents can be
obtained, but there is no guarantee that
the sum of the consumer currents equals
the measured currents.

3. Therefore the consumer currents are
adjusted using a “Dirichlet distribution”
method, so that

a. the sum of the consumer currents
equals the measured currents

b. the mean consumer currents comply
with the annual energy consumption of
the consumer and usual cosep and
harmonic current ratio values.

4. Since the network topology and the
resistance values of the line segments
are known, the losses can now be
calculated.

5. Steps 1-4. are repeated several times, so
that the distribution of the network loss
results can be statistically evaluated and
reported.

6. Measurement and calculation results
Two characteristic results of network
measurements are reported on in this
section.

Network 1

The topology of Network 1 is presented in
Fig. 5 (Line lengths are given in meters.)
Consumers 1, 3, 14 and 20 are larger
consumers, which make up for 65 % of the
total annual consumption of the
consumers. (Post office, shop, bank office,
public library.) All other loads are
household consumers.

The evaluation of the measurements at the
transformer yields that the average positive
sequence fundamental frequency active
current is



<Il(,2,> =33.6 A4, and the factors in Eq. (11)

are as follows:

TABLE I. Loss-increasing factors for
different sequences () and harmonics(h)

h—
sl 1 3 5 7
0 0.0359 | 0.00573 | 0.000148 5.70e-005
1 1.3965 | 0.00043 | 0.000261 0.000547
2 0.0262 | 0.00031 | 0.001102 2.74e-005

The results obtained by the method
according to Eq.(11), (without the
extension for large uncommon consumers
with a-priori known currents) are as
follows:

the ideal case loss calculates to 261 W, the
real case loss to 384 W.

More accurate results can be expected
from wusing the Monte-Carlo method.
TABLE II. summarizes the results:

TABLE II. Results of Monte-Carlo simulations

w TLL |CCOT | FCOA | FONH | NL

Max: 477 | 408 328 467 |108
P95: 472 | 405 328 463 [ 101
Mean: 458 | 393 323 448 84
Std.dev.:| 10 8 3 10 12
PO5: 443 384 318 435 70
Min: 442 384 316 434 66
MTPC 23571
where
TTL: Total Line Loss
CCOT: all Currents Constant Over Time
FCOA: Fundamental Current has Only an
Active component
FONH: Fundamental Only, No Harmonics
NL: loss on the Neutral Line
MTPC: Mean Total Power Consumed

It can be observed, that the two methods
give significantly different results.

Network 2

Network 2 consists of 77 household
consumers, 22 line segments with a total
length of 762 m.

The evaluation of the measurements at the
transformer yields that the average positive

sequence fundamental frequency active
current is

<I 1(,1V§,> =52.4 4, and the factors
< I(h)2>

2
(O]
)
TABLE III. Loss-increasing factors for
different sequences (5) and harmonics(h)

in Eq. (11) are as follows:

sb, | 3 5 7

h—
0 0.0974 | 0.01420 | 0.000403 5.49¢-005

1 1.1809 | 0.00160 | 0.000535 0.000607

2 0.1101 | 0.00227 | 0.003060 0.000104

The results obtained by the method
according to Eq.(11), (without the
extension for large consumers with a-priori
known currents) are as follows:

the ideal case loss calculates to 1493 W,
the real case loss to 2121 W.

The results of the Monte-Carlo method are
summarized in TABLE 1V:

TABLE IV. Results of Monte-Carlo simulations

w TLL |CCOT|FCOA |FONH | NL

Max: 2400|2168 | 2121 | 2354 |810
P95: 2365|2126 2097|2314 |771
Mean: |2221|1967|1981| 2169 |600
Std.dev.: 79 88 69 80| 96
PO5: 2148 | 1895|1902 | 2097 |505
Min: 214411894 |1893| 2092 |491

MTPC 36 631

It can be observed, that in case of
Network 2 the two methods give almost
identical results, since no large uncommon
consumers are present.

7. Conclusions

In this paper a unified loss theory was
presented as well as a direct and a
stochastic simulation and computation
procedure for the evaluation of network
losses, based on the theory and measured
data. Comparison of results of direct and
stochastic methods (based on real-life
measurement data) reveals that a simple
form of the method yields very good
results when the consumers all exhibit
similar behavior.




The result of the research reported on is a

measurement methodology and a loss

evaluation software using input data as

follows:

- network topology with the distribution
line parameters

- annual  energy
consumers (kWh)

- consumer  connection
(single phase or three-phase)

- current of large consumers (compared
to the average consumer, e.g. shops,
restaurants, etc.) measured or estimated
based on long term profiles

- currents at the feeding point of the LV
network measured for at least 1 week
with a sampling time of 1 minute
(fundamental and harmonic currents,
every sequence)

The outputs of the software are the

probability density function of the different

loss components and the total loss on the

feeder.

consumption  of

information
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10. Appendix

Usage of “elementary appliances”
Current measurements of  several
residential customers were carried out in

order to reveal the stochastic nature of such
load. During the evaluation of these
measurements  so-called  “elementary
appliances” were identified, which are
different load patterns that the measured
household currents can be composed of.
Some of these “elementary appliances” are
in fact household devices (e.g. the load
pattern of a fridge could be identified in
most households), others merely represent
some electricity usage behavior.

Several — more or less automated — data

processing methods have been worked out

to identify the “elementary appliances”

from measurements, which are not further

detailed in this paper.

Once the “elementary appliances” are

identified, their statistical properties can be

saved in form of empirical cumulative

distribution functions for later use. The

statistical properties used are as follows:

- distribution function of number of
events a day

- distribution of switch-on instants during
a day

- distribution function of duration of
usage

- magnitude and phase distribution for all
harmonics considered.
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Fig. 4 Empirical cumulative distribution
functions of different properties of an
“elementary appliance”

Based on these information a random
usage pattern having the above properties
can be generated, using a uniform random
number generator and the inversion

4x50+25 mm’

method (which now consists of a simple
interpolation).

Dirichlet distribution method [4]

One example use of the Dirichlet
distribution is if one wanted to cut strings
(each of initial length 1.0) into K pieces
with different lengths, where each piece
had, on average, a designated average
length, but allowing some variation in the
relative sizes of the pieces. The o/a0
values specify the mean lengths of the cut
pieces of string resulting from the
distribution. The variance around this
mean varies inversely with a0.

The application of the Dirichlet
distribution for the purpose of distributing
the measured currents among the
customers is obvious. This method ensures
that the sum of the consumer currents
equals the measured currents, and that at
the same time the mean consumer currents
comply with the annual energy
consumption of the consumer and usual
cos¢ and harmonic current ratio values.
However, it does not produce realistic
consumer current time-functions.

Dozsa u.

Fig. 5 Simplified scheme of Network 1 (Transformer is denoted FOTR)
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Fig. 6 RMS current measured at one of the households in Network 1 (14 days,
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Fig. 7 RMS current measured at the transformer in Network 1 (14 days, 1 day zoomed)



