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Abstract
Distribution network losses can vary significardigpending on the load unbalance. Here, an analbyls@listribution system losses is
presented that considetsad unbalance and the effect of explicitly repréed neutral wire. A general power flow algorithm for
threephase four-wire radial distribution networks, based the current summation backward-forward techaids applied. Loss
analysis results obtained from three-phase fouewinedium and low voltage test feeders with unbalhroad scenarios are
presented and discussed an active power filtee@ghed, simulated, implemented, and tested. nlweak in different modes: active

power filtering, power factor correction, and loathbalance compensation.

It is based on a curr@mtrolled voltage-source

inverter with fixed carrier PWM. The control algtitm generates the source reference currents basethe controlled DC link
voltage. The dimensioning criteria of the inductarel capacitive power components are discussee. ifhplementation is validated
with simulated and experimental results obtained BikVA prototype.
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1. INTRODUCTION

Since system losses represent a considerable arastilities,

its evaluation and reduction have been recognizedofa
interest by researchers. There are many distributietwork
devices responsible for energy loss, the most itapotbeing
the primary and secondary lines, due mainly to loaeled
low voltage (LV) feeders and unbalanced loddisbalance is

a common occurrence in three-phatistribution systems.
However, it can be harmful to the operation of tleéwork, its
reliability and safety. Filhermore, measurements show that
real power lossemcrease due to unbalanced loads. Thus, a
distribution system unbalance phenomenon has been the
focus ofresearch in recent decades [1]-[3]. This problam i
distribution networks exists due to the fact thaads are
switched on and off by end users [1]. Thereforastering
the importance of loss analysis, the objectivethisf work are

to evaluate losses due to load unbalance and gfghptential
mistakes in loss analysis. It is assumed here ¢hdbad
unbalance affects only the fundamental componenthef
neutral current since the harmonic power lossesiageneral,
small compared to the fundamental active poweresand
could be considered as almost negligible.

Different types of compensators have been proposed
Increase the electric system quality, [4], [5],.[6ne of those
compensators is the active power filter. Usualhe voltage-

source is preferred to implement the parallel actiower filter

since it has some advantages, [4]. In this pap@r litsed the
parallel topology, schematically shown in Fig. 1
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Fig. 1: Diagram of a voltage source active power filter.

The filter generates currents in the connectiomtpoi order to
balance loads. So, the AC distribution system aalriesthe
active fundamental component of the load current5A
kVA prototype of an active filter islesigned, and tested in
dynamic and stationary operation with differentddgpes.

2. LOSS EVALUATION

In general, after solving the respective three-ph@sur-
wire or three-wire) power flow of a given distribo
network, line section loss calculation can pesformed
utilizing one of the following procedures:

« Using the original resistances of the wirestlie FR
formula. The sum of them gives the tofakses. Here, phase
Losses, neutral wire losses and total losses areato

» Using the difference between input and ouipodver (S,

- Sy in each phase. The sum of thlease losses (a, b and
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c) gives the total losses, and it is not possibledmpute the
neutral losses. In this procedure the value ofl tlosses is
correct, but the losses in each phase are incg&lect

When four-wire line sections are represented bgydaiced 3x3
matrix (performing Kron’s reduction) iorder to use a three-
phase power flow algorithm (such as [9]), phas¢agss and
currents will be obtained with acceptable accur&iyce the
neutral wire is explicitly represented in the a@d power flow
technique [7], neutral currents are calculatedatlye Thus,
with all current values, power losses can be coetpby using
the original phase and neutral wire resistanceshin FR
formula. System losses are calculated under vascasarios,
from balanced loads (considered here, as the dimblance
scenario) to the highest load unbalance allowed thogy
analyzed system. In that way, the impact of laatalance
on system losses can be clearly visualized.

3. TEST NETWORKS

The proposed methodology for evaluation of powessés
due to load unbalance is applied on MV and LV disttion
networks. In this paper the LV 29 bus and MV IEEERIs
networks are used. The original. |IEEE-34 tdéseder is
simplified by replacing the autotransform@4.9 kVv/4.16
kV) with a line and the network is modeled at thegke
voltage level.

Fig.3: IEEE-34 test feeder

Impedances for the four-wire model are calculated

considering a ground resistivity of 100-m and using the
formulation in [7].

3.1 Active Filter Operating Modes

Very different control algorithms can be appliedthe active
filter, [10], [11], [12], [13]. The developed coptrsystem is
based on a direct current control strategy thategges the
reference waveform for the source current. It negpuia low
processing time and allows the calculation of theremt
reference. The current-controlled pulse width matiah with
a 5 kHz fixed carrier ensures enough bandwidthriplement
the active filtering.

The control algorithm needs the measurement of raéve
variables like the three phase AC source voltagestiae DC
link voltage. In order to impose sinusoidal curgent the
source it is needed to low pass filter the AC \gdtaso
obtaining the fundamental component. The active grow
balance in the DC link determines the referenceeotirof the
AC source and the use of a Pl controller allowsnaooth
control of the filter current and improves the syst
dynamic response.

3.2 Unbalance Compensation

As referred, in this paper it is implemented thstfoperating
mode: power factor correction, harmonic eliminatiand load
unbalance compensation. So, the source power fagliobe

approximately one, and there in no need to cotftel/oltage at
the connection point. In this case, the schematicFig.3

represents the essential block diagram of the mureference.
The error in the DC voltage is transformed in atower to be
controlled in the AC source.
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Fig. 4: Block diagram for the calculation of the reference
current.
3.3 Reference Current Determination

The source voltage amplitude,g,Vis calculated from the
source phase voltages,Wsp, Vsc @S expressed in equation (1)

@)

[2( 2 302 02
=5 g tog, T 1'.5:':'

The direct unit current vectors are obtained fréma source
phase voltages and the rms amplitude of the sousttage,
Vep
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The amplitude of the active component of the refese

s s &
currents of the AC sourtzad, *sbd 'sed is calculated through
a Pl controller with anti-windup as shown in Fig. Bhe
proportional and integral gains determine the adler
behavior in dynamic and static operation, [11],][134],

[15]. As statedhefore the correct active componds# of the
AC source current is determined from the poRalance in

the DC link. The current reference is then scalé@h the unit
current vectors in phase with the source voltage.

i

I ]
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In the modulation stage the total reference cusresite
subtracted from the source current, obtaining aeoairerror
adapted according to the amplitude of the triangutarier.

The purpose of introducing the triangular wavefoisnto

stabilize the converter switching frequency by fiogcit to be

constant and equal to the frequency of the triaargudference
signal. Since the current error signal is alwayst keithin the

negative and positive peaks of the triangular wawvef the
system has an inherent over current protection.PMi&1 output
is completed with the introduction of an approgridead time to
the control signals of the inverter transistors.

4. SIMULATION AND EXPERIMENTAL

RESULTS

In this work, power flow algorithm [7] is appliechdhe MV
and LV distribution networks presented previousliyhe
presentation is focused on the discrepancy of dagsulation.
The load was modeled as constpmiver.

The following types of unbalance are consideredhstant
demand: Firstly the overall network lo&l balanced for the
three phases. Subsequently, acpetage of the b-phase load
is increased, while the same value is decreasgdase c. In
this way, the total network load remains constardes each
unbalance scenario.

Variable demand: Firstly the overall network loadbialanced
for the three phases. Afterward, a pereget of the load of

phase b is decreased, while therdase is twice this value in
phase c. This kind of unbalance reduces the tetavork load
under each unbalanced scenatrio.

4.1 Analysis of LV Distribution Network

Figures 5 to 6 present real power losses for the2BV
distribution network. Figure3 shows results of thess

analysis for the LV-29 distribution network wheneth
constant demand was applied. It is noticed thatpitkes
demand being maintained, total losses calculatedthsy
explicit four-wire approach increased by 4.1% forls%

unbalance as compared to a fully balanced syste®). (Ehis

is mainly because the neutral wire is being considle

|
0
280
I
260
=0
0
30
20
Ha
00
a0
ie0

o Criginal Resistances
W Reduced Mty Resist.

EQ. 15% T.5% 10.0% 15.0%

Fig 5: Real Power Losses for the LV-29 distribution
network with constant demand.
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Fig 6:

Results of the loss analysis obtained by applyirgiable
demand for the same distriftan network are shown in
Figure 6. Using theeduced matrix resistances leads again
to larger losses than using original resistancese B the
decrease in demand under each unbalance scenhsgo, t
amount oflosses also decreased. Losses computed with
original resistances diminished 21% at the last unbalance
scenario, which in terms of demand (17.7 kW) mefnom

1.29 (balanced loads) to 1.13%.

4.2 Analysis of MV Distribution Network

Figures 7 to 8 present real power losses for thEEB4
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distribution network. Results of loss analysis tioe IEEE-34
distribution network applying the constant demaatk
shown in Figure 6. Total losses calculated withgiorl
phase and neutral wires resistancesrdased 4.9%
compared to the balanced load scenario. Using estotatrix
resistances into théR formula produces much larger results
than the correct procedure.

Fig 7: Real Power Losses for the IEEE-34 distribution
Network with constant demand
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Fig 8: Real Power Losses for the IEEE-34 distribution
Network with variable demand.

Figure 9 shows the results of loss analysis obthiby
applying variable demand for the same network. sin
reduced matrix resistances leads again to largeef(13.3%
greater in average) than using original resistanceéssses
computed with original resistances diminished 12.2%the
last unbalance scenario compared to the EQ. soenbhis
represented, in terms of demand, a reduction fron% to
18%.

It should be noted that the percentage lossesenBEEE-34
distribution network are significantly greater tharthe LV-29
network. The main reason for this situation is thaad
concentration in the IEEE-34 is far away from tbetrnode.
Moreover, the exclusion of the autotransformer a&ottage
regulators from the original IEEE-34 network allaiarger
voltage drops and losses as well. The SABER sirnmrat
software package was used to design, simulate testdhe
filter control algorithm. The static operation &stere made
putting the active filter in operation when thedoaas already
connected to the AC source voltage. The simulatfaie filter
operation in load unbalance compensation is show#ig.8.The
load is connected between two phases; the thirdeplim an
open circuit. Due to several factors the unbalareepensation
is not perfect. It should be referred the DC vddtdigictuation
caused by the unbalanced filter currents (if thimdition
would be the most important in the filter operatitre DC

capacitor value could be increased), and the sffeftthe
asymmetries in the AC inductances.
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Fig 9: Load unbalances compensation

4.3 Experimental Results

An experimental three phase active filter prototyy@es been
designed for a nominal power of 5 kVA. It is based a
voltage source inverter with MOSFET transistors aad
switching frequency of 5 kHZThe experimental tests were
conducted in a laboratory with an important distortin the
mains voltage, due to the proximity of a large nembf
nonlinear loads. However, the mains currevdveform
after compensation is almost a sine wave dae the
extraction of the fundamental component of thainm
voltage through low pass filters. This filter actiallows the
imposition of sine wave references for the sourceeant; it
could be possible to impose non sine wave refeseficghase”
with the mains voltage.

CONCLUSIONS

In this paper we presented a loss analysis in iloligion
systems considering different load unbalance soenaA
general power flow algorithm for three-phase fourewadial
distribution networks, this approach improves loakulation
due to the explicit representation of the neutrahductor,
which should be considered since unbalance is ammm
every-day occurrence in three-phase distributistesys. High
levels of load unbalance produced gredtmses while the
same demand is maintained at eanhalance scenario. This
means that network reconfiguration considering Ibathncing
is highly recommend in order to diminish overaktgm losses.
The presented implementation has been validated for
balancing the loads, single or grouped, which cagiat
perturbation and performance degradation in thegpaality
of an electrical distribution system.
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