I "%
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ABSTRACT

This paper presents the impact of increasing anmofit
PV and load penetration on LV network voltages and
unbalance, and assesses the feasibility of potentia
mitigation solutions.

INTRODUCTION

Distribution systems were traditionally designed to
supply loads with electrical power generated from a
centralized generation system that was either aiade
directly to the distribution system or via a trafssion
system. With the effect of electricity market darkedion,
government incentives in promoting a low carbourfet
decreasing cost of power electronics, PVs, eteretihas

been a steady growth and penetration of small scale " [~

Distributed Generation (DG), especially considezabl
amount of PV penetration into LV networks [1]-[3].

Existing utility LV loads are predominately singkase
connections supplying typical household loads, wdth
few balanced three-phase connections for smallescal
business owners, and to larger LV customers. Aljhou
efforts are made by utilities at the design stage t
maintain a fair distribution of single-phase loadaong
phases [3], a certain level of load unbalance etilbts
due to consumer consumption habits, physical cdmrec
constraints, etc. In addition, new single-phase @Gs
often connected to existing load phase connect@ntp
that are allocated to enable fairly equal loadritistion
among phases, but not generation. This adds tbefurt
unbalance in the network.

The paper presents a study undertaken on an dctual
network in the UK. The level of voltage drop/riseda
unbalance across the network is investigated fah bo
normal and assumed extreme operating conditions of
existing load/generation levels and grid operating
conditions. The investigation into assessing the
effectiveness of various mitigation options in riaging

LV voltages and unbalance is presented.

STUDY NETWORK

A four-wire model of the sample network was develbp
in DIgSILENT PowerFactory software, as given in
Figure 1, based on the actual geographic layouhef
network. The network consisted of four three-phiage
feeders supplying approximately 240 individual dstite
single-phase connections, 25
connections (supplying a single or several props)i
one three-phase connection to a local school, Eétst
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lights, and 38 domestic PV connections. The dath an
assumptions used in the study are summarised in the
subsections following.

Feeders

B Feeder Way 2

B Feeder Way 3

Bl Feeder Way 4
Feeder Way 5

Figure 1 — Sample LV Network

Network Equipment Data

500kVA supply transformer, 11/0.433kV, DYnll,
Z=0.0047+j0.016 referred to the LV side, Y side solidly
earthed, 5 taps with 2.5% per tap; UK LV utilityetier
configurations with lengths according to geographic
layout in Figure 1. Typical values are assumedctdrle
impedances. The following assumptions were made:
fixed domestic and non-domestic loads are 1kW and
18kW respectively, at 0.95 lag power factor; fixs@teet
lighting loads are 0.1kW at 0.9 lag power factod &V
units range between 1.7kW to 3kW in output, atynit
power factor.

Network Operational Data

UK statutory LV voltage magnitudes of +10% and -6%
of 230V nominal line to ground, and voltage unba&n
factor of 1.3%; 11kV supply voltage extremes
magnitudes of +6% of nominal were selected; LV
transformer at nominal tap; UKREC [4] typical load
profiles with either Domestic Unrestricted or Domies
Economy 7 type per simulation, and Non-domestial loa
was Non-Domestic Maximum Demand with Load Factor
20-30%; normalised typical average half-hourly PV
generation; normalised typical average half-hosthget
lighting load.

three-phase domestic Network Performance Indices

The following indices were used to assess the LV
network performance for various considered voltage
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magnitude and unbalance mitigation solutions. 11kV supply conditions and extreme conditions of
Network Voltage Performance Index ¥ pnetidx) network loading and PV generation, the LV network
voltage magnitudes and unbalance factors were withi
statutory voltage limits. At the extremes of supply

: voltage, voltage magnitudes exceeded statuarydjraitd
Where, v CEI o / ()’ unbalance factors approached limits. In practises t

‘P’ is Phase A, B, or C, and ‘n’ is the_ototal num g 11kV node voltages are typically regulated by the

network nodes or buses under consideration. Voltage Primary substation transformers, maintaining thease
performance is best when thea value approaches 1 0 nominal values.
and worst when it approaches 0.
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RESULTS, DISCUSSION, AND FINDINGS
Fixed Time Load and PV Generation Figure 2 — High Load Voltage-Distance Plots
Voltage profile results from the network unbalancad (Veria=0.94p.u)
flow calculations at a single point in time for the :
following cases are given in Figure 2 and Figure 3 |. f [Faswcwma] |,

respectively: Maximum load, no PV generation, low
11kV supply voltage; low load, maximum PV genenatio
and high 11kV supply voltage. These studies wese al
repeated for nominal 11kV supply voltage.

Although significant efforts are made by the ugkt in
equal distribution of loads and DGs where possille,
not always possible to maintain a complete symmetry
load and generation among network phases, even when| o =" Soos=
all the loads and generation connected may be of th | | == e
same capacity. This is due to variation in feedmtisn ' -

distances due to geographic asymmetry, unequal .
distribution of load and PV connections betweenspka “Bw o wm  om  ommom| 'S o em o ome pwoss

and practical difficulties in making or knowing &  Figure 3 — High Generation Voltage-Distance Plots
notation of physical connections, especially whbayt (Vria=1.06p.u)

were possibly laid and connected several decades ag

These characteristics are seen in both Figure Fande Time Dependent Load and PV Generation

3. In Figure 2, the red phase is more loaded (and Although assumed worst case fixed load and gewerati
therefore greater voltage drop along the feedems) i conditions can be used for network design purpaseg,
Feeders 2, 3, and 4, while the Feeders 4 and fare voltage magnitude and unbalance improvement selutio
loaded compared to the other two feeders. Similaxly  should, in addition, account for the trends idésdifusing
Figure 3, there is more PV generation and voltage the voltage-time characteristics at various nodaeshe
unbalance in Feeders 2 and 4 compared to the ttloer  network. This will greatly help the solution desigs to
feeders. ascertain the type of mitigation solution needead i

. ) the solution needs to be in operation only duripgcsfic
A general trend of deviation of voltage magnitudel a times of the day or seasons of the years.

voltage unbalance from their nominal values was

observed along the feeders, especially with feeders Accordingly, 24hr time dependent unbalance loadflo
supplying greater distances, loads, PV generatom studies were undertaken for both normal and extsenfie
their unequal connection between phases. Undernami
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11kV supply voltage, and time dependant load and PV
generation that vary with time of day, and seasirtbe
year. These simulations were repeated for two tydes
domestic load, considering one type per 24hr sitimria
and applied to all LV network loads in Figure 1.eTh
worst case network voltage-time characteristicenlel
during these simulations are given in Figure 4 Bigdire

5. In these figures, the voltage-time plots at thé
substation are given in the top left hand corndrileasthe
remaining are at the farthest ends of the feedassp

Figure 4 — High Load V-T Plots (Feeder Way 4,
Winter, Domestic Economy 7 Load, \g= 0.94p.u)
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Figure 5 — High PV Gen. V-T Plots (Feeder Way 2,
Summer, Domestic Unrestricted Load, ¥q= 1.06p.u)
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General trends identified using the fixed time
simulations, such as pronounced voltage magnitude
deviation and increase in voltage unbalance widdée
distance, concentration of load and PV generation o
some feeders to others, etc. were also found tdy dapp
time dependent load and PV generation variation
simulations. In addition, the load and PV generatio
levels were found to be higher in certain timeshef day
and months and season, and therefore the level of
network voltage magnitude deviation from nominatl an
voltage unbalance. For example, the studies foladl t
severe magnitude deviations from nominal and veltag
unbalance were found during the winter and spring
months, at some LV nodes exceeding statutory limits

Among the LV feeders, the lowest network voltaged a
severe unbalance were found to be on the Way 4 and
Way 5 feeders (due to high load penetration, aadifa
during spring and winter months), while the highest

voltages and severe unbalance were on the Way 2 and

Way 4 feeders (due to light load, and high PV gati@n
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during the summer months). For the same network
conditions, density of a certain load type (e.gmdstic
load type) was found to affect the network voltages
unbalances significantly compared to other loa@s$yp

Results in Figure 4 and Figure 5 also show that the
voltage magnitude and unbalance severity are ai@amc

of load and generation levels in time. Therefore,
depending on the time of day, season, network hgadi
and generation, the voltage magnitudes and unbalanc
experienced in the network may vary with feeder to
feeder, and even nodes adjacent to each otheemathe
feeder to some degree.

Impact of Transformer Taps and PQ Injections

Table 1 shows the balanced load flow sensitiviguts
for a selected feeder (Way 2), the sensitivitienodes
(along the feeder) voltages to active (P) and readh)
power injections, and transformer tap change acttoss
feeder. Results in Table 1 also indicate the distanf
nodes along the feeder or its spur from the LV &itlms.

Table 1 —Feeder Way 2 Load Flow Sensitivity Results

Bus Dist. from LV \Y/l Vi Q V/ Tap
Name Sub. (m) (p.u/MW) | (p.u/MVAr) | (p.u/Step)
Bus X 0 0.03 0.08 0.03
Bus A 4 0.03 0.09 0.03
Bus B 193 0.57 0.23 0.03
Bus E 425 0.67 0.26 0.03
Bus V 299 0.64 0.21 0.03

The LV voltage sensitivities to both active andcteee
power node injections, i.e.V/ P and V/ Q, increase
with nodes along the feeder with distance. In aoldjtthe
X/R ratios along the feeder are also expected toedse
with length, and therefore the LV voltages, espbcia
the feeder spur end nodes, are likely to be mansitbee

to active power injection than the reactive power
injection, and vice-versa when close to the LV saifen.

The voltage sensitivity to transformer taps wasedix
throughout the feeder, and was generally smallan th
that of active and reactive power injections (astdan the
Figure 1 sample network).

In addition, the crossover point wher®// P > V/ Q
was found to be at nodes following the feeder'gdar
initial sections, where the cable resistance waallemin
comparison to the remainder of the feeder cabléosec
The voltage magnitudes at nodes before the crossove
point were found to be more effectively regulateditioe
supply transformer taps, and nodes after the cvesso
point by the active and reactive power injectioangd
nodes farthest node with active power injectionnalo
This suggested that a PQ injection type equipmehi
network could continue operating in desired modieilev
switching to most effective P or Q injection modeidg
emergencies (e.g. voltage limit excursions), hgjfinng
back the entire/local LV network voltage close ts i
normal or LV equipment tolerance levels.
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Conventional Mitigation Solutions

The following case studies were selected from ktyisi
perspective in assessing the effectiveness of ctioral
solutions in regulating LV network voltages andueidg
voltage unbalance based on full utilization of &rip
equipment in the network, solution numbers, loagtio
implementation, cost, and their impact on netwosdses.

A. Base case - Based on network equipment data,

operational

data, and

layout given

in the

STUDY NETWORK section of this paper.

Case A with inclusion of an on-load tap changer

on the existing LV supply transformer.

Case A with both

individual

feeder-spurs

paralleling, and paralleling of feeders with high

load and distributed generation at their closest

connection points.
Case A with feeder
completely by new additional cables.

mid-sections supplied

Table 2 — Effectiveness of Conventional Solutions

Case #| VP M| yUELL 96) | Lo (9) | Loo (%)
High load and nominal 11kV supply voltage
A 0.95 0.87 0.052 0.050
B 0.95 0.87 0.052 0.050
Cc 0.95 0.71 0.050 0.047
D 0.95 0.78 0.048 0.046
High load and low 11kV supply voltage
A 0.83 0.94 0.056 0.053
B 0.93 0.88 0.053 0.050
Cc 0.83 0.77 0.053 0.050
D 0.83 0.84 0.051 0.048
High PV and nominal 11kV supply voltage
A 0.94 0.43 0.021 0.020
B 0.98 0.44 0.021 0.020
C 0.94 0.34 0.016 0.016
D 0.94 0.42 0.021 0.021
High PV and high 11kV supply voltage
A 0.82 041 0.020 0.020
B 0.92 0.43 0.020 0.020
C 0.83 0.32 0.016 0.016
D 0.82 0.40 0.021 0.020

Among the above considered list of solutions (itssul
given in Table 2), the case with a tap changeré@®@j)on
the supply transformer was found to be the mosicéffe
solution option in improving the network’s voltage
performance, especially when the 11kV supply vatag
deviates significantly from 1p.u. On the other hand
reinforcement of existing feeder-sections closesthe
substation using new additional cables (Case D) was
found to be the most effective solution in reducthg
network losses and maintaining low voltage unbaanc
the network.

Studies undertaken on the sample network have shown
that conventional mitigation solutions may offerrtzd
improvement in reducing voltage magnitude and
unbalance. Their effect was found to be rather dtban

the much needed local mitigation of the voltage
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magnitude deviation and unbalance problem, appliing
the larger part or the entire network supplied bi\a
particular substation.

Modern Mitigation Solutions

Use of custom power devices [3][5][6], such as
STATCOMSs, DVRs, etc., to LV networks that offer
continuous voltage regulation as their sole purpose
and/or use of installed DGs, energy storage, dfering
partial or complete continuous voltage regulatisnpart

of their ancillary service, are currently being lexpd and
studied around the world. These solutions ofteruireq
significant field testing and capital investmentféw of
these technologies, with LV voltage regulation iartp
are currently investigated in the US, EU, etc. ag pf
pilot projects with public and/or private funding t
modernize their respective national and/or localgr

CONCLUSIONS

With integration of new loads and DGs in LV netwark
the voltage magnitude deviation and unbalance deaed
expected to rise from the current acceptable levels
requiring new design strategies to enable LV netw@s

a sustained platform for electrical energy transfdrese
strategies should be based on techno-economicrfacto
providing the best service to the network usersilevh
maintaining minimum asset and operational costs.
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