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Abstract- There is mounting pressure on utilities worldwide
to incorporate renewable energy sources in their diribution of
electricity. The inclusion of distributed generation (DG) on
feeders connected to the grid presents significaproblems when
feeder performance must be assessed. Two issuessiaig from
the inclusion of DG are voltage regulation and rewse power
feed. There is variability in the generation of power from solar
panels or from wind turbines due to daily solar cytes and
seasonal (weather related) changes. And then thei® the daily
and seasonal variability due to the stochastic bek@ur of
domestic loads. Together these present formidablédallenges to
the analyst. Frequently the problem presents itselwhen an
existing feeder is required to host randomly locate elements of
embedded generation. This is different from a desiganalysis
that includes both feeder and optimal location of . Clearly
with so much variability, the conventional approachof using
deterministic methods with ‘average values’ for the input
parameters (loads and DG), is less than adequatd=or a more
realistic approach time-dependent statistical model are
required to describe the variability of these kindsof load and
generation. Whether the statistical approach of aalysing the
behaviour of a feeder uses Monte Carlo simulationer a direct
probabilistic method, load and generation variabilty require
time-based modelling. This paper presents an approhcfor
modelling both loads and DG as probability Beta prbability
density functions (PDFs).

Index Terms—Distributed Generation, probabilistic feeder
performance, grid integration, load modeling, PV malels, risk.

. INTRODUCTION

The context within which this work is describedatek to
the urgent pressure from ecological, political awbnomic
institutions to vigorously promote the connectiorf
renewable generation to the utility grids. Whilbege
pressures are being exerted utility engineers acedf with
the responsibility of preserving the technical gniy of the
delivery system.

compatible due to uncontrollable variability. Tadaess this,
Grid Codes are commonly compiled by the countries I
concerned to regulate the connection of DG (windlars

panels, micro-hydro etc.) on a feeder. Howeveerehis
substantial diversity in the style and practice tbfe
distribution systems used around the world. Therimational
body, Cigré, is currently investigating the effedf these
issues through the Study Committee C6.
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As stated in the abstract the main issues relatnthe

connection of DG are: [1]

 Voltage regulation

» Reverse power feed

* Protection

« Stability (including islanding)

* Reliability
These phenomena need to be analysed appropriately t
facilitate informed decision making when hosting @G a
feeder. In addition to the listed technical cossiions,
commercial incentives such as time-of-use tariffghnalso
be developed. For the purpose of this paper oislyilaution
systems are considered.

These analyses require appropriate inputs and taoely
procedures. The inputs are:

» Feeder parameters — conductor type and length

» Load parameters — statistical variation with time

» DG parameters — statistical generation output with

time

Most DG is hosted on existing grid circuits thatrevenot
specifically designed for that purpose. In gendesder
parameters are well known (assuming the routegtlhsnand
sizes have been recorded at construction). Opgratin
temperature affects resistance and should be iedlud
calculations.

Loads are generally stochastic by nature — paatitul
those of residential customers. Their statistealations are
significant and should be adequately described stafstical
function. Similarly, renewable energy sources srbject to
seasonal and time-of day variations. So they teguire
Gstatistical functions to describe their generaparameters.

In this paper we examine the variation of both load
parameters and the outputs from DG and how these
combinations need to be uniquely treated in thdyaisaof

The two objectives are not alwaygeder performance. The examples used are cliafigd on

research done in the residential sector in Soutlc#f
LOAD VARIABILITY AND LOAD MODELS

The modelling of loads takes two forms — electrical
parameter and statistical parameter models. Iratmeer the
electrical characteristics of the load are desdrif@nstant
impedance, constant current, constant power
combinations). In their work on MV systems, Sirgjhal [2]
discuss the placement of DG is affected by thesdetso By

or



contrast, in this work we concentrate on LV systenith

residential loads. Several years of load researcB8outh
Africa in approximately 40 sites (each with approately 50
households) has yielded a very large amount of skatapled
at 5-minute intervals. For various reasons desdrilin
previous publications the load is modelled as ‘tamis
current’ [3].

The load data were statistically analysed and & Woaind
that at any time interval the customers had sigaifi
dispersion (standard deviation) and often
considerable ‘skewness’ in their probability distriions
(PDF). This is contrary to the commonly acceptedigzian
description. It was found that the Beta PDF islibst fit for
the South African grouped residential loads [4]t id a
versatile PDF and has been shown to be suitabléetater
design by direct probabilistic methods [4] and d@hiability
analyses using Monte Carlo simulations [5]. ThéaB#DF is
useful because (a) it can be negatively and pesjtiskewed
(b) it is supported on a finite base, and (c) ih caplicate
various shapes [6]. It has two shape parameteasdp and
is constrained by a finite limit, C. This limit caonveniently
be chosen as the circuit breaker size for loadeoudtata.

A parametric description of the load statistic agigen
interval provides the basis for a probabilistic iy@eh to the
analysis of the network. This has been the pradticSouth
Africa for dimensioning LV feeder components whehe
Herman Beta (H-B) method is prescribed by thetiggisince
1999 [7].

As examples, consider LV feeders feeding
residential customers at sites A and B. Figurddws the
daily load current profiles for a high-end custorokss in at
site A in South Africa for typical summer loadingdapeak
winter loading. The power factor is assumed taitigy.

Site A - Winter & Summer Load Profiles
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Figure 1 Winter and Summer Load Current ProfilesSite A

The after diversity maximum demand (ADMD) is shoton
occur about 19:15 and is characterized by a Beta Rith o

= 1.23 andB = 4.4 with C = 80 Amps. The mean is 17.44

Amps and the standard deviation is 12.83 Amps. s Tifi
depicted by the curve in Figure 2.

displayed

Beta Distribution at Maximum Demand
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Figure 2 Beta PDF of Load Current at site A durystem Maximum
Demand

From the shape of the curve it is immediately envidbat
(a) there is a large variation among the custorards(b) the
PDF is very right skewed and quite different frol@aussian
model. These characteristics are accommodatedeirHtB
method when the Beta parameters are used for dioméng
the feeder with passive loads. The Beta PDF fad lo
modeling has also been used in analyzing the sffeft
connecting electric vehicles [8]. However, as W#l shown,
the load profile that produces the maximum demand
condition is not necessarily useful for analyzihg feeder
performance when DG is added.

[ll. DG VARIABILITY AND DG MODELS

typical

All DG that derives its energy from natural soursash as
wind, sunlight or micro hydro will be affected bgnability.
The variability of wind is often modelled by the Well
distribution [9] while the Beta PDF has been sutgptdy
Atwa et al for photovoltaic generation (PV) [10]in this
work we will investigate PV generation but the cepits may
be applicable to other forms of generation. PVpattis
affected by:

» Conversion efficiency

* Latitude

» Season

« Orientation to the sun (tilt and tracking)
e Shadows (buildings and trees)
 Clouds

* Temperature

 Cleanliness

» Age of cell

PV output data for two sites close to examples A Bn
were generated in 2005 [11]. They were derived from
irradiation data obtained from the HelioClim satellusing
the Albedo 0.2, Perez tilted surface model. A dgpiroof
slope of 15 was used and electrical and aging de-rating
factors were applied

The corresponding PV outputs for site A (33.9S 8By
and site B (26.1S 28.05E) are shown in Figuresd34an
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Figure 3 PV outputs for Site A
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Figure 4 PV outputs for Site B

In a similar way the variability of wind generatiomy be
represented by a by a bi-modal probability disttitou with
daily wind pattern and seasonal variation, as sstggein
Figure 5 where Pc is the annual or monthly capafeityor
and the PDF at any time of day is characteristée (also
Figure 8)
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Figure 5 Bi-modal probability distribution of Wirgkneration
V. COMBINATION OF LOADS AND GENERATORS

The probabilistic analysis of the feeder perforneamdll
mainly hinge on (a) voltage regulation and (b) reeepower
feed. Assuming that the feeder performs withintaged
regulation limits when supplying passive loads, therst

scenarios to consider are when the load is light the PV
generation is greatest. This could give rise tahbo
phenomena. So, consider a scenario where the atypic
summer and the mid-winter peak load profiles fdnigh end
customer class are depicted by actual loads mehatisite B

in Figure 6. Superimposed on these graphs isealimtd PV
output with a peak of 3kW (or 13 Amps at 230 VY.itlis
required to represent this PV output as a Beta RDthe
calculations, we can approximate it as a symmeétiBeta
PDF with higha andp values (low dispersion).

(a) Individual In-feed

Clearly, the analysis should include the deternmmabf
the cross-over points indicated on the summer |oadile.
In this case the morning cross-over occurs at 0%u3d at
15:30 in the afternoon. At this stage a customih RV
facility starts to generate into the feeder andngeathe
voltage regulation along it.

Site B - Winter & Summer Load vs PV output
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Figure 6 winter and summer load profiles with adBéal

Now, let us examine the distribution of load cutseat
these points by their Beta parameters with C = @tpg, as
shown in Table I.

TABLE | Statistical parameters of loads at Crossrguoints (Site B)

Time | Mean| StdDey «a B
09:30 | 10.04 8.41 1.02 7.81
15:30 | 16.26 8.23 258 6.98

Note the large dispersion and the skewness of wte t
distributions illustrated in Figure 7 (a symmettica
distribution occurs whea = f).

The PV outputs were generated for hourly intervafswe
analyse these data at the approximate cross-overvéhs
indicated in Figure 6 we obtain the following st#tal
parameters for Site B.

TABLE Il Site B Statistical parameters of PV output

Time | Mean| StdDey «a B
09:00 | 1214 8.7 8.7 7.09
15:00 | 463 106.3 9.7 11.26




of appropriate load data. When these data arelablai
Beta PDFs of Load at AM and PM points statistical models can be developed. The most aamm
0.09 | model used is Gaussian with the mean and the sthnda
0.08 deviation as parameters. This has limitations lmads are
0.07 more appropriately modelled using the Beta PDF. thWi
0.06 \ i — AM  ——pPM r either the Gaussian or the Beta model a probadbilist
L 0-08 — approach is required to perform the analysis. @Gaiye this
Qo.04 \\ is achieved using Monte Carlo simulations (MCS) rehthe
0.03 \ \\ sampling is done from the statistical descriptid2]] The
0.02 / \\ \\ samp_ll_ng is usually extensive, typically more thaf00
0.01 - repetitions.
0.00 — In passive circuits (without DG) the H-B method has
0 5 10 15 20 25 30 35 40 45 50 55 80 65 proved to be very useful [13]. This is an anabfimethod
that uses statistical moments to determine the Btatistical

Figure 7 Beta PDF graphs of the Loads at the auesintervals (Site B) parameters of the output voltage. The procesméad and
does not require iterations. Since the output imrage of

Beta Distribution °f:':;n:‘s‘tl’“t“t Cross-over values described by a Beta PDF it is convenierdssign a
0.004 level of risk (conversely confidence level) to extra single
0.003 (" value for decision making. It is extensively usadSouth
0.002 /‘ ,\ Africa to dimension feeder conductors in LV distriion
0.002 / design.
L 002 / // \‘ \\ When both the loads and the DG units are descrilyed
Boo1s / \ Beta PDFs the two models can be incorporated heoH-B
0.001 / \ \ method to analyse the voltage regulation on a feétdea
0.0005 // \‘ \ probabilistic manner. We note that we can exprbes
0 J N statistical properties of both load and PV generatit the
0 100 200 200 400 500 800 700 800 200 1000 cross-over points where they intersect as Beta PDHs
| AM PM | should also be noted that a significant data baseld be

Figure 8 Beta PDFs of PV output at the two Crosardntervals (Site B)  available from which to derive the parameters. Whe
i . extreme conditions are to be analysed where PVrgtoe is

The two PDFs at the cross-over points are illusttatpigh and load is (probabilistically) low, the PVigeation can
graphically in Figure 8 and show_that the MOrNINGVe 1S he modelled as having very little dispersion. Tisatit is
left skewed and the afternoon is slightly rightwskd, regarded as approaching a deterministic value amd be
represented by equivalent high alpha and beta sdhst are
equal. This technique is used in the H-B methodmfixed
loads are to be represented [14]. Preliminary weag been
done on incorporating DG into feeder performancauation
using the H-B approach [15].

(b) Total In-feed

Suppose the after-diversity-demand is ADDhe total
number of customers is Nthe after-diversity-generation is
ADDg and the total number of DG installations ig, Nhen
when VI. CONCLUSIONS ANDFUTURE WORK

<
ADD, x N, < ADDg x No The paper describes the variability of load and DG

the feeder becomes balanced, with possible islgndiPlar."’“‘nGters using examples from loads measured ithSo

conditions developing. This is the threshold atchhreverse Alrica as applicable to LV feed_ers. The generglrapch can

power supply into the MV system occurs. be extended to MV systems with some care. At h‘e,loads
are assumed to be at unity power factor but this thabe

reviewed at MV level. Variations in load magnitudee

V. FEEDERPERFORMANCEASSESSMENTAPPROACHES generally of greater consequence than variatioR¥in

Using a probabilistic approach means that inputabées

The most common method of analysing the performaiffice
ysing b expressed as PDFs translate to outputs that may kads

a feeder both residential loads and DG is to assaveeage described as probability distributions. This meémst if a

valuc?s ar;d to p(:_rform detr(]ermlmsrt]lc Ioaﬁ ﬂOWS'. btlrt;?b singular result such as probable voltage leveldsirdd, a
Previous two Sections we have shown now vara Confidence level (conversely a risk level) needs ke
loads and DG can be. The variability in loads bagn

. . . assigned to the output PDF. This is done in tH# tdethods.
recognised and a variety of methods were emplogethé o yiternative analysis would examine, for examplkat the
past to allow for this in voltage regulation caltions. One yisk would be of violating regulatory limits with given
approach used to include variability is to investegdifferent ,mber of DGs on a particular feeder.

scenarios. One of the difficulties often mentiomethe lack
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