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Abstract

This dissertatiorproposeghe implementation of a simple voltage management technique
that uses active power curtailment to alleviate the impact of Righpenetrationon
network voltage This stems fronthe results derived using power flow simulatidios
illustrate possiblevoltage inpacs in two different networks, which is also documented.
The need for such a study was derived from the global phenomenon of increasing
embeddedsolar PV connectiongo the distribution grid. Despite there being a variety of
economic and environmentahahtages associated with the installatiorthefse systems

their potential impact othe grid has yet tobe fully understoodFindings show that a
voltage control strategipased oractive power curtailment was a successful technique to
alleviate voltageise, overvoltage and voltage change impacts brought about by increased
PV penetration on a distribution network.
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Abbreviations

Abbreviation & Acronyms

Description

AC

Alternating current

All PV Scenario where PV is evenly distributed throughout the network
Beg PV Scenario where PV is only installed at the beginning of the network
CSP Concentrating Solar Power

DC Direct Current

DER Distributed Energy resources

DG Distributed Generation

DoE Department of Energy

DS Distribution System

End PV Scenario where PV is only installed at the end of the network
HV High Voltage

IPP Independent Power Producer

kW Kilowatt

kWp Kilowatt Peak

LCOE Levelised Cost of Energy

LV Low Voltage

Mid PV Scenario where PV is only installed in the middle of the network
MV Medium Voltage

MVA Megavolt amperes

MW Megawatt

MWp Megawatt Peak

NERSA National EnergyRegulator of South Africa

No PV Scenario where no PV is installed on the network

NSP Network Service Provider

OLTC On-Load Tap Changer

PCC Point of Common Coupling

POC Point of Connection

PV Photovoltaic

p.u. Per unit measurement

REIPPPP Renewable Energy Independent Power Procurement Programme
RPP Renewable Power Plant

SANS South African National Standards

SSEG Small Scale Embedded Generation

TS Transmission System
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This dissertationfocusses on voltage issues inducedirmyreasing penetration amalk
scalesolar PV plants othe distribution networkvith a commendation of a simple voltage
management technique that could ibgplementedto alleviate these issue&xtensive
studies[1, 2, 3] have been conducted internationally to determine the impaactsitage
andtechnical losses on distribution networks and costs relating to these, however, there is a
lack of anaysis conducted for the South African networks. The need for such a study has
been identified and development in this area is required.

The local conditions of networks, network loading and solar resources in South African
make this research unique as no prasistudy with these components has been completed.

The local conditions, specific to South Africa, include condugboger flow simulations
with the following:

1 Long ageing networks with varying conductor sizes on one network, including
Single Wire EartiReturn(SWER)conductorsNetwork Service Providers (NSPs)
in South Africaface many problems with these types of networks tate
problematic networkaregenerallyreferred to as constrained networks,

1 Using actual South African network loading datda i r ms of tdnergycust om
demand,

1 Using actual South African generationresourcalata. Note that South Africa has
one of the highest solar resource in the world. The countrieshtvag similar
irradiation levels are Australia and other African cwies,

1 Implementation ofa voltage control strategy that uses network voltage to
dynamically induce active power curtailmeritsmaltscalePV systemsThis study
has never been conducted using South African netwd@kstently, he South
African standard(NRS09%2-1) [4] for inverters does not includthese smart
inverter settinggreferred taas VoltWatt). This research will recommend that these
settings be included in that standard basedsogffectivenesson realistic networks
with realistic loading conditions.

1.1. Background

Globally, there is an increasing trend ehewable energgieploymentin various sectors.

This is primarily due to the growing concerns over environmental land-term
sustainability impacts of conventional sources of electricity such as coal. The other reasons
for the shift include government policy support and procurement prognas) tax
incentives, increasing electricity tariffs addcreasingenewable technologies costs.

The enewable technologies that are seeing a significant rise in implementation in South
Africa are solar photovoltaics (PV), wind energy and concentratizdt power (CSP).
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These technologies apredominantlybeinginstalled on high voltage (HV) anthedium
voltage (MV) levels.

Distributed solar PV connections to B/ and Low Voltage (LV)grid arealsoseen to be

a fastgrowing phenomenon in many countrgdebally. According to a Navigamesearch

global Distributed Energy Resource (DER) capacity is expected to grow from 132.4GW in
2017 to 528.4GW in 202fp]. At the end of 2017t was estimadd that a total capacity of
285MW (~140000 installations) of small to medium scale solar PV was installed in South
Africa. 95% of the installed capacity is considered to be-tigdi [6]. This is in all
likelihood an underestimatn as not all installations will be covered by the available
sources; however, it gives an indicative value of the state of the market relative to the
historic predictionsAlthough this was only 0.65% of the total installed capacity in South
Africa at thetime, this capacity has been increasing in an exponential marmeis due

to a variety of factors as mentioned aboag,well asdependence being reduced on the
utility networks in systems with high potential for overloading and outdgadshedding
resulting in attractive business cases to someugeds. The South African Department of
Energy (DoE) published a draft Licensing Exemption and Registration Notice ol tie 8
June 2018 with the purpose of exempting various categories of gendedatidres and
electricity resellers from the requirement to hold a licence under the Electricity Regulation
Act (ERA) 2006. However, facilities with an installed capacity of no more than 1MW
require registration with the National Energy Regulator (NER®AR021, the Minister
announced that this cap will be increased to 100/ 8@vhe municipalities have established
registration processes permitting the connectiorSofallScale Embedded Generation
(SSEG)to their distribution grid and in soneasesthey hae incentivised the process by
introducing a net metering tariffonce these processes become fully operational and
consumers start to register their plants, the penetration of SSEG will be better understood.
It has been reported that applications fdrO6MW of SSEG installations, with an
installed capacity per installation ranging from 1MMMW, are waiting for approval

from NERSA to connect to the grilf]. This capacity is significantly larger than the
estimated 285MWp ir2017; however, there is difficulty being reported on the matter of
connection and regulatory approvals. The reluctance for approval also stems from the lack
of ministerial allocation in a promulgatectégratedResourcePlan (IRP)

Despite the significarpotential ofrenewable sources likgind and solar power, they are
intermittent energy sources; that is, they cannot be dispatchesbt(by curtailing output)
and their output varies depending on local weather condifgdnas there is an increase of
renewableenergy penetration on the gril must benotedthat the original design of the
grid did not envisage thigstervention The conventionapower quality and other factors of
the network werdasedon a centralised geration model witra small number of source
nodes.Thecurrentsandvoltages inthis conventionalthreephasenetwork were designed
to have perfect sinusoidal wavefolsna power factorof 1 and are balanced in phase and
magnitude.

Increasing penetration of this technology adds task of instability of the distribution

network as the power injections from these generators change magnitude and direction of
network power flows thus causing an impact on network operation and plgmartges
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of distribution with both technical and economic implicatidf$. The South African
policies and standards which have been created/ amended to govern the installation
requirenents and penetration levels 86EG are fairly new and most customers are
unaware that they even exist. This along v8thuth Africanc ust omer s6 gener al
of governing principles can result in customers installing with systems resulting in
undesiable penetration levels. The challenges that can be associated with high and
undesirable SSEG penetration levelse power flow fluctuations, increased technical
losses, overloading of equipment such as Medium Voltage (MV)/Low Voltage (LV)
transformers andables, grid protection malfunction and voltage variation, unbalance and
overvoltagd10, 11, 12, 13, 14]0vervoltage is seen as the predominant challenge in many
LV grids with PV and is ats considered one of the main limiting factors when increasing
PV penetration in MV/LV grid$15].

To make matters worsepfage management is considered to be an existing problem in the
South Africandistribution environment. This is due to ageing networks and infrastructure
coupled with poor to no maintenance on many of the networks; as well as long spans of
varying sizes ofpoor current carryingcapacity conductors. PV has proven to be a
technology hat is very intermittent in naturémeaning that the output generated can
increase and decrease very quigklyhis is predominantly due to PV production being
affected by shading due to moving clouds, resulting in uncontrolled variability. The rate at
which the output power of a generator changes is called the ramp rate and for PV systems
this rate is between 10% and 20% per seddsd 17, 18] This is very high even when
compared to another renewable souike wind generation which has ramp rates of about
10% per minutd2]. This intermittency causes fluctuations in voltage that are not always
predictable or being monitored and they could occur on time scales which are tioo fast
conventional voltage regulation devices that take long to r&jctFurthermore, this
occurrence takes place various times in a day and results in voltage regulation equipment
being used i n a wa yantdévantuallyeadingt@reogredsive fdilars i g n e d
[19]. In South Africa, generallyhe MV/LV transformers installed on the netwods® not
autotransformersand cannot autoeact to these intermittencies. This can result in an
increase of switching frequency, voltage issues and customers experiencing poor quality of

supply.

This dissertationfocusses on voltage issues inducedifmyreasing penetration afmalt
scalesolar PV plants on the distribution netwavkh a commendatio of a simple voltage
management technique that could deged to alleviate these issues.

1.2. Objectives

The objective of this work is to determine the impact of installing small scale PV on
voltage in Distribution networks. This analybias beewompleted for different penetration
levels of PV in MV distribution networks and in each penetration scendifferent
location casewasalso simulated. The voltage impact on the netwealk simulated using
actual loading data withealistic generationdata fromthe area. This providethe most
realistic case fovaryingload and generation cases.
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Furthermore, simulationsith the implementation of a voltage control strategy usictiye
power curtailmenhavebeen completed to determine if voltage impacen be alleviated/
mitigated.

The key research questiotiés MSc aims to answer are

1. What voltage impacts are experienced when installing increasing penetrations of
PV on Distribution networks?

2. Can the voltage impacts in (1) due to increasing penairdéeels of PV on
Distribution networks be managed using active power curtailment of inverters? If
so, what improvement can be observed?

1.3. Structure

The document is divided into various sections, each targeted at a specific characteristic of
thedissertatio. The structure ias follows

Chapter 1 introduces the problem statemeartd previouswork that was completedt
providesan overview ofstatus ofsmaltscalePV in South Africa andhe challenges that
are erwountered on the networkith the integratin of this technology

Chapter 2 provides a literature review on the technical impacts due to the addition of
smalktscalePV plants on distribution networks. Furthermore, staexdards angrrocedures
such asThe Grid Code for Renewable Powelants, NRS 092-1, NRS 04& andthe
Eskom network planning guideline for Distribution voltage and apportionment ivhith
areutilised in assessingpmpliance of amallscalePV power planin terms of voltagare
evaluated.

Chapter 3 details tle methodology along with the power flow simulation modelling that
was required to accomplish the objectives highlighted in Section 1.2. dioitisnent

Chapter4: comprises ofheresults and analysis from tiegsilentpower flow simulations
which were completed to achieve the objectives of this MSc. This chapter also provides
theoretical results obtained from increasing penetration of PV installations

Chapter5: discusses the results and key findings from the theoretical simulations as well as
whether or not the voltage control strategging active power curtailment foPV

generators is successful.

Chapter6: comprises othe conclusions and recommendations made for the work in this
document.
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2.1. Distributed Generation

Distributed generationDG) is an electric power swce connected directly to the
distribution network or on theustomer side of the metf0]. This type of generation can

also be referred to as small scale generation, embedded generation or decentralised
generation[21]. There seems to be no consensus afotne world on one specific
definition due to the fact that the concept encompasses various technologies and
applications. The concept of DG is not considered to be a new concept, in the past it was
actually the rule and not the exceptif#il]. The IEEE defines DG as generation from
systems that are significantly smaller than that of central plants so that interconnection to
the grid at any point can occ[#1]. In their effort to define DG22] refers to DG as any

small generation source or storage facility not included in central generation but rather
closer to the load with an installed capacity of <IkWL 0 6 s o f MWOoG s . The
distribution generation working group defs it as any generation connected to the
distribution network, neither dispatchable nor planned by utility with a maximum installed
capacity of 50MW100MW [23]. In [24], DG is seen as serving eth purpose of
supporting the network economically and/or meeting the customers direct energy
requirements. These can have installed capacities of anything less than 30MW.

In South Africa, DG is most often than not classified &imallScale Embedded
Geneation (SSEG), which is defined pswer generatiowith an installed capacitynder
1MVA, such asPV systems or small wind turbines which are located on residential,
commercial or industriasites where electricity is consumgb]. This type of generation
forms part of that categorised in Category A of $oeth African Grid Code Requirements

for Renewable Power Plant26]. It can be concluded that all definitions and
characterisations of DG suggest that it is decentralised generation which is generally
located near the load on a distribution network and has a small installed capacity. This
document refers to such generation with a typical installed capacity limitesl\tép. In

some instances,utilities can also use DG to provide support to the distribution grid.
Various literatures show that the location and voltage level of installation is the most
important characteristic in identifying DG rather than using its irstalhpacity.

DG is also considered to have flexibility in various facets such as installed capacity,
modular expandability and operations. DG consists of 2 different types of genemation
conventional and nenonventional[27]. Figure 1 illustrates these types of DGigure 2
provides the classification of DG in terms of installed capacity and coupling interfaces.
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Figure 1: Different types of Distributed Generation (DG) [27]

DG Type Power Rating
Micro <SkW
Small S5kw-5MW
Medium 5 MW -50 MW
Large >50 MW
Distributed
/ S \
Directly
Coupled Inverter Coupled
i Rotati
Induction Synchronous Static ov ulls
gonerstor generator conversion i Lo
/ \\ CHP Flywheel
Double fed Squirrel cage PV Panel Fuel cell PEV
wind turbine wind turbine

Figure 2: DG classification based on installed capacity and coupling [28]

Applications of DG(depending on technology)jclude, butarenot limited to the following
[27]:

T Asfipeaking planto to decrease electrici!H
consumers during their peak demand times,

1 As standby systems installed at the load for use as aupaskstem. This offers
security of supply at all times including cases of ouddgem the grid,
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1 Asstandal one systems or Aremoteo systems
centralised power supply. These systems are often referred to agrisénand are
inclusive of battery storage. They are deployed in areas where accélss to
transmission or distribution grid is scarce,

1 As microgeneration systems which are snsble systems and are deployed
mainly to serve residential consumers to reduce electricity costs,

1 As combined heat and power systems.

The role of Distributed Generators, as given2§] includes meeting future energy needs
and the following (reasons applicable to South Africa extracted):

(a) Providing independence and flexibility to the customer in planninigdaweloping
the installation. This can assist customers who have sensitive and critical loads in
environments which are subject to interruptions and curtailments of electricity.

(b) The generation cost of DG is decreasing to the point where it becomes itompet
with grid energy. This allows power companies to add generation at critical points
in the grid, particularly near loads.

(c) It allows for independent production of electric energy by a customer, possibly at a
cheaper rate, thus saving on the utility. iixcess energy can be exported into the
grid and sold using nenetering schemes.

(d) The potential of providing some of the ancillary services exists.

The International Energy Agency states that iB@ttracting increasingttention in policy
makers, ecoomic state of and consumers and they propose that there are 5 main
contributing factors as to why; these includereasingcustomerdemand forreliable
electricity and security of supply (specifically with the installation of baglsystems such

as enegy storage),liberalisation of electricity markes, utilities facing constrais in
construction of newdistribution andtransmission linegonsite DG can generate a cost
saving of 30% from transmission and distribution deferraldyances in technologyf DG
andgrowing concernsaroundclimate change[30]. Other drivers include utility generation
shortages, risk aversion for the future electricity prices, and improvement of power quality
of the networks (this is morapplicable to storage technologig8)l]. DG can serve as
electrification of customers who are located in isolated areas as it will be cheaper to create
an offgrid solution rather than build infrastructure to connect customéhne grid. One
major limiting factor to the capacity that a customer could potentially install is the space
availability on their propertyEnvironmental concernand t he desire to
also forms part of the reasons for customers installing32{

In South Africa, thetechnology ofDG that is most installed i®V. Within different
economic sectors, the motivation for adopting renewable energy systems such as solar PV
differs from case to case in different courdridhese behaviours were studied within the
residential, agricultural and commercial sectors to gain an understanding of which users are
most likely to adopt solar PV and under what conditidiasle 1 summarises the outcomes

of the international literature on the users most likely to adopt solar PV. It is evident that
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the main determining factor for installation of PV is directly related to coseamaomics
and essentially the payback period of the system

Table 1. Users by sector most likely to adopt solar PV in South Africa based on behavioural

studies[33]
Residential Sector Agricultural Sector Commercial Sector
9 High income I Non-seasonal electricit 91 Building owners,
homeowners consumption, 1 Shopping centreg
1 Freestanding 1 Availability of funding grocery stores, office
homes, 1 Payback periods < and distribution centre,
1 Payback periods g years for systems size most likely to install,
5 years. under 50 kWp, 1 Payback priods of 0
1 Payback period of <1 10 years, ideally ®
years was considere years.
feasible for larger sola
PV systems.

An observation from an Organisation for Economic-dperation and Development
(OECD) survey on household investments in energy efficiency and renewable energy that
is relevant to expectations of household Béwth in South Africa showed that the
househol ds most | i k e lhgh income aainerp, twhosown the PV
freestanding homes that they live in, are unaware of their energy consumption and are
active participants in environmental or energy comgation activitie® [34].

A decrease in installation costs of PV systesmsnvisaged, which is expected to leadto
more favourableiptake of the technology. The Levelised Cost of Electricity (LCOE) of PV
systemsn South Arica was evaluated and it further supports the above stateRigate 3

below indirectly illustrates that the costs for distributed solar PV systems are decreasing
[35].

Average LCOE for PV systems

R2,50

R2.13
R2.00 —  Riu4

—¢— Residential

R1,50 system (1-10kW

R1,21 —g—Commercial

Rands/kWh

R1,00 ;06 system (10kW-
2MW)

R0,50

R0,00

2018 2019 2020 2021 2022

Figure 3: Average Levelised Cost of Electricity (LCOE) for distributed solar PV systems from
2018-2022 [35]
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A useful set of information contained in the database collected for current installations
relates to the installed capacities of the installations in each economic Sextita.2

details the typical installation sizes for each sector in the market. Due to the large database
of installation data, these numbers are vastly different from each other. Furthermore, it was
apparent that the sector dominating the market is the commancdiahdustrial sector with
69.8% of the market share, followed by the agricultural sector with 22.5%.

Table 2: Typical installation size per sector [33]

Sector Maximum Average Size| Most Common
Size Size
Overall 4 775kW 80.51kw 3kW
Commercial & Industrial 4 775kW 170.89kW 10kW
Agricultural 1021kw 123.08kw 50kW
Residential 79kW 4.87kW 3kW

After evaluating the PV growth scenarios for South Afric§8Bl, it was atimated that by

the end of 2020, ~838Wp of smallscak PV systems will be installed in SA. This
increasing penetration displays an urgency for unaledstg how these installations impact

our grid and how to better manage the integration of tidma.conventional management

of distribution networks is on a passive basis with a unidirectional flow of both real power
(P) and reactive power (Q) from highter lower voltage levels due to the design of the
network being that of a radial or loop design, and not a meshed design as transmission
networks[36]. However, with the inclusion of DG the power flows may become reversed
[37]. With this occurring, a new approach to the organisation and operation of the network
may be required and this must be based on active managemenjues[88].

Note thatD G

i n

t he

cont ext

2.1.1. Grid-tied solar PV systens
This dissertation considers the installation of a distributed geneavaioh is of solar PV
technology to the distribution network and is often referred to as digdidsolar PV
system.This section will provide a detailed ovéw of suchsystems ands components.

of sol ar P Vissertatbry wi | |
and is relatable to all aspects covered in this document.

A solar PV system generates electrical energy by harvesting the radiation or insolation
from the sun using PV cell89]. The main components of thisystem consists of the

following [39]

[40]:

1 PV modules: Made up of various solar PV cells which generates DC power using
the energy harvested from the surhis is generally connected with other PV
modules tdorm a PV array

1 Grid-tied inverter: This converts the DC powethichis generated by the Patray,
to usable AC power. Existing invertes have the ability to track the maximum
power point from the PV module® that thanaximum poweiis generated at the

output
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A visual rgoresentation of a basic grtaed solar PV system is illustratedfigure4.
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Figure 4. Grid-tied solar PV system components [40]

This type of system requires a bidirectional interface between the PV system AC output
terminals and the grid utility network enabling the load to be fed by the PV system or grid.
When the PV system generates more thandbal loadthe excess powewill be fed into

the grid. At this point is when reverse power flows within the distribution network and
upstream of the customerdés | oad point.

2.2. Technical impacts of installing Distributed Generation
on the grid

Poor power qgality of a network is as a result of the followifRi]:

1 Voltage dipstransients and interruptiondl@n by failures or switching operations,
1 Disturbances brought about by loadis generatorghat causevoltage flicker or
hamonics. Imbalances in a network can also tenegalt in suchaults.

The effect of DG on power quality with regards to several aspects of the network is
expanded on beloy21] [36] [22] [41]. Note that these aspects can result in increased grid
maintenance costs incurred by the network service providers.

1. Power Quality:
A brief introduction to power quality problems induced by DGhighlighted
below.
1 Voltage Flicker:
There is a potential for DG to induce noticeable flicker. Voltage flicker
occurs when there is modulation of the voltage output at frequencies that are
below 25Hz and is as a result of significant voltage fluctuaticaisdévelop
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during a short period of time. These occurrences are sometimes visible to
the naked eye. DG can cause flicker during the starting of the generator or
when there are sudden changes in the output.

1 Harmonicgvoltage and current)
DG technologieshat areinverterbased in ordeto supply AC to the grid
are generally considered as high producers of harmonic injectidesr
DG inverter technologies used Silicon ContRectifier (SCR thyristors
that are known to inject a high level of harmonicpé¢oform the switching
operations required; however, newer technology makes use of Insulated
Gat e Bi pol ar Transistors (I GBTOs) w h
cleaner output.

2. Voltage:

1 Voltage regulation:
Voltage on a distribution network is regulatedthe NRS specificationgn
South Africa. These conventional regulation practices are based on power
flow in radial distribution systems from the source to the load; DG presents
a different situation whereby the ne
where powe flow direction changes and affects the voltage regulation of a
system. The resultant effeadf voltageswells/sag®n a radial network can
be significantwhen there exists increased penetration of DG on the network.
This effect can be caused by the imétent nature of some types of DG.
Furthermore, if a voltage regulator is installed on a network to perform line
drop compensation upstream from a DG, this regulator could receive mixed
signals and in turn drop the setpoint for voltage to be regulasedting in
the opposite effect of voltage support to that network.

1 Voltage Notching:
This phenomenon is caused by the switching occurrence in devices with

Silicon Control Resistordéds (SCR) whic
di storted mmntdc hersedatiers tihe resul ting
technol ogies wutilise SCRG6s for switch

These can result in the malfunction of equipment connected to the network,
especially when the notches touch zero voltage.

3. Frequency:
Increased penetration of DG can result in an imbalance between demand and supply

thus resulting in a deviation from grid frequency.

4. Reactive power:
Some DG technologies with switching capabilities are able to supply reactive
power to the grid, ifegulation allows it to be configured in this way. This can act
as a way of performing power factor correction at points of the grid where it may be
required. On the contrary, some DG sources inject reactive power during low
loading conditionsonthenetwdk and t hi s can be seen as
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5. Power flow:
Reverse power flow caused by DG in networks can lead to different protection
schemes required at distribution and transmission levels.

6. Protection anghort circuitfault currentevels:
The effectiveness of protection equipment available on the grid can be
compromised due to the penetration of DG and thedfireictional flow. Safety of
network operating personnel becomes compromised by the reverse power flow of
DG when antislanding is not a feature on the installed systems. With regards to
fault levels being impacted, one DG system on a network cannot contribute largely
to the short circuit levels of other equipment on the network; however, the
aggregation of many installatiomgs a significant impact on it. Fault levels could
in fact become increased. This can result in discoordination obhesdkers on the
network. Voltage swells that could potentially result in damage to equipment
connected on t he s alsode as@nificantriskue. dlEs oZBD s cC a
when DG sources are not effectively groundbtstalling DG systems on the
network often involve an existing transformer interface. However, due to the
diverse nature of DG, these existing interfaces may be protief33]. The
transformer configurations play a significant role in determining whether the
appropriate grounding measures are fulfilled. Overcurrent and impedance relays
which are connected to a network with high DG penetration can malfunction due to
theexistence of DG. These are required to bpragrammed with the introduction
of DG on the network.

7. Losses:
Depending on where DG is positioned on a network, the contribution to losses can
be seen as positive or negative. DG can cause a reduction in lfesss if placed
and sized optimally. The effect would be similar to that of a capacitor bank with the
difference that DG impacts both real and reactive power. The penetration of
generation on the feeder is also very important as in some cases DG mftythen
network only up to a certain percentage of penetration; thereafter, the losses might
be negatively influenced. Unfortunately, utilities have no control of how DG is
installed and where to position the systems on the network.

8. Demand:
Some technolgies of DG can contribute to reducing the demand at peak periods
and this phenomenon is referred to as peak shaving. This is seen as a benefit to the
system as more energy can be supplied to other customers during these periods. DG
can also be used to supgigh priority loads during outages and load shedding.
This will depend on whether the technology used in the inverters is able to switch
from grid-tied to offgrid operation.

In [42], areview of literaturevas conducted orecommendations for allowable penetration

limits as seen in research. The summary of these limits as a percentage of peak load and the
limiting factor associated is representediable 3. These limitsvary from 1.3%going up

as high agl0% The limiting factors are predominantly as a result of ramp rates or power
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fluctuations due to intermittency caused by clouds. Other reasons include voltage issues,
installed size, locationd geographic distributioof the systemg42]. Note that these

limits have not only been analysed for a whole feeder but individual and clustered plants as
well.

Table 3: Recommended allowable penetration limits and the limiting factor associated with it
(EINozahy and Salama, 2013) [42]

Penetration
lirmit Limiting factor
3% Ramping rates of generators during cloud ransients (central station PV)
15% Ramping rates of generators during cloud transients (distributed PV)
1.3% Power fluctuations due to clouds transients for central station PV
6.3% Power fluctuations due to clouds transients if the PV system is distributed in 10 km™ area
18.1% Power fluctuations due to clouds transients if the PV system is located in 100 km” area
35.8% Power fluctuations due to clouds transients if the PV system is distributed in 1000 km? area
10% Frequency regulation expansions vs. break -even costs
Mimimum Ower voltages assuming no load tap changers (LTCs) exist in the MV/LV transformer

feeder loading

4% Voltage regulation
5% Minimum distribution system losses
33% Overvoltages

2.2.1. \Voltage impactsfrom distributed generation

It is evident, from the ited research, that voltage regulatis one of the most critical
technical parameters that can be affected by increasing penetration of DG on distribution
networks.Conventionally, networks are designed for one directional flow of power with
acceptable loss levels along the network dueadihg.The highest voltage on a network

is generally at the sendirend busbar and the voltage along the feeder gradually reduces
due to the line impedance and the |§48]. However, as previously statddV introduces
reverse power flow from the customers into the MV/LV transformers thus challenging the
designed I imits of the network and itso
distribution network to remain within a certain range asmygeant, both customers and that

of the grid, functiongorrectlyif the voltage is maintained within this randetails on this

will be discussedurtherin 2.3.2

Voltage variations occur when the load current flowing through the resistive and reactive
impedances of the linesry [36]. The effect is as a result of the fluctuating power flows
generated by DG thus causinglange in the voltage drops acroapedancest different

points of the network44]. This issue is especially prominent when there is voltage control
equipment installed upstream to the DG sources on a network. These include Line Drop
Compensators (L Bpea ine goltagehregalagors,sswitehed capacitor
voltage regulatorand Load Tap Changer (LTC) transformers. Furthermore, the capacity of
DG installed, operational mode and control of the DG sources and relative location on the
network has an impact in determining whetherdfiecton the voltage is seen as a benefit

or not. Fluctuations are increased towards the end of the network for loads concentrated
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along this point as the distance from the source of the feeder is increased. DG can influence
voltage variations in the following way36]:

1. In a positive way when DG is operated in coordination with local demand, meaning
when the demand on the network increases so does the production from DG and vice
versa,

2. In a negative way when DG mot operated in coordination with local demand. In this
case, DG might increase the variation between the maximum and minimum voltage
level as compared to a situation without DG.

In [31], the IEA also expresses concerns over voltage control when DG is connected to the
distribution grid. Voltage rise is considered as the main concern when there is a high
penetration of DG on a netwoid5]. Due to the fact that rural networks have a high
transformerimpedance ratio and a low X/R ratio, reverse power glcaused by DG can
make voltage rise a significant issue specifically on these networks. With South Africa
being a developing country, the state of networks is considered to be inferior to that of
developed countries as funding to maintain them is notlyesadilable.

With respect to relative installation of DG with voltage control devices installed on the
network, the following was established:

1 Voltage sags can be experienced when DG is installed downstream from LDC
regulators such as stéype or line voltage regulators or LTC transformers. This
effect is demonstrated Figureb.

SUBSTATION End of feeder
—3fo e
‘: Injected power
A

Peak Load (No DG)

Peak Load (with DG)

Voltage regulator

Voltage

ANSI Range A Lower Limit

Distance away from substation (x)

Figure 5: Effects on voltage relative to the lower limit for voltage regulation in US with DG
connected upstream from voltage regulation equipment [44]
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1 Voltage rise can be experienced when DG is connected downstream from a voltage
regulator or towards the end of the network. This phenomenon is illustrated in
Figure®.

Injected power

3
SUBSTATION z E'Hj

After DG
ANSI Range A Upper Limit /

s em s Em s @ s Emm + Emm s am ¢ mm s @mm s @

Voltage

- s mm s Emm s mm s mm s Emm s mm s mm s o Emm s =

ANSI Range A Lower Limit Before DG

>

Distance away from substation (x)

Figure 6. Effects on voltage relative to the limits for voltage regulation in US with DG
connected downstream from voltage regulation equipment or towards the end of network
[44]

The effects of scenarios with high and low DG output compared to high and low demand
on the network with respect to voltage variation also needs to be analysed when there is
high penetration of DG on a network. For example, if DG produces a low output during
high load conditions, the voltage will drop and if DG produces a high output during low
load conditions, the voltage will rise. Hendbe recommendation is th#te following

worst case scenarios must be considered when evaluating voltage variation&vatheD
network as these will determine the limit of generation that can be installed on a network
[47] [48]:

High generation of DG with low load conditions,
High generation of DG with high load rditions,
Low/no generation with high load conditions and
Low/no generation with low load conditions.

= 4 -4

When using a limit of 3% of maximum voltage variation on an LV network, which is
supported by NRS 097-3 [49], the following equation can be used to evaluate the steady
state variation of voltage experienced at the Point of Common Coupling (B&C)

T 1—|+|T"HT Wy oY, 4—"HT‘I vy Yo, 8 (1)
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The maximum allowable DG capacity on a network is then calculated using the following
equation49]:

ny o @
Where:

® is the voltage variation at PCC in V,

“Y is the apparent power of the DG sources in MW,

Y is the short circuit capacity at PCC in MW,

» is the phase angle of impedance at PCCeandis the phase angle of the DG output
power.

The above method is not considered as accurate due to the fact that many aspects not being
taken into account in the calculation such as feeder parameters.eAdetailed equation
that can be used is given by equation 3 by

T A = « = o [ ]
by, T=sr=—pfia fooe — FevPY =P S, @
Where:
0 is the maximum power that can be exported by DG in MW,
® is the upper limit as per the voltage regulation standards in p.u.,
® is the voltage setpoint on the On Load Tap Changer (OLTC) on the network in
p.u.,

1 represents the impedance in ohms/km of the network connecting the DG to the source
busbar,

Qis the distance between the DG and source substation in km,

Y is the minimum apparent power of the feeder load in MVA,

0 is the length of the backbone bktfeeder in km,

o ¢ iisthe power factor of the feeder at minimum load,

i QWp Al &

0 is the reactive power exported into the grid in MVar. This is generally 0 as it is
assumed that the DG will operate at unity power factor.

There havebeen many attempts to determine voltage rise from DG in distribution
networks. In[52] the relative voltage rise that can be experienced when DG is added to a
network is given by:

|

— (4)
Where:

wis the nominal voltage,
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0 s the active power that is exported into the grid in MW,
‘Yis the source resistance at the generator in Ohms.

In [15] the voltage rise experienced in an LV distribution network is derived using the
illustration inFigure7 where a thevenin equivalent of the rest of the grid until the Point of
Common Coupling (PCC) is used.

Figure 7: Thevenin equivalent of a PV system connected on an LV network [15]

The voltage rise at the PCC when net export occurs can be calculated using equation 5.

YY 'Y ed Y 0 & (5)

Where:

Y"Yis the voltage variation at PCC irols,

"Y is thegrid equivalent voltage

0 is theactive power of the PV systeim MW,

0 is thereactive power of the PV systamMVar and

'Y hé are the thevenin equivalent resistance and reactance rétiherk.

Static wltageimpactstudies conducted ifp3] concluded that for reliability of a network

to be sustained and of good standard for a developing country such as South Africa, the
network will require upgrading due to voltage variations brought about by DG, however,
guantification of this is not necesdy an easy task.

A study completed to determine the maximum penetration of P\& ommber ofLV
networks in Cape TowrSouth Africashowed that a voltage rise of 3% can be sustained at
a penetration of 460% with a probability of 5% voltage violati¢h4].
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2.2.2. Voltage management techniques for networks with

Distributed generation

This section provides details about the solutions that can be implemented to mitigate
technical impacts of increasing penetration of PV on Distribution networks and to further
increase hosting capacity on a network. Many measures have been menticrssioh;
however,there is a lack of comprehensive analysis of advantages and disadvantages of
them[15].

The traditional way of managing voltage on an MV feeder include operating the
transformer by changing the tap settings,evatea control, reinforcement of networks by
increasing the crossection of the conductor (this will also reduce the impedance of the
network) and the installation of voltage regulators and active transformers. However, this
comes at a cost and if thesquipment are not fast reacting to cater for the intermittent
nature of PV, other equipment may be required. Other measures for new voltage
management techniques could include reactive power injection from the PV inverters
installed, curtailment of activgpower from PV installations, demand response from
customers on the networkjstallation ofenergy storagesystemsand electric vehicles.
These methods are tabulatedTiable 4, where the placement or responsible party is also
highlighted[15, 1, 54,55]. The advantages and disadvantages of each measure is stipulated
in the table and classified in termsroitigating or managing voltage violations caused by
increasing PV on idtribution networks. These methods have been assessed on various
types of networks theoretically using simulation tools.

The mitigation measures with associated locationdlastrated in Figure8 below.

- Install LVR
Network reinforcement l:;vll.:.'{:rk r‘\vinfnrf'vrnvrllﬁ
Adjust substation QLTC o ' Smart Inverters
Install OLTC transformer Install BESS
Adjust off-load tap changers
MY Network LV Metwark Customer-side

Figure 8: Mitigation measures with associated locations [15, 1, 54, 55]
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Table 4: Summary of technical solutions and mitigation measures for increasing PV on Distribution networks [15, 1, 54, 55, 56]

Mitigation measure Location Summary description Advantages Disadvantages
Smart inverters Customer Allow for PV system inverters witl Prevents voltage seé and Unable to completely mitigat
side reactive power compensation (Mo overvoltage violations. voltage changes caused
VAR) and active power curtailmer intermittency.
(Volt-Watt) settings. These contr At no cost to the utility or
measures allow adjustment of real ¢ NSP. Not included in SA standards
reactive power exported based ¢ime yet.
measuredrid voltage.
Consideratio for unintended
consequenced reactive power
flow changes must be
considered.
Installation of Behind the Customer The customer installs &attery systemr Minor improvements foi If BESS is set to operate |
meter Battery Energy side behindthemeter alongside the P voltage issues. optimise customer seli

Storage System (BESS)

Installation of Smart Battery | LV network
Energy Storage System
(BESS)

system. The battery should be operatel
maximise customer setfonsumption.e.,
charge from the surplus PV generati
when generation exceeddéemand, and
the battery should discharge when th
is no PV gemration

The customeror NSP installs battery More effective than BTNV
systems that is controlled with a differe BESS in managing voltag
operational mode as BTM BESS. issues.
Minor increases in PV
hosting capacity.
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consumption,then the batten
can reach full State of Charg
(SOC) during the daythus
making it ineffective after thit
occurs

Ineffective at increasg hosting
capacities.

Marginally increases the
effectiveness  of  mitigatint
voltage and thermal issues



Network Augmentation (LV)
T Conductor reinforcement

Network Augmentation (MV)
I Transformer upgrades and
conductor reinforcement

Installation of MV/LV On
Load Tap Changer (OLTC)
transformers

Installation of Low Voltage
Regulator (LVR)

Adjustment of Zone
Substation OLTC

Adjustment of Off-load Tap
Changers in existing
transformers

LV Network

MV network

MV network

LV Network

MV Network

LV Network
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Replace LV conductors witlthose thai
havea larger ampacity.

Uprate transformers to a larger rating e
replace MV conductorgo that with a
larger ampacity to alleviate or mitiga
asset congestion issues. Upgrading
transformers to ones with additional bu
taps can also be considered.

Replace existingMV/LV transformers
with  ones that have an OLTC
mechanism. The OLTC awnatically
adjusts voltage based on the load in-r¢
time and can include adaptive contr
logic. This solution can include upratir
the transformer where possible.

Install LVR(s)at optimal location®n the
LV network to manage the voltage on t
LV network.

Reduce the voltage target/source volt:
at the submition and by doing so unloc
additional votage headroom for th
network.

Reduce the offoad tap positions ir

existing MV/LV transformers to the
lowest point possible.
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Proven effective at managir Only slightly effective at
thermal loading issues ar mitigating voltage issues.
increasing hosting capacity.

Proven effectie at managin¢ Only  slightly effective at
thermal loading issues. mitigating voltage issues.

Effectively manages voltag Not in commercial operatio
rise violations. yet.

Caters for voltage drops dt
to increase indture demand.

Highly effective at solving Voltage breaches greater th

voltage issues. the tap rangeof the OLTC
cannot be mitigated.

Reduces wear and tear ¢

zone OLTC.

Slight voltage headroom i Limited effectiveness at highe

created for overvoltage issu PV penetrations.

especially if coupled witt

adjustment of oHoad tap Voltage drops due texcessive

changer in transformers. loading would remain an issue

Effective at mitigating Cannot cater for high P\

overvoltage issues. penetrations.

Voltage drops due to excessi
loading would remain an issue
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Review of guidelines and standards for connection of

Distributed Generation

The power qualitycriteria and othermeasures, for renewable power plarggecifically

DG, are assumed to be investigated when instathingccepting the installation af new

plant. Thee measuresare assessed and accepted using the procedures and guidelines
allocated by NERSA in the Southfrican Grid Connection Code for Renewable Power
Plants (RPP967]. The basis for these requirements and technical specificaiensased

on other documents that govern power qualitg safetyfor electricity gridsnationallyand
internationally whichinclude NRS 048 serie§59, 60] NRS 0972-1 [4], NRS 0972-3

[61], SANS 101421-2 [62], IEC 610004-30 [62], IEC 610003-6 [64], Cigré Technical

report 46865], IEC 610004-7 [66] and IEEE 154767]. However, due to majority of the

current i

nstall ed

systems

being

consider ed

the power quality of these installations are assumed as not being completepbrity of

the cases

2.3.1.

generatorso thenetwork

Grid Code of Renewable Power Plats in South Africa

The South African grid code for Renewable Power PIEREPS)[57] is the embodiment

of legislation that is to be adhered to with regards to the connection of any type of
renewable power plant. This document $jes the minimum technical and design
requirements for the connection of renewable generators on a distribution or transmission
network owned by a network service provider. The document shall be used in collaboration
with other pertinent requirements dfet Grid Cod€g68], the Distribution Codeand tte
Scheduling and Dispatch Ruless compliance criteria fdine interconnection of renewable

Renewable power plants are categorised inttiff@rent categoriesvith the first category
further divided into 3ub-categoriesTable5 provides a breakdown of these categories and
their characteristics.

Table 5: Characteristics of the categorical requirements [57]

Category
Al A2 A3 B C
Rated Power OkVA- 13.8kVA- 100kVA- 1MVA- >20MVA
13.8kVA 100kVA 1MVA 20MVA
Voltage Level LV LV LV MV MV/HV

This documeneither explicitly stipulatesor makes reference to relevant standards which
stipulatethe minimumgrid connection angower quality requirements that are to be met
by the renewable power producerhe noteworthy requirements stipulated for each

category RPP are as follows:

1 Tolerances allowed, in normal and abnormal operating conditions, for voltage and
frequency deviations at the Point of Connection (POC),
1 Voltage ride through capabilities required for the RPP,
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1 Frequency responsequirements for the RPP,
1 Reactive power capability and power factor requirements,
1 Power Quality requirements in terms of harmonic injections.

2.3.2. NRS Specifications

The specificationgyenerally considered when assessing Quality of Supply (QoS) of a given
network is NRS 048 suite ofpecifications Part 2 (Voltage characteristics, compatibility
levels, limits and assessment methods) and Part 4 (Application guidelines for utilities) are
specifically important with regards to the work in this report. Tispeeifcationsspecify

the voltage quality parameters. Furthermore, acceptable limits, compatibility levels and
assessment methods for these parameters are specified.

In the NRS 04&pecificationsv ol t age regul ation is defined
stae Root Mean Square (RMS) voltage to remai

specified compatibility level for the supply voltages is asele 6 below. This shows
that allowable levels for LV and MV voltage at80% and+5%, respectivel{f69]. This
resonates witlthe limits used by network planners in Eskom as specified in DSF434
(Distribution VoltageRegulation ad Apportionment Limitsi.e., for MV networks is+5%
and for LV networks i£10% of the nominal voltage of the network.

Table 6: Allowable deviation from standard or declared voltages [69]

1 2
Voltage level Compatibility level
V %
< 500 +10
> 500 +5

NRS 0972-3 (Simplified utility connection criteria for lowoltage connected generatdrs
SSEQG)is thespecificationused as a guideline for approving applicatibgsthe NSPfor

the installation of SSEG on Distribution networks. It proposes when casded@etwork
simulations are required and when not depending on the capacity being applied for as well
as the network conditionsFor cases where detailed simulations are not required,
recommended size of generators with associated voltage levels aimg) lomdumstances

are given. It further stipulatébat the maximum LV Rapid Voltage Change (RVC) is 3%.

It is specifically mentioned that this is considered as best practice to account for transients
induced by PV due to cloudsurthermorea maximum vdhge rise of 1% is allowable.

The accepted PV penetration givien simplified connectionbased on acceptable voltage

rise and voltage variationgg a maximum ofl5% of the peak demand for a givetV
distribution network is allowed to be installad DGalong that network

NRS 0972-1 (Utility interface for SSEG) is a&pecificationused as a guideline for
customers who wish to install DG to the distribution netwdihe interface requirements
are speified in this specification with reference to other grid requirements. The

requirements from the Grid code for RPPOGs

35

(



CHAPTER 2: LITERATURE REVIEW

predominantly related to the inverter specifications and installation requirements. This
specifiationis most often used in conjunction with tteft SANS 101421-2 wiring code.
Notable requirements applicable to the work in this dissertation are:

1 Overvoltage and undervoltage requirements for normal and abnormal operating
conditions,

1 Power quality ad voltage change requirements,

1 Voltage and frequency control requirements and

1 Power factor requirements.

2.4. Conclusion from literature
Thereviewof literature has provided the following indghts:

1 There is an increasingpenetration of distributed generationspecificaly solar PV
technologies, being instded on thedistribution networks of South Africa due to
various factors,

1 Theincrease of this penetration has various technical impacts on the status of these
networks. The main technical impact experienced on the network is related to the
voltage stability of networks,

1 Voltage management techniques a&r highlightedfor the mitigation or alleviation of
the impacts from increasing penetration of PV. It is noted that the smart inveter
options are the only options that can be implemented at no cost to the utility or
network service provider and the Volt-Watt setting was consideredto be the easiest
to implement with nounintendedconsequences for the network.

1 The NRS specifications aong with the Grid Code and other Eskom guidelines can
be used to evaluate impactsvhen perérming power flow simulations
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CHAPTER 3: METHODOLOGY

This chapter details the methodology that waiised during the data collection and
analysis of resulté response to the research questions raised in this. $fodyly quasi
dynamic pwer flow modelling using Digsilent Powerfactory softwar@as usedto
accomplistthefollowing:

1 The influence ofadding multiple solar PV systemswhich are geographically
dispersedin various scenarigson the voltagein two Medium Voltage (MV)
conventional distributionnetworks Simulations with and without PV was
conducted for each hour of one yead

1 Confirmation that an active power curtailment voltage control strateggo
referred to as VolWatt settings,will be effectiveas a voltage management
technique that can badopted by Network Service Providers (NSRsmanage
voltage in distribution systemsith high penetration of PV systemSimulations
were conducted for single dayusinga tailormade strategy for each inverter. The
day andscenariowith the worst result®n the mostritical network wasselected
for thissimulation

The objectives of this rearch were met by completing the following tasksthe given
order:

1. The hourly loading characteristics were added to the case files to obtain realistic

baseconditions for the two networksShereafter, burly power flow smulations
were completed for eacnetworkto determine the baseline results for comparison.
The hourly MV and LV voltagesat the beginning, middle and end of the network
were recordedt this stage

2. PV systems, with hourly generation profiles correlating to the load profiles, were
added to the two networks in the desired penetration and location scenarios (details

of which are discussed below) atlte same simulations were run recording the
same rests as in step 1,
3. Analysis of the baseline results in comparison to résults with PV involved
evaluating for voltage violations such as:
a. Voltage risei when the voltageneasured at the end thfe feedeiis higher
than the voltageneasuredt the beginnig,

b. Overvoltagel when the voltage recorded at any point of the feeder exceeds

the uppetimit stipulated inthe NRS 048 and
c. Rapid voltage change$ the voltage changeecorded as a resulbf
intermittency from the PV system output.

Note that specific daywere analysed for voltage rise and rapid voltage changes

4. After analysing the results, conclusions were mhdeed ondifferences inthe
results for each type of network. A specific day with all voltage violationstheas
selectedfor the implementatiorof the voltage control strategy (Veélvatt setting
detailed in Sectior8.5). This model was applied to tlw®ntrol mechanisms in the
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PV systems for theelectedscerario and the same voltage results were recorded as
in Step 1,

5. Analysis of the results with control strategy vs without control strategy was
completed andinal conclusions were made.

3.1. Introduction

Theory inChapter 2showed that voltage issues arise wkisn active power produced by
PV systemss injected into the grichnd results in reverse power flow. This occurs during
times wherthe PVproductionor generatiorsurpasses the load or demand required by the
consumelis onthat part of thenetwork.

There can be aariation in the power produced by PV due to passing clouds and changes in
the irradiation resource at the location of the pl&he rate at which the output powara
generator changes is called the ramp aaie for PV systemthis rateis between 10% and

20% per second16] [17] [18]. This is very higheven when compared to another
renewable source likeind generation which has ramp ratesabbut 10% per minute].

Due to the dynamic nature of PV power production and demand, dynamic power flow
studies are required to understand the realistic impact of the PV systems on the network.
Therefore, quasilynamic simiations with the lowest possibtemporal resolutiorfin this

case hourlywere used in this studfwo different networks were selected for the study to
determine the differences in voltage impacts.

The voltage management capabilities at the MV substétentapping of theon-loadtap
changer (OLTC) of the transformer) were nated in the simulationsSimilarly, the
voltage management technique of current approved NR&-Q9inverters, whereby the
inverter shuts down when the grid voltage is 1.05pugere not leveraged eitherhis
results in conservative modelling results, specifically in terms of voltage arnse
overvoltage

Note that the validation and verification of the simulation results are not pat of the scope
of thisMSc.

3.2. Network data

The South African NSFEskom is known to have issues with long spans of poor current
carrying conductors on ageing networks which experience poor to no maintehhace.
networks were therefore selectedwith such characteristicen mind. Additionally, one
network was classified as lagrmal and voltage constrained network and the other was not.
The selection was based on the accekslata (both PV generation profiles and loading
data).

The Digsilent Powerfactory case files used for the studies havexjsting network

equipment dat and consumer peak load data based on the local conditions at the respective
sites. The consumer peak loads at the Low Voltage (LV) level have been calculated and
represented as | umped peak | oads for each N
lack o visibility of infrastructure and metered data for the LV netweduipment The
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study hagmposedthe hourly characteristiprofile of the load data at MV level to the LV
lumped loads.

Details for each network is documentedi@.1and3.2.2 Specific network names will not
be disclosed in this dissertation.

3.2.1. Constrained netwolk

This network falls within the Northern Cape Operating Unit (NC@UEskom in South
Africa and the geographical representation is depicte#igure 9 below. The voltage
measured at thend of line is less than 0.95p.uand the thermal loading of network
equipment iggreater thar85% during mosthours whichis in violation of the NRS 048
utility quality of supply standard another internal Eskom standards. Asesult this
network is classified athermal and subsequently voltage constrained.tdtad length of
the network is ~167kmvith a backbone lengtlof ~30km Almost half of the network
lengthis made up of eitheBquirrel, Magpie and Fox Single Wire EaReturn (SWER)
conductor installed. Other conductors installed incluolenal three phas@quirrel and Fox
conductor The network has a 22kV/19kV transformation when the changfered phase
conductor to SWER occurs. There are 38 MV/LV transformers withtad capacity of
2.1MVA.

Figure 9: Geographic diagram for constrained feeder

The peak and average hourly demaacbrdedusingmetered2019 hourly demand data is
illustrated inFigure10. The peak load was 2.74MWith anaverage power factaf 0.96
leading The hourly demancecordedor the whole yeais illustrated inFigurell.
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Peak and average hourly demand
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Figure 10: Peak and average day hourly demand using 2019 data for constrained feeder

Hourly demand for constrained networki@r
the whole year of 209)

Power (MVA)

Figure 11: Demand for the constrained feeder for each hour for the whole year of 2019

3.2.2. Unconstrained network

This network also falls within the Northern Cape Operating Unit (NCOU) and the
geographical representation is depicte&igure12 below. This network is not constrained

in any way. The conductor types installed on the network indidee phase&quirrel,
Mink, Fox and Magpie. Theotal length is ~114km with @ackbone lengttof ~52km.
There are 36 MV/LVrangormerswith a total capacity of 1.61MVA.
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8 km

Figure 12: Geographic diagram for the unconstrained network

The peak and averagkemand usindnourly metereddata for 2019 is illustrated iRigure
13 and the hourly demand for 2019 is depictedrigure 14. The peak loadecordedwas
1.35MVA with anavelge power factoof 0.9leading

Peak and average hourly demand
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Figure 13: Peak and average day hourly demand using 2019 data for the unconstrained
feeder
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Demand for unconstrained network (for
the whole year of 2019)

L
)]

o L
© N

Power (MVA)
o o
> o

o
(N

o

Figure 14: Demand for the unconstrained feeder for each hour for the whole year of 2019

3.3. PV systemsgenerationmodelling

The PV generators were modelled using the static generafigsgilent PowerFactory.

This PV system was initially modelled such that it meets the grid code requirements for
category Arenewablepower plants. The PV power output for each case study adopted the
hourly characteristi¢for all of 2019)of installedfixed groundmounted utility scale solar

PV plantsin the vicinity of each network. This enabled a realistic study using correlated
load and genetion profiles for the studies so that the dynamic imp&bavinga PV plant

on the gridcan be assessethe plants are ovelOkm away from each other but span over

a large distance. The normalised generation profil@mer of the plants during day wth

and without intermittency is illustrated Kigure15 below.

Normalised PV output (smooth and intermittent day)
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Figure 15: Normalised hourly PV generation profiles for a day with intermittency (30
December) and a day without intermittency (4 December)
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3.4. Plant size and location of PV systems

The literature review has highlighted that the penetration of PV systems as well as the
location can havearying impacton the grid voltage. Consequently, the study was set up
such that the influence on grid voltage from disparitigagneasingPV penetration as well

as location of PV systems can be analyzed. The following scenarioshussemulatecdto
determine thempact of increasing PV penetration on MV network voltagéh PV
systems being

a. Everly installedin proportion to therelevant MV/LV transformercapacity
with penetrations 015%, 30%, 50%r@d 75% of peak load. Referred to as
AAll PVO,

b. Only installed at bginning of network in proportio to the relevant
transformer with penetrations 45%, 30%, 50% red 75% of peak load
Referred to as fiBeg PVoO,

c. Only installed at the mddle of network in proportio to the relevant
transformerwith penetrations 0fl5%, 30%,50% ad 75% of peak load
Referred ta@andas fAMi d PVo

d. Only installed atend of network in proportio to the relevant transformer
with penetrations 015%, 30%, 50%rad 75% of peakoad. Referred to as
AEnd PVO.

One PV plant was installed at the LV bustmarepresent the lumped capacity of PV plants
that could be installedn the respective LV feedatownstream from that poiniThe
calculation for each PV plant capacity is representedjuration 6.

Gd)‘]dd'i‘e"@é('% WO @) QB@E QoI OO QE ¢ ()

The associatedlant capacities in each locatifor each case studyg detailed in3.4.1and
3.4.2
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3.4.1. Constrained network

The total PV peak capacifypr eachPV penetratiorscenario in the constrained network
case studywas 410.78kW (15%), 821.56kW B80%), 1369.26kW $0%) and 2053.89kW

(75%). This capacity was then split up based on the location scenarios as mentioned above.
The PV plant capacities for eacbusbarwas determned using the transformer capacity
relative to the total transformer capacity whilst maintainingéispectivegpenetratiorievel.

Therewasa total of 13 lumped PV systems for the end and middle PV case and 12 lumped
PV systems for the beginning cas&€he PV system sizes for each case are tabulated in
Table 7 below. Note that the system sizes differ based on transformer capacity as
previously mentioned. The geogragdlilocation of the PV systems in the Beg PV, Mid

PV and End PV case for this case study is illustratédgare 16.
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Table 7: PV system sizes for All PV, Beg PV, Mid PV and End PV scenarios with 15%, 30%, 50% and 75% PV penetration (Constrained case study)

All PV (PV System capacity kVA) Beg PV (PV System capacity kVA Mid PV (PV System capacity kVA) EndPV (PV System capacity kVA
Transformer Capacity

TransformeNo. (KVA) 15% 30% 50% 75% | 15% 30% 50% 75% | 15% 30% 50% 75% 15% 30% 50% 75%
T1514 100| 195 39.0 64.9 97.4 0 0 0 0 43.1 86.4 44.0| 206.0 0 0 0 0
T31-1-3 100| 195 39.0 64.9 97.4| 60.6 20.1| 201.0| 302.9 0 0 0 0 0 0 0 0
T39-1763 100| 195 39.0 64.9 97.4| 60.6 20.1| 201.0| 302.9 0 0 0 0 0 0 0 0
T39-178 100 | 195 39.0 64.9 97.4 0 0 0 0| 431 86.4 44.0| 206.0 0 0 0 0
T4510 100 | 195 39.0 64.9 97.4 0 0 0 0| 431 86.4 44.0| 206.0 0 0 0 0

T391 16 3.1 6.2 10.4 15.6 0 0 0 0 0 0 0 0

T39-116:39-11-1 16 3.1 6.2 10.4 15.6 0 0 0 0 0 0 0 0

T39-159108-11-4 16 3.1 6.2 10.4 15.6 0 0 0 0 6.9 3.8 23.0 34.6
T39-159-1087-2 16 31 6.2 10.4 15.6 0 0 0 0 6.9 3.8 23.0 34.6 0 0 0 0
T39-159-3 16 3.1 6.2 10.4 15.6 9.7 9.4 32.3 48.5 0 0 0 0 0 0 0 0
T39-15952-11-8 16 3.1 6.2 10.4 15.6 0 0 0 0 6.9 3.8 23.0 34.6 0 0 0 0
T39-15952-24-2 16 3.1 6.2 10.4 15.6 9.7 9.4 32.3 48.5 0 0 0 0 0 0 0 0
T31-4 200 | 39.0 77.9| 129.8| 194.8| 20.1| 242.3| 403.9| 605.9 0 0 0 0 0 0 0 0
T39-116-39-13 25 4.9 9.7 16.2 24.3 5.0 30.3 50.5 75.7 0 0 0 0 0 0 0 0
T39-1169-1 25 4.9 9.7 16.2 24.3 0 0 0 0 0.8 20.6 36.0 54.0 0 0 0 0
T39-1433 25 4.9 9.7 16.2 24.3 5.0 30.3 50.5 75.7 0 0 0 0 0 0 0 0
T39151 25 4.9 9.7 16.2 24.3 5.0 30.3 50.5 75.7 0 0 0 0 0 0 0 0
T39-381 25 4.9 9.7 16.2 24.3 5.0 30.3 50.5 75.7 0 0 0 0 0 0 0 0
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T39-116-64 32 6.2 12.5 20.8 31.2 0 0 0 0 0 0 0
T39-159-108-28-17 32 6.2 12.5 20.8 31.2 0 0 0 0 0 0 0
T39-159-108-55-2 32 6.2 125 20.8 31.2 0 0 0 0 0 0 0
T39-159-108-85 32 6.2 125 20.8 31.2 0 0 0 0 0 0 0
T39-1591133 32 6.2 125 20.8 31.2 0 0 0 0 0 0 0
T39-159-142-34 32 6.2 125 20.8 31.2 0 0 0 0 0 0 0
T39-159-159-24-2 32 6.2 12.5 20.8 31.2 0 0 0 0 0 0 0
T39-159-159-36 32 6.2 12.5 20.8 31.2 9.4 38.8 64.6 96.9 0 0 0
T39-159-198 32 6.2 12.5 20.8 31.2 0 0 0 0 0 0 0
T39-159-27-14 32 6.2 12.5 20.8 31.2 0 0 0 0 3.8 27.6 46.1 69.0 0 0 0 0
T39-159-52-32-1 32 6.2 125 20.8 31.2 0 0 0 0 3.8 27.6 46.1 69.0 0 0 0 0
T39-159-52-62 32 6.2 125 20.8 31.2 0 0 0 0 3.8 27.6 46.1 69.0 0 0 0 0
T39-159-59-6 32 6.2 12.5 20.8 31.2 0 0 0 0 3.8 27.6 46.1 69.0 0 0 0 0
T39-1592 400 77.9| 155.8| 259.7| 389.5 0 0 0 0| 72.8| 345.6| 5759| 863.9 0 0 0 0
T39-13312 50 9.7 19.5 32.5 48.7 | 30.3 60.6 1.0 50.5 0 0 0 0 0 0 0 0
T455-1 50 9.7 19.5 32.5 48.7 0 0 0 0| 20.6 43.1 71.0 8.0 0 0 0 0
T39-116-62-9 64| 125 24.9 41.6 62.3| 38.8 77.6 29.3 93.9 0 0 0 0 0 0 0 0
T39-159-1087T-2 64| 125 24.9 41.6 62.3 0 0 0 0 0 0 0
T39-159-160-2 64| 125 24.9 41.6 62.3 0 0 0 0 0 0 0
T39-159-1635 64| 125 24.9 41.6 62.3 0 0 0 0 0 0 0
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9 km

Figure 16: Geographic locations for Beg PV, Mid PV and End PV cases for constrained feeder

3.4.2. Unconstrained network

The total PV peak capacity for each PV penetration scenario inntwnstrained network

case study wa02.40kW (15%), 404.81kW (30%), 674.68kW (50%) and 1012.02kW

(75%). This capacity was then split up based on the location scenarios as mentioned above.
The PV plant capacities were calculated as explained above.

Therewasa total of 12 lumped PV systems all location cases. The PV system sizes for each
case are tabulated fable 8 below. Note that the system sizes differ based on transformer
capacity as previously mentioned. The geographical location of the PV systems in the Beg
PV, Mid PV and End PV case for this case study is illustratedFigure 17.
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Table 8: PV system sizes for All PV, Beg PV, Mid PV and End PV scenarios with 15%, 30%, 50% and 75% PV penetration (Unconstrained case
study)

Transformer Capacity

All PV (PV System capacity kVA)

Beg PV (PV System capacity kVA

Mid PV (PV System capacity kVA)

EndPV (PV System capacity kVA)

TransformerNo. (KVA) 15% | 30% 50% 75% | 15%| 30% | 50%]| 75%| 15%| 30% | 50%]| 75% | 15%| 30% | 50% 75%
T179184136 100| 143| 286 477 716 0 0 0 0| 416 831| 1385| 207.8 0 0 0 0
T179134 100| 143| 286 477 716| 26.8| 537| 895 1342 0 0 0 0 0 0 0 0
T179-221-1 15| 21| 43 7.2 10.7 0 0 0 0 0 0 0 0 -—
T17918411-9 16| 23| 46 7.6 115 0 0 0 o| 66| 133 222| 332 0 0 0 0
T17918420-4 16| 23| 46 76 115 0 0 0 0| 66| 133| 222| 332 0 0 0 0
T179184261 16| 23| 46 76 115 0 0 0 0| 66| 133| 222| 332 0 0 0 0
T17918432 16| 23| 46 76 115 0 0 0 0| 66| 133| 222| 332 0 0 0 0
T1792151 16| 23| 46 7.6 115 0 0 0 0| 66| 133| 222| 332 0 0 0 0
T1792132 16| 23| 46 76 115 0 0 0 o| 66| 133]| 222| 332 0 0 0 0
T179212-32 16| 23| 46 76 115 0 0 0 o| 66| 133]| 222| 332 0 0 0 0
T179-184309 16| 23| 46 7.6 115 0 0 0 0 0 0 0 0 -—
T1441 16| 23| 46 76 115 43 86| 143| 215 0 0 0 0 0 0 0 0
T1791 16| 23| 46 76 115 43 86| 143| 215 0 0 0 0 0 0 0 0
T190-183 16| 23] 46 7.6 115 0 0 0 0 0 0 0 0 -—
T179202-8 200| 286| 57.3 955 1432 0 0 0 0| 831| 166.2| 277.1| 4156 0 0 0 0
T190-62-16 25| 36| 7.2 11.9 17.9 0 0 0 0| 104 208| 346| 520 0 0 0 0
T17918411-8-1 25| 36| 72 11.9 17.9 0 0 0 0| 104 208| 346| 520 0 0 0 0
T144451 25| 36| 72 11.9 179 67| 134 224 336 0 0 0 0 0 0 0 0
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T17918424-2 25 3.6 7.2 11.9 17.9 0 0 0 0| 104 20.8 34.6 52.0
T190-1395 25 3.6 7.2 11.9 17.9 0 0 0 0 0.0 0.0 0.0 0.0
T190-1592 25 3.6 7.2 11.9 17.9 0 0 0 0 0 0 0 0
T190-29-11 25 3.6 7.2 11.9 17.9 6.7 134 22.4 33.6 0 0 0 0
T190-172-2 25 3.6 7.2 11.9 17.9 0 0 0 0 0 0 0 0
T179-212-58 25 3.6 7.2 11.9 17.9 0 0 0 0 0 0 0 0
T179-212-64 25 3.6 7.2 11.9 17.9 0 0 0 0 0 0 0 0
T17969-33 25 3.6 7.2 11.9 17.9 6.7 13.4 224 33.6 0 0 0 0
T179-30-5 315| 45.1| 90.2 150.4 225.6| 84.6| 169.1| 281.9| 4228 0 0 0 0
T171-14 32 4.6 9.2 15.3 22.9 8.6 17.2 28.6 43.0 0 0 0 0
T179-230 50 72| 143 23.9 35.8 0 0 0 0 0 0 0

T179-2401 50 72| 143 23.9 35.8 0 0 0 0 0 0 0

T179-2442 50 72| 143 23.9 35.8 0 0 0 0 0 0 0

T179-212-57-3 50 72| 143 23.9 35.8 0 0 0 0 0 0 0

T1339 50 72| 143 23.9 358 | 134 26.8 44.7 67.1 0 0 0 0
T1821 50 72| 143 23.9 358 | 134 26.8 44.7 67.1 0 0 0 0
T189-2 50 72| 143 23.9 358 | 134 26.8 44.7 67.1 0 0 0 0
T190-34-2 50 72| 143 23.9 358 | 134 26.8 44.7 67.1 0 0 0 0
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Figure 17: Geographic locations for Beg PV, Mid PV and End PV cases for unconstrained case
study

3.5. Active power curtailment of PV generation

The final step for the study was to confirm that acpesver curtailmenbf PV generation
based on measured grid voltagéso known as VoltVatt control,can be an effective voltage
management techniqu&his method was selected due to it being no cost to he utility or
network servie provider as wéassinceit is one of the easier methods to implement with no
unintendedconsequencesThis method was implmentedby performing a quasiynamic
simulationwith the addition of a Volivatt setting for the inverters for a seletay with
significant intermittencyandvoltage violationsFurthermore, itvasconducted for the worst
case feeddre., constrained feeder.

The control model for the inverterevaluateseach power flow calculation and chasdke
outputactive power of each plarttased orthe measured grid voltage the referenced grid

point. If the grid voltagemeasureds greater than 1.05p,uhe active power of that PV plant

is reduced to 0 and if the voltage is greater than 1.04p.u. but less than 1.05p.u. then the active
powerproducedoy the plant is as per calculationgguation 7

~ ~.

0 — W —wY (7)
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0 isthe inverter output active power injected into the network,

0 is the peak active power that could be injected at the given instance, without
constrainedbased on the PV plant generation profile,

Y is the minimum grid voltage setpoint foreticontroller to start reducing inverter
output active power,

Y is the maximum grid voltage setpoint for the controller to reduce the inverter
output active power to 0O,

wis the measured grid voltage at the terminal/busbar selected by the user.

This antrol strategy is illustrated iRigure18 with the respective voltages.

% of peak PV output power

Active power curtailment control (Velatt)
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Figure 18: Active power curtailment (Volt-Watt) strategy implemented
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As discussed previously, voltage results were recorded from hourly power flow simulations
for two networksi.e., constrained and unconstrained network with and witlR\Msystems.
These results will be unpacked in this section along thiglcomparison of results with and
without theVolt-Watt control strategy.

The overall results foeachnetworksimulated in the following scenarios is presented in this
section withPV systems being

a. Everly installedin proportion to the relevant MV/LV transformer capacity
with penetrations 0fl5%, 30%, 50% rad 75% of peak load. Referred to as
AAll PVo,

b. Only installed at bginning of network in proportio to the relevant
transformer wh penetrations ofl5%, 30%, 50% r@d 75% of peak load.
Referred to as fiBeg PVo,

c. Only installed at the mdle of network in proportio to the relevant
transformer with penetrations df5%, 30%, 50% r@d 75% of peak load.
Referred ta@andas AMi d PVO

d. Only installed aend of network in proportio to the relevant transformer with
penetrations 0l5%, 30%, 50% red 75% of peakoad. Ref erred t o as
PVo.

Due to the large number of data poiatsilablefor the whole yearpnly a few daygmost of

them with high PV ramp rat§shave been selected to determine the impact of PV on voltage
rise and rapid voltage changdishas been observed that higher resolutiothePV and load
data can provide more-ttepth results; however, for these case studiBslohour resolution
data was available.
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4.1. Constrained network results

The MV and LV per unit (p.u.) voltages in the beginning, middle and etfteafonstrained
networkfor the whole year of 2019 in the No PV scenasidepicted irFigure19 andFigure

20, respectively.These results provide a&e for comparison in order to conclude on what
impacts are experienced with the addition of PV.

MV Voltage at beginning, middle and end (no PV)

HOOOMN~NOULITITNANAOODON~N O ITNONNTAOOODONOOTOANTAODDONOLUOITOAN
NOUONMNOODAdNWOLNOOOAITNTOOONT OO TdTNMWULMNODDATNMULNOONT ©WON X
N<TOOOMNMULUMNMNOATOODOANLLNOODETMNMOODONSTST OOODTdMNMWOUMNONST OW0WHML

A A A A AN NNNNODOOONETITITITITOOOWOLW O OO ONNMNDMNMNDMNIMNSOWD
Hour of year

e Beginning == Middle e=—End

Figure 19: MV per unit voltage at the beginning, middle and end of the constrained feeder for
the whole year of 20191 No PV case

LV Voltage at beginning, middle and end (no PV)

O OO OO O OO OO OO dO OO dO O A O O
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Figure 20: LV per unit voltage at the beginning, middle and end of the constrained feeder for
the whole year of 20191 No PV case
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The limit, as specified in the network planning guideliaed NRS048 standard, for MV and

LV voltage is+5% and+10%, respectively. Therefore, the number of times the MV p.u.
voltage exceeds 1.05 and the number of times the LV p.u. voltage exceeds 1.10 will be used
to determine if the status of the network is/iolation of these parameters. It is evident from

the results above that the networkc@anstrainedas the end of line MV voltage dips below

0.95 on several occasions and there are no instances where the voltages exceed the upper
limit.

It was not practial to display and analyse the results for all the days in the year, hence, 6
dayswerespecifically analysed for this case study (in all scenarios) to show the effect of PV
on voltage variations. The Pyeneration(15% PV penetration case) and load pre§ilfor the

6 days thatvasanalysed is illustrated iRigure21.

B1923021 22734 123 45678 5951011121314151617181523021722 3124 12345678 510111213141516171819203122 23 4

01 February 2013 08 Aprsil 2013 08 May 2013

e PR B
h oam b= ko= om b

05 November 2013 04 December 2013 30 December 2019

Figure 21: PV generation (in blue) and load (in red) profiles for 6 selected days to be analysed
for constrained network case study

Due to the abundance of resultmgable, theMV voltage and number of times voltage limits
were violatedin each scenaridhave been summarized in Appendix TA Section Al.
Furthermore, the MV voltage recorded in each case for the days sele€igdne21 are also
available in the Appendixhe discussiomand analysi®f all significant findings for this case
study is detailed in Section 5.1.

55



CHAPTER 4: RESULTS

4.2. Unconstrained network results

The MV and LV per unit (p.u.) voltages in the beginning, middle and end of the
unconstrained network féhe whole year of 2019 in the No PV seeiois depicted irFigure
22 andFigure23, respectively.

MV Voltage at beginning, middle and end (no
PV)
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Figure 22: MV per unit voltage at the beginning, middle and end of the unconstrained feeder
for the whole year of 20197 No PV case

LV Voltage at beginning, middle and end (no
PV)

Voltage (p.u.)

= Beginning == Middle -——End

Figure 23: LV per unit voltage at the beginning, middle and end of the unconstrained feeder for
the whole year of 20197 No PV case
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As previously mentioned, the number of times the MV p.u. voltage exceeds 1.05 and the
number of times the LV p.u. voltage exceeds WilDbe used to determine if the status of

the network is in violation of these parameters. It is evident from the results above that the
network is notonstrainedt all, as the end of line MV voltage never dips below 0.95.

As with the constrained netwk results,only 6 dayswerespecifically analysed for this case
study (in all scenarios) to show the effect of PV on voltage variations. ThgeR&fation

(15% PV penetration case) and load profiles for the 6 days that will be analysed is illustrated
in Figure24.
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Figure 24: PV generation (in blue) and load (in Red) profiles for 6 selected days to be analysed
for the unconstrained network case study

Due to the abundance of results available, the MV voltage and number of times voltage limits
were violatedin each scenario have been summarized in Appendikx 8ection A2.
Furthermore, the MV voltage recorded in each case for the days seleEigdraR4 are also
available in the Appendixihe discussion and analysis of all signifitéindings for this case
study is detailed in Section 5.2.
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4.3. Active Power Curtailment results
It was apparent from theesults in Sectiod.1 and4.2 thatthe voltage rise and overvoltage
impacts are more apparent in the constrained netwoegk Easthermore, the scenario where
the PV systems are installed only at the end of the network induces more voltage violations
compared to any other location scenario, even in the 15% PV penetration case in the
constrained networklhe details of this iswailable in Section 5.1 and 5.Zhis suggested
that selecting a specific day when these voltage violations occur for the constrained network
would be most suitable for implementation of the voltage control strategy as detailed in
Section3.5.

The 8" of May with the scenario wher80% PV penetration and PV systemsre only
installed at the end of the constrained network was selectédis@imulation analysis. Tén
control strategy led to a total active power curtailment of 19% throughout the day compared
to theactive power reduction witho control. The difference in active power output with and
without the control strategy is illustratedFigure25 below. Note that theignificant change

in output occurs between ®4nd 16 hour.

Total active Power flow with and without control
0,6

0,5
0,4

0,3

Active Power output (kW)

123456 7 8 9101112131415161718192021222324

e After control === Before control

Figure 25: Total active power output with and without the Volt-Watt control
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The end of line MV voltagaith andwithout controlis illustratedin Figure26.

End of line voltage with and without control

1,05
1,03
1,01

0,99

0,97

MV voltage (p.u.)

0,95
0,93

0,91
1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

e Before control == After control

Figure 26: End of line MV voltage with and without Volt-Watt control
The voltage risevith and without the control strategy is illustrated-igure27.

Voltage rise along the network (14pm)
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Figure 27: Voltage rise along the network at 14pm on 8 May with and without Volt-Watt control
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CHAPTER 5: DISCUSSION OF RESULTS

This sectionhighlights the key findings from the simulations completed for the addition of
PV to the networksjn each location scenarior all penetration cases. It was found that
there are many factors to consider when analyzing the impact of PV on a network. Thes
factors include, but not limited to, effect of ramps as a result of intermittency, effect of
locationwithin the networkand the effect of size of generaterslocal load These will be
elaborated on below.

Note that the results mayot reflect reaworld voltages, because the NRPecifications

specify network safety mechanisms for the inverter that wewitth off PV systemsinder

high voltage conditions. However, in South Africa, customers are unaware and sesetim
unfazed by such standardghus resud t i n g I n i | | and) aubsiequently n ne ct
unexpected impacts on the networBuch impacts may not result in complete or
instantaneous failure of the netwoekiuipment;however, long term impacts do result in

failure which is earlier than expected.

5.1. Analysisof resultsfor the constrained network

5.1.1. Effect of ramps or intermittency

As previously discussedhe ramp rate of a PV plangenerally caused by intermittency
induced by moving cloudss very high compared to other technologies. This reargad to

impact thestability of thevoltage on a networkTable 9 details therapid voltage change
resultsin each PV penetration caf® 5 days in 201%hat hadsubstatial ramp ratesn the
constrained networkase study. It is evident that installing PV at the end of the network
results in a higher voltage change and always surpasses the allowable limits for rapid voltage
change as given in network planning standafti®se ramps were averaged over either an
hour or two and it is assumed that there will be significantly higher ramp rates that will occur
in a higher resolution of time. The results also show that the higher the penetration level of
PV the higher the voltge change will be. The voltage change is also proportional to the ramp
rate that occurs. These effects are also evident in the detailed regailsble in the
Appendix section Al for this case study
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Table 9: Voltage changes that occurred due to ramping of PV in each PV scenario and
penetration case for constrained network case

: Highest | Highest | Highest Highest
Highest end of end of end of end of
ramp rate . . . : :
. Time line line line line
Date Scenario (% of f | | | |
installed rame voltage voltage voltage voltage
capacity) change change change change
pactly (15%) (30%) (50%) (75%)

End PV 6.30% 7.59% 15.11%| 19.23%

Mid PV 0 0 0 0
01 February 2019 Dropp())ed In 2 2.01% 2.36% 5.16% 7.13%
All PV 75.6% hours 1.78% 2.15% 4.81% 6.70%
Beg PV 1.00% 1.08% 2.11% 2.87%
End PV 4.71% 8.66% 12.92%| 17.11%

Mid PV 0 0 0 0
08 April 2019 Increaosed Inl 1.02% 2.21% 3.72% 5.44%
All PV 60.6% hour 1.68% 3.45% 5.65% 8.14%
Beg PV 0.19% 0.59% 1.11% 1.74%
End PV 6.26%| 11.07% 16.71%| 22.83%

Mid PV 0 0 0 0
08 May 2019 Increaosed In1 2.07% 3.40% 5.12% 7.13%
All PV 66.6% hour 2.79% 4.79% 7.34%| 10.32%
Beg PV 1.15% 1.59% 2.17% 2.88%
End PV 4.14% 7.21% 10.38%| 13.23%
05 November Mid PV Increased | In1 1.10% 2.10% 3.34% 4.77%
2019 All PV 52.3% hour 1.66% 3.14% 4.92% 6.90%
Beg PV 0.38% 0.72% 1.17% 1.70%
End PV 5.58%| 10.14% 14.81%| 19.21%
30 December Mid PV Decreased | In2 1.09% 2.54% 4.34% 6.41%
2019 All PV 74.7% hours 1.91% 4.06% 6.63% 9.47%
Beg PV 0.05% 0.54% 1.19% 1.97%

5.1.2.

Effect of size of generation
The impact of generator capacity is also significant when determining the impact of PV on

the quality ofnetworkvoltage. As seen from the results above, the incri@aB¥ penetration

can result in a higher impact on voltage change. It also impacts the instantaneous per unit

voltage.Figure 28 shows theend of lineMV voltage recordedn a day with a typical PV

generation profile (4 December 201®) each PV penetration case in the End PV scenatrio.

This shows that as the penetration increases so tHeemstantaneoublV voltage. After
detailed analysis ivasevident that this is corstent in all scenarios for this case study.
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End of line MV voltage for each PV penetration case
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Figure 28: MV end of line voltage recorded for each PV penetration case in the End PV
scenario for constrained network case

5.1.3. Effect of location of PV

With all results pertaining torgl voltages it seems that the End PV scenario has the most
impact on voltage rise as evident iRigure 29. This figure depicts the MV voltage at the
beginning, middle and end of the network ihRV scenarios for the 30 PV penetration
case on 8 May 201%vhere it is visible that the voltage aetend of the feeder is higher than
that at the beginning of the feed@heimpact of intermittency on the voltage is also more
apparent in th&nd PV scenario. This voltage rise effect for each scenario is cndistall

PV penetration casesyhere tle End PV scenario results in the highest voltage change
followed by All PV, Mid PV and Beg PV scenarios.
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Figure 29: MV p.u. voltage at beginning, middle and end of the constrained network in all PV
scenarios for 30% PV penetration case (8 May 2019)
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5.2. Analysisof resultsfor the unconstrained network

5.2.1. Effect of ramps or intermittency

As previouslydiscussedramps caused by intermittency chave a significantmpact on
network wltage.Table 10 details the results for 4 days in 2019 that had substantial ramp
ratesin the unconstrained networkase study. This table shows the MV voltage changes that
occurred due to intermittency inaaPV scenario for each PV penetration case. It is evident
that installing PV at the end of the network results in a higher voltage change and starts to
surpass th8% allowable limitat 50% PV penetration limit. These ramps were averaged over
either an har or two and it is assumed that there will be significantly higher ramp rates that
will occur in a higher resolution of time. The results also shewhe P\penetration level
increases so doeld voltage change will be. Furthermore, the voltage changeportional

to the ramp rate that occurkterestingly the voltage change is very lofer each PV
penetration leveh comparison to the results seen for the constrained network.

Table 10: Voltage changes that occurred due to ramping of PV in each PV scenario and
penetration case for the unconstrained network

. Highest | Highest | Highest | Highest
Highest
end of end of end of end of
ramp rate . . . .

Date Scenario (% of Time Illne I|Ine Illne Illne
installed voltage voltage | voltage | voltage
capacity) change change | change | change

pactly (15%) | (30%) | (50%) | (75%)
End PV 0.88%| 1.79%| 2.98%| 4.42%
Mid PV 0 0 0 0
01 February 2019 D(éc;rizg/sed r:n 2 0.65% 1.34% 2.24% 3.33%
All PV 470 ours 0.81%| 1.65%| 2.76%| 4.10%
Beg PV 0.21%| 0.47%| 0.81%| 1.23%
End PV 1.08%| 2.14%| 3.49%| 5.08%
Mid PV 0 0 0 0
02 February 2019 Dggriz;sed rI]n 1 0.81% 1.62% 2.66% 3.89%
All PV 470 our 1.00%| 1.98%| 3.24%| 4.73%
Beg PV 0.28%| 0.59% 1.00% 1.49%
End PV 0.84%| 1.63%| 2.67%| 3.94%
08 May 2019 Mid PV Increased In1 0.65%| 1.25%| 2.04%| 2.99%
All PV 66.7% hour 0.78%| 1.52%| 2.48%| 3.66%
Beg PV 0.26%| 0.49%| 0.79%| 1.15%
End PV 0.90%| 1.81%| 2.97%| 4.36%
Mid PV 0 0 0 0
30 December 201 D(;grizg/sed hIn 2 0.67% 1.36% 2.26% 3.33%
All PV 470 ours 0.83%| 1.67%| 2.76%| 4.06%
Beg PV 0.22%| 0.48%| 0.83%| 1.26%

5.2.2. Effect of size of generation

As previously mentioned, increasing PV penetraitosaid to alsampact the instantaneous
per unit voltageFigure 30 shows theend of lineMV voltage recorded for thenconstrained
networkcase studyuring one day with a typical PV generation profile (27 April 201®)
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each PV penetration case in the End PV scenario. This shows that as the penetration increases
so does that MV voltage.

End of line MV voltage for each PV penetration case
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Figure 30: MV end of line voltage recorded for each PV penetration case in the End PV
scenario for the unconstrained network

5.2.3. Effect of location of generation

In terms of the results for voltage impacts, it seems that for this tesenpact of the
location of thePV systemshavevarying effects for the voltages at different points of the
network. Forinstance,the End PV case results in the highest voltage at the end of the
network but the Mid PV case results in the highest voltage at the middle of the netwerk. Th
differences are considered to benor, however, this is consistent for all PV penetration
levels as depicted itlhe resultsection for this case study

Figure31 depicts the MV voltage at the beginning, middle and end of the network in all PV
scenarios for the 15% PV penetration case on 27 April 2019. The End PV scenario results in
the highest end ofrle voltage change as a result of. PV

1.043
1.041

= 1.039

3

£ 1037

o

g 1035

S i0m

=

= 1031
1.028
1.027

0.2 | 1043 02 | 1043
018 | 141 018 | 1041
016 | o 0.16
0.14 | 0.14
0.1z | 1087 o1z | 1087
01 | 1035 01 | 1035

0.08 | 1p33 0.08 | 433
0.06 0.06
1031 |,

1.039 —NoRY
—— Beg PV
— Al PV

— Mid P

1031 |
- End PV
1029

0.02

0 1027 — PV generation

: | 04 ‘| 004
f \ 002 | 1028
0o | 1027

1 3 5 7 & 11 13 15 17 15 21 23 1 3 5 7 9 11 13 15 17 18 21 23 1 3 5 7 9 1115 1517 19 21 23 Load

Hour Hour Hour

MV Voltage at Beginning of network MV Voltage at Middle of network MV Voltage at End of network

Figure 31: MV p.u. voltage at beginning, middle and end of the unconstrained network in all
PV scenarios for 15% PV penetration case (27 April 2019)
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5.3. Active power curtailment as a useful voltage management

technique
The control strategy results in no overvoltage violation, whereas the end of line MV voltage

exceeded 1.05p.u. without corlted the 14 hourwhich is indicated irfFigure26 in Section
4.3.

The voltage rise violation is totally mitigated with the Vafatt control strategy. This is
evidentin Figure 27 where an approximat2.9% voltage rises experienced without Valt
Watt control and an almost 0% voltage rise is experienced with control.

The rapidvoltage change experienced without control whs%and this is reduced to ~6%
with controlas shown irFigure26. Unfortunately, this is still above the allowed 3% reve
though the control does alleviate most of the impact from intermittency.

In conclusion, the implementation of the active power curtailment as a voltage control
strategy has proven to be effective for voltage rise and overvoltage effects introduced by PV
systems in a Distribution network. Even though the rapid voltage changes have not been
entirely mitigated, it has been alleviated to a substantial degree.
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CHAPTER 6: CONCLUSIONS AND
RECOMMENDATIONS

This dissertation focusseah voltage issues induced mcreasing penetration gallscale

solar PV plants on distribution netwsrkn South Africa with a hypothesis that a simple
voltage management technique that uses active power curtailment can be adopted to alleviate
these ssues. Alllocal conditionsincluding type of networksnetwork loading network
equipmentand solar resourcthat is specific to South Africa have been catered for in this
research.

Numerous Powerfactory Digsilent power flow simulations were completedstarch the
following:

1. The impact of increasing PV penetration on the distribution grid voltage within two
different South African distribution networks. The local conditions of these networks set
them apart from each other where one network was themaatapacity constraineshe
and the other was a lightly loadedeand

2. Testing the hypothesis that implementation of a sinvoléage control strategy using
active power curtailment camitigate or at leasalleviate the voltage impacts (from the
resultsin point 1) brought about by high PV penetration.

The most significantconclusion that can be derived frothis research work was that
implementation of asimple voltage control strategy that makes use of active power
curtailment in one or more PV systems caitigate or at leasalleviate the voltage rise,
overvoltage and rapid voltage changes that are introduced by increasing penefr&\
systems connected & dstribution network in South Africa.

It was further noted that the major impacts that are to be considered when installing PV to a
distribution network are:

1 Ramping of PV generation due to intermittency caused by moving clouds,
1 Size and overall perretion level of all systems and
1 Location of the systems.

As the PV penetration ondastribution network increass does the ingrt on voltage of the
network. The impact on each network td&pendenbn the overall state of the network in
terms of loadingand consumption patterns, integrity of the equipment that is installed on the
network as well as the location of the PV systems in relation to the source of the network
substation. The study has also proved that installing PV systems at the edtobation
network has the most substantial impact to the voltage violations that eapdyencedand

the opposite is true for the case of installing PV systems only at the beginning of the network.

The results also showed that PV generators can iexperextremely high ramp rates due to
intermittency (as high as 93.4% of installed capacity in one hour). This results in an equally
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significant voltage change which South African networks, being old and poorly designed
(conductor length, sizes and numlwércustomers)are not welequipped to handle these
changes. It must be highlighted that temporal resolution of data will have a more significant
impact on the results.

Despite the theoretical nature of these simulations, the results are striking apdrdoto
concerns about the current status Swfuth African networls. Since the voltage control
strategy using active power curtailment has proven to alleviate voltage impacts in distribution
networks from increasing PV penetratjat is recommended that this strategy be added to the
requirements for utility interface of invertars., NRS 0972-1 [4]. This can potentially allow

for increased penetratiofto a certain extentpn the networks without Ingpering on the
voltage stability of the network$iowever, he financial and technical implications need to

be considered when applying this control strategyrthermore, the simulation results
presented in this MSc can be validated and verified by installing invertersthat hae Volt-

Watt settingsand analysing the resulting measurements.
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Al. Constrained network results

Al.1.15% PV penetration

The total capacity of P\ihstalled on the network for this case was 410.78kW. The most
important results for this scenario are detailed below. The number of times the voltage
exceeds limits as specified in NRSE@2&ver the entire year is tabulatedTiable 11. The

times at which the voltage is exceeded will be considered as overvoltage instances.
Furthermore, the MV voltage recorded for the whole year in the All PV, Beg PV, Mid PV
andEndPVsnari o6s ikRguedl ustrated in

It is evident fromFigure 32 that the phenomenon of voltage rise is already occurring in the
End PV location case as the voltage at the end of the line is starting to supersede the voltage
at the middle of the line in s@nnstances. This can be compared to the No PV case results
from Figure 19 in the reportfor further confirmation. The overvoltage phenomenon for the

End PV case is alsapparent in the number of instances the voltage exceeds the NRS limits.
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Table 11: Summary of results for 2019 in the PV penetration case of 15% of peak load

No. of times No. of times
MV voltage LV voltage
Scenario >1.05p.u. >1.10p.u.
No PV
All PV
Beg PV
Mid PV
End PV

Detailed results for the 6 selected days in terms of MV voltage at beginning, middle and end
of the network foreach PV scenario (End, Beg, Mid, All and No PV) in the 15% penetration
case is illustrated in Figure 3338 below. These figures highlight thrapid voltage change

and voltage risphenomenaaused by intermittenap the PV plants.
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Figure 33: Detailed results for 1 February showing MV voltage (beginning, middle and end) on
the network in each PV case
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Figure 34: Detailed results for 8 April showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 35: Detailed results for 8 May showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 36: Detailed results for 5 Nov showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 37: Detailed results for 4 December showing MV voltage (beginning, middle and end) on

the network and losses in each PV case
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Figure 38: Detailed results for 30 December showing MV voltage (beginning, middle and end)
on the network and losses in each PV case

Al.2.30% PV penetration

The total capacity of PV installed on the network for this case was 821.56kW. The most
significant results for this scenario are detailed below. The number of times thgevol
exceeds limits as specified in NRS@28or overvoltage instances, over the entire year is
tabulated inTable 12. Furthermore, the MV voltage recorded for the vehgéar in the All

PV, Beg PV, Mid PV and EnFdurd3¥ scenariods i s

It is evidentfrom Figure 39 thatthe phenomenon of voltage rise is already occurring in the
End PV and All PV location cases as the voltage at the end of the lindirmystarsupersede

the voltage at the middle of the line in some instances. This can be compared to the No PV
case results frorfigure 19 in the report The overvoltage lpenomenon for the End PV case

is also apparent in the number of instances the voltage exceeds the NRS limits.

Table 12: Summary of results for 2019 in the PV penetration case of 30% of peak load

No. of times | No. of times
MV voltage | LV voltage
Scenario >1.05p.u. >1.10p.u.

No PV
All PV
Beg PV
Mid PV
End PV
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Detailed results for the 6 selected days in terms of MV voltage at beginning, middle and end
of the network for eacRV scenario (End, Beg, Mid, All and No PYf) the 30% penetration
caseis illustrated inFigure401 45 below. These figres highlight theapid voltage change

and voltage risphenomenaaused by intermittenap the PV plants.
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Figure 40: Detailed results for 1 February showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
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Figure 41: Detailed results for 8 April showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 42: Detailed results for 8 May showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 44: Detailed results for 4 December showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
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Figure 45: Detailed results for 30 December showing MV voltage (beginning, middle and end)
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A1.3.50% PV penetration
The total capacjt of PV installed on the network for this case was 1369.26kW. The most

important results for this scenario are detailed below. The MV voltage recorded for the whole
t he
Furthermore, the number of times the voltage exceeds limits as specified in NRSi48
overvoltage occurrences, over the entire year is tabulatédhle 13. The overvoltage and
voltage rise violations is more apparent in the PV penetration scenario.
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Table 13: Summary of results for 2019 in the PV penetration case of 50% of peak load

No. of times | No. of times
MV voltage | LV voltage
Scenario >1.05p.u. >1.10p.u.
No PV
All PV
Beg PV
Mid PV
End PV

Detailed results for the 6 selected days in terms of MV voltage at beginning, middle and end
of the network for eacRV case(End, Beg, Mid, All and No PVin the 50% penetration case

is illustrated inFigure 4 i 52 below. These figures highlight thrapid voltage change and
voltage risgpphenomenaaused by intermittenap the PV plants.
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Figure 47: Detailed results for 1 February showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
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Figure 48: Detailed results for 8 April showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 49: Detailed results for 8 May showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 50: Detailed results for 5 Nov showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 51: Detailed results for 4 December showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
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Figure 52: Detailed results for 30 December showing MV voltage (beginning, middle and end)
on the network and losses in each PV case
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Al.4.75% PV penetration

The total capacity of PV installed on the network for this case was 2053.89kW. The most
significant results for this scenario adetailed below. The number of times the voltage
exceeds limits as specified in NRSE28or overvoltage instances, over the entire year is
tabulated inTable14. MV voltage recorded for the whole year in the All PV, Beg PV, Mid
PV and End PV scefigureb306s is il lustrated in

It is quite apparent that at this PV penetration the voltage violation instances are innumerous

for all the PV location cases except the one where PV is installed only at the beginning of the
network.

Table 14: Summary of results for 2019 in the PV penetration case of 75% of peak load

No. of times | No. of times

MV voltage | LV voltage
Scenario >1.05p.u. >1.10p.u.
No PV 0 0
All PV 1494 30
Beg PV 14 0
Mid PV 129 12
End PV 5678 4673
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Detailed results for the 6 selected days in terms of MV voltage at beginning, middle and end
of the network for eacRV case(End, Beg, Mid, All and No PVin the 75% penetration case

is illustratedin Figure 37 59 below. These figures highlight the impact of ramping
phenomenon caused by intermittemtyhe PV plants.
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Figure 54: Detailed results for 1 February showing MV voltage (beginning, middle and end) on

the network and losses in each PV case
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network and losses in each PV case
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Figure 56: Detailed results for 8 May showing MV voltage (beginning, middle and end) on the

network and losses in each PV case
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Figure 57: Detailed results for 5 Nov showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 58: Detailed results for 4 December showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
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Figure 59: Detailed results for 30 December showing MV voltage (beginning, middle and end)

on the network and losses in each PV case
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A2. Unconstrained network results

A2.1.15% PV penetration

The total capacity of PV installed on the network for this case was 202.40kW. The most
important results for this scenario are detailed below. The number of times the voltage
exceeds limits as specified in NRS@28or overvoltagenstances, for the whole year is
tabulated inTable 15. Furthermore, the MV voltage recorded for the whole year in the All

PV, Beg PV, Mid PV and EnFdurdd® scenariobds i s

There are no overvoltage recorded but voltage rise is apparéngure 60 for this PV
penetration case.

Table 15: Summary of results for 2019 in the PV penetration case of 15% of peak load

No. of times | No. of times
MV voltage | LV voltage
Scenario >1.05p.u. >1.10p.u.

No PV
All PV
Beg PV
Mid PV
End PV
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Detailed results for the 6 selected days in terms of MV voltage at beginning, middle and end
of the network for eacRV scenario (End, Beg, Mid, All and No P\f) the 15% penetration
caseis illustrated inFigure 611 66 below. These figures highlight the impact of ramping
phenomenon caused by intermittemtyhe PV plants.
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Figure 61: Detailed results for 1 February showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
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Figure 62: Detailed results for 2 February showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
1.043 02 | 1043 02 | 1043 02
1.041 0.18 | 1041 018 | 1041 - 018
1.032 0181 1 03e 016 | o3e 018
El 014 | & 014 | & 014
£ 1037 012 | 1037 01z | 1037 012 §
# 1035 01 | 1035 01 | 1035 01 =
§ 1.033 0.08 | 1033 0.08 | 1033 0.08 §
-9
= 1081 008 | 4 431 008 | 4 41 0.08
0.04 0.04 0.04
1.029 / \ 00z | 1028 ooz | 1029 0.0z
1.027 0 1027 0 1027 0
135 7 011131517 18 21 23 13 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 1113 1517 19 21 23
Hour Hour Hour
MV Voltage at Beginning of network MV Voltage at Middle of network MV Voltage at End of network

Figure 63: Detailed results for 27 April showing MV voltage (beginning, middle and end) on the

network and losses in each PV case
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Figure 64: Detailed results for 8 May showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 65: Detailed results for 26 May showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 66: Detailed results for 30 December showing MV voltage (beginning, middle and end)

on the network and losses in each PV case
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APPENDIX A

A2.2.30% PV penetration

The total capacity of PV installed on the network for this case was8¥0A/. The most
important results for this scenario are detailed below. The number of times the voltage
exceeds limits as specified in NRS@248or overvoltage instances, for the whole year is
tabulated inTable 16. Furthermore, the MV voltage recorded for the whole year in the All

PV, Beg PV, Mid PV and EnFdurdd¥% scenariobds i s

The overvoltage and voltage rise occurrences are apparent for the All PV and End PV
location scenarios.

Table 16: Summary of results for 2019 in the PV penetration case of 30% of peak load

No. of times | No. of times
MV voltage | LV voltage
Scenario >1.05p.u. >1.10p.u.

No PV
All PV
Beg PV
Mid PV
End PV
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Figure 67: MV p.u. voltage for 30% penetration installed at beginning, even, middle and end of network
PV cases
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APPENDIX A

Detailed results for the 6 selected days in terms of MV voltage at beginning, middle and end
of the network for eacRV case(End, Beg, Mid, All and No PVin the 30% penetratiocase

is illustrated inFigure @ 1 73 below. These figures highlight the impact of ramping
phenomenon caused by intermittemtyhe PV plants.
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Figure 68: Detailed results for 1 February showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
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Figure 69: Detailed results for 2 February showing MV voltage (beginning, middle and end) on
the network and losses in each PV case
0.4 0.4 0.4
1.052 0.35 | 1052 pa3s | 1.052 L p.as
T 1047 03 | 1047 03 | 1047 03 ——MNo PV
-] 0.25 0.25 025 £
E. 1.042 02 | 1042 o2 | 1042 02 % —Beg PV
G
2 1037 0.15 | 1037 0.15 | 1037 0.15 § —_ Al PV
= 0.1 0.1 0.1 :
1.032 o5 | 1032 oo | 1032 005 — Mid PV
1.027 / \- 0 1027 , L 0 1027 / 0 ——End PV
135 7 211131517 18 21 23 13 5 7 9 11 13 15 17 19 21 23 1 3 5 7 9 1113 1517 19 21 23 .
—— PV generation
Hour Hour Hour
— Load
MV Voltage at Beginning of network MV Voltage at Middle of network MV Voltage at End of network

Figure 70: Detailed results for 27 April showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 71: Detailed results for 8 May showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 72: Detailed results for 26 May showing MV voltage (beginning, middle and end) on the
network and losses in each PV case
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Figure 73: Detailed results for 30 December showing MV voltage (beginning, middle and end)

on the network and losses in each PV case
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APPENDIX A

A2.3.50% PV penetration

The total capacity of PV installed on the network for this case was 674.68kW. The most
important results for this scenario are ailed below. The number of times the voltage
exceeds limits as specified in NRS@248or overvoltage instances, for the whole year is
tabulated inTable 17 recorded for the year. Furthermore, the MV voltage recorded for the
whol e year in the AII PV, Beg PV, Fiburedd PV and

Thereare voltage violations being experienced in all cases except when PV is installed only
at the beginning of the network.

Table 17: Summary of results for 2019 in the PV penetration case of 50% of peak load

No. of times | No. of times
MV voltage | LV voltage
Scenario >1.05p.u. >1.10p.u.

No PV
All PV
Beg PV
Mid PV
End PV
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