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Executive Summary
The benefits of DG tonetworks

Distributed generation (DG) represents decentralized generation of electricity, and is usually
close to thdoads and generally interconnected to the utility distribution system.

DG could save considerable costs in deferring network upgrades, improving system
reliability and voltage profile, reducing energy losses, and providing blackout starting power. At
thesame time, DG could also lead to some challenges to power system operation and control due
to its volatile feature

More specifically, DG has the following advantages:

1. DG can improve the efficiency of providing electric poweris known that

transmittirg electricity from a power plant to a user wastes around 4 to 9 percent of
the electricity losses.

2. DG could provide benefits in the form of more reliable power.
3. DG is helpful for improving the power quality.
4. DG is helpful for improving power transmissioand aids the entire grid by reducing

demand during peak times and by minimizing network congestion. DG can contribute
to deferring transmission upgrades and expansions.
5. DG helps reduce the terrorist targets since DGs are distributed anessaiad.

6. The wide use of DGs could reduce emissions.

7. DG can provide emergency power for public services, such as hospitals, airports,
military bases.

8. DG is helpful for increasing the diversity of energy sour@ée. increasing diversity

could avoid the economy froprice shocks, interruptions, and fuel shortages.

The benefits of distributed generation were summarized in a 2007 report prepared by
Department of Energy (DOE), USAht{p://www.oe.energy.gov/epa_sec¥ditm), and the
matrix shown below was also given in the report.

There are four main areasD6 benefis to networks addressed in this repastlisted below:

voltage profile and power factor improvement
e contributions to reliability

e overcoming thdarrier to using DG in protection
e impact of DG on losses

These areas of network impact are integrated into a tool for numerical appraisal of design of
net works incorporating DG6s. The optimizati on
optimization is able to determine an optimal investment in distribution systems choosing between line

1


http://www.oe.energy.gov/epa_sec1817.htm

upgrades, switch capacitors, tap changers and Distributed generation appraised on the basis of
reliability changes, investment cost and loss reduction.

Table 1 The Matrix Representing Distributed Generation Benefits and Services

Benefit Categories

Energy Savings in Deferred Deferred System Power Land Reduced
Cost T&D Losses | Generation T&D Reliability Quality Use Vulnerability
Savings and Capacity Capacity Benefits Benefits Effects | to Terrorism
Congestion
Costs
Reduction in Peak \/ \/ \/ ‘/ ‘/ \/ ‘/ \/
Power Requirements
¢ | Provision of Ancillary
Q | Services
8] ‘
'S -Operating
el ey |y |y Yy
8 - Regulation
— Blackstart
Q -Reactive Power
a
Emergency Power ‘/' \/ / ‘/
Supply
T&D= transmission and distribution.
Methodology

The novel developments that have permitted quantification of these developments follow a
similar pattern for the four basic areas. For voltage control, the limitatiexisfing standards and
algorithms is illustrated. The essence of the problem is formulated in a mathematical model. An
algorithm is proposed which addresses the problem and this is validated by simulations on models of
representative sections of distrilmut networks. In this case existing tools inject power from inverters
at unity powerfactor and when there is no local load then the voltage rise can exceed device ratings
and the device trips. One can correct the voltage from an inverter by adjustieguttiee injection
from the inverter. The difficulty is that a strong potential exists for oscillations between voltage
controllers particularly inverter based. The solution process developed extends concepts of droop
control of generation with the flexislcontrol of inverters. This work was supported in part by CSIRO
flagship funding and some of the motivation was developed by discussions with utilities and
manufacturers. No similar work on voltage control and dynamic oscillations has appeared as part of
journal publications or key conference publications but constitutes a breakthrough to a major problem
inflicting utilities at the moment.

The process of reliability improvement using schedulable distributed generation has been
investigated by QUT and othezsearchers. The key contribution in this project has been to show the
strong relative benefit of reliability in motivating investment in distributed generation. The analysis
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here is for the case where the system does not have strong possibilitiessafarmoscts between
feeders [11]. In highly meshed urban systems the reliability is obtained by providing alternative
connection to other feeders. In more rural areas the option to connect to another feeder is a very
expensive option and the DG solution checome an attractive investment. This project has
investigated the change over point between cross connect solutions and DG and provided a guidance
on the process of incorporating reliability into an overall investment strategy. The optimal investment
strategy and the role of cross connects has been supported by the CSIRO flagship funding.

One very complex issue has been the protection strategy for incorporating distributed
generation system within networks. This issue acts more as a barrier to DGticontiemn a direct
network benefit. It is easy enough to protect the DG element from system faults and to protect the
network supply transformer but the issue is to ensure reliable detection of network faults both for the
purposes of avoiding excess damagehe lines and cables but to achieve required levels of public
safety. The public safety issue arises because a conductor on the ground may have a high fault
impedance and only part of the fault current is supplied by the substation and part caroooé fr
The development partly funded by the flagship project includes development in protection algorithms
[4] and fully funded in fault interpretation{3,5].

Innovation

The overall aim of the project has always been focused on determination ofasitirgizing of
distributed generation. On a pure energy cost basis it frequently is not justifiable to invest in
distributed generation in Australia. Where the waste heat can be used locally and displaces high cost
energy purchases then local generatiam lmecome attractive. For most of Australia energy costs are
not dominated by heating so aspects that drive DG in Europe become not so attractive in Australia.
On the other hand Australia has a high cost sparse distribution network for large numbers of
cusbmers. The equivalent cost for delivery of energy to outback Queensland customers 10years ago
was 70c/kWHr while the consumer cost in the city was 15c/kWHr and the bulk energy cost was
around 3c/kWHr. For generation back into the grid for highly connawtddorks the appropriate
reward would be at the cost of displaced energy 3c/kWHr. If the generation was guaranteed to be
present at the peak time for the high cost areas of the network the appropriate reward for generation
should be closer to the 70c/kWHHhis illustrated that for certain types of generation it is important to
consider the network benefits and the easiest economic cases for DG may be on the fringe of grid
until a substantial carbon price raises the reward level more generally. In orgearttfy these
benefits particularly for reliability the DG must often run when required in combination with other
DGs. The network benefit must be traded against increased generation cost if there are sites with
substantial changes in generation costfficiency. Overall these units must be permitted to run and
support voltage if major benefits are to be obtained hence a significant effort has been spent to ensure
that protection and voltage control strategies would be acceptable to utilities.

The key nnovations that have arisen from this project have been

e to support some of the developments in voltage control and thus provide a basis for a new

generation of inverters for distribution networks.
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e to develop strategies to interpret faults on networksha presence of DG and to partly
support developments in inverse time admittance relay developments as a method to ensure
public safety though reliable detection of faults on networks with DG.

o Of itself losses constitute approximately 7% of the genenabsekr in Australia. Distributed
generation which places the generation close to the load can reduce those loses. However the
generation cost of DG6és is frequently much
benefit does not of itself drive miugnvestment in DG. When the major benefit is in voltage
control and reliability then the loss benefit can help get the project over the line.

e to determine optimal investment in networks across a range of options including DG against
multiple selection criteria, a new optimization tool has been developed. This tool addresses
the variation of loading levels and the discrete and nonlinear natuttee abptimization.
Existing tools such as pure genetic algorithms (GA) or particle swarm optimizations (PSO)
have been found to be unable to cope with the highly quantized nature of distribution system
optimization which is often expressed as selection red of a set of standard sizes for
transformers or cables. The most successful tool has been a combination of GA modified
PSO. The process of iteration across multiple load levels is another innovation which raises
the performance above anything currenthgitable.

Overall the project has contributed to the removal of two key barriers to the wider adoption of

DGs and has provided tools to quantify the appropriate investment levels justifiable for a utility to
invest in DG. This quantification of value waybotentially form the basis of a reward mechanism for
third party DG owners to seek a reward from utilities.

Six chapters are included in this report. The benefits of DGs on reliability enhancement,

voltage improvement, and loss reduction are address€tiapters 1, 2 andréspectively while

the impacts of DGs on protective agé are presented in Chapterli3.Chapter 5, the overall
benefits of optimized DGs into networks are examined, while in Chapter 6 overall comments and
summary of contributionsrpsented.



Chapter 1 Benefitsfor Voltage

Some distributed generation technologies in the distribution system can control voltage
profiles by injecting or absorbing reactive power, and even improve overall system voltage
quality as well as voltage stability.

1.1 Voltage stability

The voltage sthility index can usually be derived from thevRcurve [Hedayati et al.
2008; Xi Chen andWenzhong Gap2008; Gil et al. 2009]Bifurcation analysis iglsoused in
[Hedayati et al. 2008 By adding DG units in the bus most sensitive to voltage collapse,
voltage profile can be improved, the power loss reduced and the power transfer capacity
increased. A typical 3Bus distribution network is used to test the method. In [Xi Chen and
Wenzhong Gap200§, the overall impact of adding DG (fuel cell) to theodified IEEE 14 bus
test case is studied. Different DG placements are compared in terms of power loss, load ability
and voltage stability index. The Fast Voltage Stability Index (FVSI) and Line Stability Factor

(LQP) for voltage stability contingency dpsis are compared. IrGll et al. 2009, the VSM

Voltage Stability Margin is improved by connecting DG units at a particular bus. The index is

extended to DGs connected at a group of buses. The proposed BVI (Bus VSM Improvement
Index) is calculated withifferent DG penetration in the IEEE RTS96-Bds test system. The

BVI remains relatively stable for penetration levels from 0% to 20%. The installations of DG
provide reliable support for contingencies and can improve the VSM by 45% to 60% during the
peakload period; however when the load is too low or too high, the VSM improvement is not
obvious. In Kumar and Selvan, 20D09DG units are optimally deployed in the distribution
network with genetic algorithm. The location of DG is initially selected acegrth the voltage
stability index. The fitness function consists of energy losses plus the weighted voltage deviation
of every bus. The method is tested with ab25 Indian system, a d81s and a 6®us radial
distribution network. Simulation results showat the SI (voltage stability index) decreases as the
load level increases. The load increasing factor is evaluated for two different scenarios with or
without DG in [Fujisawa and Castro, 20P8n [Hemdan and Kurrat, 208t is discussed how

the locatons and capacities of DG units enhance the voltage stability; the influence on different
feeders in the distribution network is also analyzed. Different types of DG are studied. A static
voltage stability margin (SVSM) is used to determine the locatibBs=0[Chen et al. 2006jand

the load increase is considered in this model. The GA optimizer however will greatly increase the
computational cost when there are more nodes.

In [Nasser G. A. et al. 2008], the effect of DG capacity and location on volizigjéty
enhancement of the radial distribution system is investigated. It was found that the location of the
DG has asignificantimpacton the voltage stability over its capacity, and voltage stability should
be taken into account agaalwhen dealingvith the optimum allocation of DG.
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In [Lin Wang et al. 2006]a new networiacilitated voltage stability control strategy is
presented for distribution systems connedtedistributed generations (DGs). The strategy aims
to increase power system opewvatisecurity during normal conditions and to save a distribution
system from imminent voltage collapse due to contingencies. When implementing the strategy,
stateof-the-art digital signal processing (DSP) technology is used for determining correct voltage
stability controls, and modern computer networking technology is utilized for monitoring power
system operating states and transmitting data and stability control commands.

The voltage stability of the investigated network is tested by applying somebdistes
in both the high and the lewoltage networks infdhmed M et al. 200b Fig. 1 shows the voltage
response to the abovementioned 150ms fault at bus (B2). All DG units contain suitable reactive
power controllers to regulate their performance. Sihesé units are located near the load centre,
some improvements in the performance are achieved, especially for the load during the short
circuit.
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Fig. 1. Voltage variation of one of the synchronous generators and a selected load as a result of a
threephase fault in the higholtage network



Fig. 2 illustrates the voltage response to a 10Mvar load switching at bus (B1) in the high
voltage network. The increase the penetration level of the DG units causes more damping to
the voltage in both theow- and the highvoltage parts. In addition, lower steashate voltage
deviations are achieved at load terminals when the DG sources are used near them. However, the
steadystate voltage deviations at the generator terminals are lower when no D@Grenitsed.
Due to the higher capacity of synchronous generators without DG units, they can achieve better
local voltage support at their terminals. Therefore, the synchronous generators compensate for the
reactiveload switching with lower terminaloltagedeviations.

Voltage deviation of a synchronous generator {(p.u.)

0.05
0.0, /A
I} .
i ot ®a - e —
[ = B Y L R A N YTk R R IR
005 I CeeonteceseTusenaceccrceces,
.
: !
-t].t]l(]_l:l _'j"f
IIF-ffI
. — 1]
00150 &J'I L 15%
ame 28.3%
-0.020 i I I I I I T
Voltage deviation of a selected load (p.u.)
0,005
0
0,005 ALY
DN LA L AL LR LT LY
1 .-"'"'_'_"‘—H_._\_
001 fe o [/ \uf
[ j-
0015, Ill .-} -
Ilk.x | 00
002 | / —_— 15%
I"LU;’rI aae 28.3%
-0.025 1 l I l
0 4 b 12 16 20
Time (=)

Fig. 2. Voltage deviation of one of the synchronous generators and a selected load as a result of
switching a load of 10Mvar in the higloltage network

Fig. 3 shows the voltage deviation at two load nodes when a load of 1Mvar is switched o
at the terminals of the first load of them. The second load node is about 2km away from the
switching point. A large voltage decrease occurs at the switching point when the DG units are not
utilized. This voltage decrease is significantly reduced when28.3% penetration level is
considered. The other load terminals in the distribution system also incorporate some
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improvements in the voltage profiles when DG units are used. The voltage decrease and the
relative improvements in the voltage profiles ash terminals vary depending on their relative
locations with respect to the switching point.

Vaoltage deviation of the load at the switching point (p.u.)
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Fig. 3. Voltage deviation at two load terminals as a result of a switching a load of 1Mvar inthe low
voltage network

Generally, the analysis of the syst@erformance with regard to voltage stability shows
that DG can support and improve the voltage profiles at load terminals. This can extend the
stability margin of dynamic loads, i.e. induction motors, which can lose their stable operating
point with largevoltage dips.

The research work ifH. A. Gil et al. 2009js focused specifically on how large amounts
of DG may influence the Voltage Security Margin (VSM) of the transmission grid during normal
operations and under contingencies. Based indices are developed, which provide information
about the relative influence ofgregated custom@wned DG on the voltage security of the grid.

The study relies on a systematic voltage stability analysis for different DG penetration scenarios
and locations across the grid. A study of the influence of the daily system load cyctgpeantl
contingencies is also provided, which sheds light on the actual effectiveness of aggregated DG for
reinforcing the transmission grid against voltage collapses. It was found that such contribution

8



may change considerably depending on the locatidtheodggregated DGs. It was also found that
the actual support received from the aggregated DGs during contingencies depends largely on
both the precontingency system load level and thegmgingency voltage security margin.

1.2Impacts of Large-ScaleDG Integration on the VSM
A. Contribution of DG to the system VSM

Rel ative to the current operating point, t
of voltage collapse, usually parameterized with respect to a reference system load. In this work,
the VSM is measured as the actual |l oadi ng, >,

reference load is assumed). Voltage collapses are strongly connected teNBatiBifurcation
(SNB) points, as shown in Fig.

With this in mind, the firstlirect measure of how DG contributes to the system VSM is to
carry out an incremental voltage stability analysis for different realistic DG penetration scenarios,
and compare the results to a baase with no DG. Such incremental analysis will tell ndy on
how the VSM is improved (or worsened) in absolute terms (in MW), but will also provide
information about the best locations for aggregated DG from the voltage security point of view.

Her e, a ABus VSM | BWpismopesedeThis indexiadneeasare a r
how given MW of aggregated DG at busPp§;), improves the system VSM from a bassse
MW | oagion ga @an eraelati\M W the amount of aggregated DG being integrated. Thus:

h o @
DGi

The proposed index indicates the percentage VSM improvement of every kW of DG
connected at a particular bus. For instancdB\V& of 0.71 indicates that the system VSM
improves by an amount equal to 71% of the total DG installed at bus i. Note thatakeamdbe
either positive, greater than one, zero or even negative, as the results will show.

The contribution from a given combination of DGs (or the totality of them) may also be
estimated with an expression analogous to (1). For instance, foragMesset q of buse
DG one can determineBVI|, as follows:

BVI, =

a7
Z Pogi
Q

Wheret he denominator indicates the tot al DG cap:
ofwhet her BVl sanbesxtessed in terms of the sum of the individual in@iggf

BVI,, (2)

all DGs contained in the subset depends on whether the response of the network with respect to
the VSM is nearly linear, at least for small DG penetrations. Intuition says that the larger DGs (in
MW) should have more weight on the ind8¥|, for the séto which the DG belongs. Hence, if

one defines jas: wei ght factor 0

yi = 0 3)

Z Pogi

Q




Then, it could be assumed that:
BVI, = 7BV, (4)
Q

If (4) holds true, the superposition principle can be applied and the estimation of the
combined contribution from aggregated DGs at different buses is considerably simplified. This
assumption will be later confirmed, especially when generators are below their active and
reactive power output limits and for small DG penetration levels.

Although the result from (4) is certainly not general for large DG penetration, it implies
that in certain cases the estimation of the VSM improvement by any combination of aggregated
DGs could be simplified by estimating individuaYVIs for each bus and themding them up to
obtain the combined contribution. This operation would only require one voltage stability
analysis for each bus in set q, i nstead of re
the set of buses under analysis, which may berédlge for large scale grids.

B. Effect of Contingencies

Estimating the system VSM would be of little use if all generation and power delivery
equipment were guaranteed to operate with 100% reliability all the time. System operators are
therefore interdsd not only about how aggregated DGs improve the VSM on normal operating
conditions, but also about how those DGs will support the system during transmission line
outages.

DG interconnection standards usually require DG to disconnect whenever the voltage at
the point of interconnection drops below a certain threshold for a predetermined period of time.
In these conditions, a large tripping of large amounts of DG will céytaworsen the system
voltage and angle response during the contin
t hroughoo t Heeel vdlitage bscillationstpriovoked by certain transmission line outages,
DGs can actually help the system survive theage. The latter can be better explained with the
help of Fig.4. Thus, during normal operation at a given hour of the day (with all generation and
delivery equipment operating as intended) the system operates at point A. Assuming that the
loads are conantly powered (as is typically the case in voltage stability studies due to load
recovery characteristics), if a transmission line contingency occurs, the system will stabilize at the
new operating point represented by B along acBie that includes theutput from the DGs. If
a further scenario with no DGs in operation is considered (thenlest curve), the system might
experience a voltage collapse.

Note in Fig.4 that the DGs would not provide any assistance on a contingency if the load
is greaterhan. aSi mi |l arl vy, f q, the $ysieandrsght bueviveothre cdntingeacy o
regardless of the presence of DGs, depending on ataijdity issues.
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Hence, a normalized LDC function LDd)(will yield the probabilityp that the load will

be above a certain valaei.e.:

pl=>d, =LDC,_

()

Similarly, definingUas a function with the probability that the load will fall betwelgn

andd;, then:

«@,,d, =pl>d=d, +LDCE, > LDCE,_

(6)

Note that LDC(d,) > LDC(d,) wheneverd, < d;. For instance, according to the LDC

shown in Fig5, the probability that the load is higher than 2,000 MW is:

p i = 2,000 * LDC €,000 >=0.287

(7)

The probability that the load will be between 2,000 MW and 2,200 MW is:

« €00Q2200 > LDC €000 LDC €200 = 0.287—-0.171=0.116

(8)

Observe that the probabilityds, d;) in (6) may have considerable small values,
especially for higher demand levels.
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The main idea here is that the actual contribution from DGs upon contingencies should
consider not only the contribution to the VSM in MW, but also the chance that the system load
wi || be within the ADG assi st anc eithandwitheut v a l
DG, i.e. thesy and&y values, respectively, in Fig. The next section will clarify these concepts
and will help understand better the actual effectiveness of large amounts of DG in preventing a
voltage collaps@pon largescale contingncies.

1.3 Voltage profile

A method that can regulate the line voltage within voltage limits and can reduce the
electrical flickers of wind turbines is proposed ¥h Kubota et al. 2002 In [T. Ackermanhn and
V. Knyazkin, 2002, the problem ofimproving voltage quality by changing the locations and
capacities of DG units is discussed. It is concluded that the impact of DG depends on the
penetration level of DG as well as on the DG technologies.

The authors ofQarastro et al. 20Q0&liscussed t application of a shunt active power
filter with energy storage to stabilize voltage and eliminate harmonics. The control method based
on the state space pgkacement design shows good performance with zero steady state error
given plant variation. InHarlssonet al. 200% the voltage droop controllers of power electronic
converters are prested and can operate well in both the stalmhe mode and when rotating
sources are included in the DG system. The proposed controller is tested by simulation and
experimentsn [Karlssonet al. 2005%.

In [Qiu Sun et al. 2009], the impact of [&Jocatiors and capacieson voltage profile in
power distribution networks is discussed. Two typical load distribution moedetéform and
isosceles load modeisare established to analyze the voltage profile on the feeder quantitatively.
Regarding the simulation, it is showmat the voltage profile could be influenced by the location
and capacity of DG, which should be well planned to ensure the static voltage of each node
within the permitted range.
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Fig.6. Voltage profile of feeder with a uniform load before and after DG is injected

12


http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(karlsson%20%20p.%3cIN%3eau)&valnm=Karlsson%2C+P.&reqloc%20=others&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(karlsson%20%20p.%3cIN%3eau)&valnm=Karlsson%2C+P.&reqloc%20=others&history=yes

105

10+

ra

uJxv
w
o

e

2 4 § g 10 12
d/km

Fig.7. Voltage profile of feeder with an isosceles load before and after DG is injected

In Figure6 and7, curve | and curve 2 represent the voltage profile without DG and with
DG respectively. It can be observed that DG can provide voltage support to pull up the low
voltage at the end of the feeder. The effect of DG is more obvious when it is near thetend of t
line.

In [R. R. Londero et al. 2009], the impact of DG with different penetration levels on
steadystate voltage profile and voltage stability of power systems is addressed. It is found that
voltage profile is improved by utilizing DG with respectthe steadystate analysis. With more
power from the DG units, the voltage stability margin is also improved. However, the DG
penetration levels do not impact voltage at DG terminals.

Fig. 8 shows system voltage profile to high load for the main busetencorridor
between the main generator (bus 6420) and the DG (bus 5170). The results show that as the DG
penetration level increases, the system voltage profile also increases.
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Fig.8. Steadystate voltage profile for different DG penetration levels.
Fig. 9 shows the voltage stability PV curve at bus 5210 (138kV) for different DG
penetration levels to high demand, considering constant power loads. Although the active and
reactive power supplied by the DG was kept constant during the simulations, which thaa
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only the main generation assumes the increase in system demand, the results show that the
presence of the DG improves the system voltage stability margin. It can be explained because the
DG provides active and reactive power to local loads, ddogeagstem losses and increasing the
system voltage stability limit.
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Fig.9. PV curves for different DG penetration levels considering constant power load.
1.4 QUT contributions to DG as a feeder voltage, power factor and

harmonic correction device

Inverter based DG systems such as, PMel cells microturbines all are theoretically
capable of affecting the system voltage. The difficulty that is facing many utilities at the moment
is the voltage rise on feeders with high levels of PV installation. Withdocupancy during the
day with high PV power input the voltage rises causing the PV inverters to trip. The vision
presented here is for all inverter connections to be grid positive in having a hierarchy of tasks
within the rating of the connection inverte

1. Export of the required real power
2. Export orimport of reactive power to control voltage and/or power factor
3. Suppression of system harmonics

The presentegulation for inverters for PV connection focus on real power export, insists
on unity power factor and sets limits on harmonic creation. There are three main aspects to the
research innovation covered here.

1. The first one is the development of a voltage control process such that sets of inverters can
contribute to feeder voltag®wtrol without risk adverse interactions between the controllers.
The next step reviews the power factor implications of voltage control.

2. For perfectly reactive lines then a flat voltage profile with each voltage at exactly the
referene level, the poweliactorat the start of the feeder is unity which implies lower cost for
the supply transformer or equivalently maximized feeder rating at peak load. For real
distribution lines with substantial resistance the voltage profile needs to be shaped to get the

unit power factor at the transformer but can be part of the same form of voltage controller.
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3. The final aspect is the control of harmonics. Inverters are capable of current tracking which
means thathey can absorb no harmonics. They can operate in voltageat mode which
means they must absorb all harmonics at that point of the network. The research result here is
that the inverter control can be changed on line to control the extent of harmonic absorption
dynamically such that the troublesome low ordamfronics can be absorbed up to the device
rating without detriment to real or reactive power tasks.

A Voltage Control with multiple inverters

In [G Ledwichet al, 2010, an analysishasbeenpresented on impacts of multiple site
reactive powecompensation for distribution feeder voltage support. Initially, a radial distribution
feeder with multiple DSTATCOMSs is modelled in MATLAB and tested with proportiamdy
controllers. The test results obtained with proportierdy controllers demonsited that the
steady state voltage profile of the feeder is dependent upon the proportional gain of the
controllers, i.e. a higher proportional gain yielded a better voltage profile. An increase of
proportional gains in order to further improve the stestdye voltage profile resulted in voltage
oscillations and system failure.

TABLEI
PARAMETERS USED IN SIMULATION STUDY WITH PROPORTIONAL
CONTROLLER
Variable || Value
Source voltage (V) 1 pu
Reference voltage (V... ) 1 pu
Total line impedance (Z7,;,,.) (0.24+0.4y) pu
Total load mmpedance (Z7],,,4) (27+1.%) pu
Proportional gain of the controller (kz) || 0.5
Number of buses 5

The developed model is tested for five DSTATCOMSs in the network. A time domain
simulation is carried out on MATLAB with a 0.02 s time step. The parameters used for the
simulation stidy is listed on Table I. FiglO shows the variation of voltages at buses 1, 3 and 5
with time and Fig.11 shows the steady state voltage magnitudes at different buses along the
feeder with and without DSTATCOM operation. It is observed that steady state voltage
profile of the feeder is improved by the DSTATCOM action. It is also clear that the steady state
voltage errors are reduced with increased gain. If the gain of the controller is further increased to
kp = 1, the system response b@es oscillatory and the control system becomestableas
illustrated in Figl2. It is also observed that these voltage oscillations are getting larger with the
bus number. In other words, the farthest bus from the substation experiences the largest
oscilations. There is a maximum value for the proportional gain before the system becomes
unstable. Low proportional gains on the other hand, result in higher steady state voltage errors
and poor voltage profile along the feeder even when the DSTATCOMSs hareerspctive power
capacity.
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Fig. 12. Bus voltage variation with high proportional gains (kp = 1)
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As a result, the DSTATCOMs am@oposed to operate on their respective steady state
droop lines in order to obtain the highest gain for voltage correction. An integral controller is
used to force the operating point on to the steady state droop line. The control strategy has shown
enhared sharing of reactive power among DSTATCOMSs.

A mathematical model of a radial distribution feeder connected with multiple
DSTATCOMs that are controlled by the proposed control strategy is developed. Eigenanalysis
has been conducted to predict the degfeBSTATCOM interaction and to develop the criteria
for controller design. These results showed that the dynamic interactions between DSTATCOMs
are likely to occur under lightly loaded conditions. In other words, the system is more stable for
heavily loaecd conditions than for lightly loaded conditions. It also showed that increasing the
number of DSTATCOMs has a higher chance of causing dynamic interactions between two
adjacent DSTATCOMSs.

The steady state bus voltage versus total load admittancesplotged that the feeder
capacity can be improved by a significant percentage with the operation of multiple
DSTATCOMSs. Nevertheless, this percentage is dependent upon the rating and the droop
coefficient of DSTATCOMs. Smaller droop coefficients ensure highailization of
DSTATCOMSs at all operating conditions. The daily load profile must be considered when
determining the number of DSTATCOMSs, their positions and ratings. An Eigenanalysis must be
carried out to determine the controller gains for stable @iparaAlthough higher integral gains
assure quicker steady state operating points, such higher gains may also introduce a higher degree
of interacton between adjacent DSTATCOMSs.

Eigenvalue analysis of the system matrix is useful to predict the leveiteraction
among DSTATCOM controllers and the system instability. There are 10 Eigen values for this
system. These Eigen values are plotted on Hdofan integral gain range from 1 to 3 with 0.1
increments. A similar Eigen value analysis is perfornedtie same radial feeder when the total
load is equally distributed at 10 different locations and each location is connected with a
DSTATCOM (a 10 bus system). Fig3 $hows that there is a maximum or boundary integral gain
before the system becomes ubtta This boundary integral gain is plotted on Fig fdr both 5
and 10 bus systems against the total load admittance. These plots demonstrate that both systems
become more sensitive to integral gain under light loading conditions and the 10 bus system
becomes unstable at smaller integral gains than the 5 bus system. In other words, the system is
vulnerable to an increase of integral gains when the DSTATCOMSs are situated much closer to
each other.
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Alternatively, the boundary integral gain can be found by repetitive time domain
simulations with gradual increments of integral gain. In this process, the boundary integral gain is
identified with voltage oscillations. Boundary integralirgaobtained in this manner for few
randomly selected loads matched well with the values of &ig 1

The paper has only presented and discussed the test results for uniformly distributed
DSTATCOM cases to illustrate the performance of the proposed centreine. However, a test
with two DSTATCOMs at the same bus demonstrated that the control system managed to
maintain the bus voltage without any conflicts between the two controllers. Thus, the proposed
control system is likely to be equally robust for agnformly distributed DSTATCOMSs.
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Fig. 14. Boundary integral gains versus total load admittance

B DSTATCOM for distribution line enhancement: power factor issues

Distributed small power electronic converters can be added to customer premises to inject
reactive power to assist with voltageofiles and/or powefactor.In [L. Perera et dlan effort is
madeto examine whether there is a fundamental conflict between voltage cant@ower

factor control.
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For feeders whichare approaching a loadingimit based on voltagea substantial
enhancement of 4 times loading (in one example) becomes possible through the use of voltage
controllers. In this case the ortyiterion applied wakeeping the voltage above 0.95p.u. A total
load of 0.8907 0.3959i pu. required a total Q injection of .6p8u. for a line with an impedance
angle (R+jX) of 60.

The rating of lines and the line losses can be minimized if the power factor is kept close
to unity through all line segments and transformers. For purefctive lines then this
corresponds to a flat voltage profile. However the resistance in distribution lines can be quite
significant thus even if the cumeis in phase with the voltag¢éhe voltage across the line
segment ig*(R+jX) and thus there wilbe a significant voltage drop along the line even for the
unity power factor current. If the voltage remains within the required bounds then the reactive
capability of inverters could be used to make line current in phase with line voltage thus
minimizing energy losses in the line. One aspect about implementing such a control would be that
the line current phase would need to be communicated from the power line going down the street
to the controlling inverter in customer premises. If we have a pure gotagfrol strategy then
there is no need for remote measurements only the voltage atntineade of the inverter system.

The aim ofthis papeis to show that parameters of a voltage control scheme (identical for
all inverters in the feeder) can be a&lpd such that the power factor at the supply end of the
feeder approaches unity power factor while the reactive capacity of the inverters is used towards
the far end of the line particularly if the voltage is appraaghhe limit of +/ 5% error.The
sewencasesn this papeire of a radial feeder with inverters at each bus. Each uses an integral to
droop line controller but theeference voltage, the droop line gain and the shape of the droop line
arevaried.

Therefore, pwer factor or voltage contraln be implemented without stability concerns
using the integral to droop line. If the line was pure reactive there is no conflict between voltage
and power factor control. The unity power factor design is achieved by a voltage control to 1pu
down the feder with a shallow droopHe for tight voltage controMhen the line impedance is
300 from pure reactive, then this tight voltage control to 1p.u. will yield a current that is lagging
by approximately 30oln the sevenexamplesof this papera loose vdhge control to steep
droop line and a reduced voltage reference can give reduced line losses and achieve close to unity
power factor at the beginning of the feeder. There is a reduced level of loading support to
maintain the voltage profile in this scenario. Adding a noalingroop line which provides a
substantially greater level of reactive support as the voltage approaches 0.95p.u. increases the
constraints on the control stability but constrains the voltage droop at the end of line while
maintainingit closer to unity pwer factor at the line source.

C Tuning Harmonic Absorption of Voltage Source Converters

In [G LedwichandL Pererd, a method islevelogdfor controllable harmonic absorption
using hysteretic controlled state feedback converters operating in pgstems. The analysis is
able to confirm the expected dynamic performance through eigenvalue analysis of the system

with controller. The control is able to select between very low harmonic absorption by
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emphasizing current tracking or a high level of apson by emphasizing voltage tracking. The
robustness of the LQR based hysteretic design is able to be clearly shown using the eigen
analysis tool developed in this paper. The analysis process can be easily extended to include
multiple converters that amnnected to multiple buses of a power system.

In this paper, the converters are assumed to consist of ideal dc voltage source supplying a
voltage ofVy to a VSC. The structure of the VSC is shown in Fig.The VSC is set as anlbtidge
supplied from alc bus. The resistané® represents the switching and transformer losses, while the
inductance_t represents the leakage reactance of the transformers. The filter caPasitwonnected
to the output of the transformers to bypass switching harmosigke L represents an added output
inductance of the DG system. TogetherC; andL; form an LCL or FHilter.

Tif LY R Y

_an | ||

Fig. 15. Converter structure.

The equivalent circuit othe converter is shown in Fid6. In this, uVy. represents the
converter output voltage, wheuds the switching function and is given by= £ 1. The main aim of
the converter control is to generateFrom the circuit of Fig. 2, the following state vector is chosen

Z=f v i .

LT RT

Fig. 16. Singlephase equivalent circuit of \(5

The results in Fig 2 show that over the range considered the real component of the two
eigenvalues is always negative. Thus the LQR design process with the state feedback is able to
ensure stability of this system even with the use of the sliding line transformation.
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Fig. 17. Eigenvalues of hysteretic system

Inverters for PV applications have real power control as the main task. A secondary task
can be the control of voltage on feeders by the export of reactive power which can take up more
of the remaining inverter cap&gi The harmonic properties can be then be tackled but the extent
of absorption needs continual cycle adjustment to ensure device rating ieetiexTunable
harmonic correction can be based on correction of the waveform distortion on the previeus cycl
For random or burst distortion the process designed in this paper adjusts the relative harmonic
impedance and will be operative even for sudden changes in the gyistemion as in arc
furnaces When there are multiple converters then they can hdeeraof droop line sharing of
harmonic absorption provided that ti@monic impedance is finite.

Conclusions

Because of their distributed nature, distributed generation can make substantial differences to
customer voltage in the distribution system. With inverter based DG such as photovoltaic panels
their reactive capacity can be made to worloperatively as aispersed voltage controller using

a new tool Ai ntegr al to droop | ine control o.
loadability of feeders can be improved through improving power factor at the transformer
supplying LV lines. Incorporating thisabnot only removes the barrier to adoption that voltage

issues are becoming but it can contribute to the peak line loading.
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Chapter 2 Benefitsfor Reliability

The goal of a power system is to supply electricity to its customers economically and
reliably. It is important to build and maintain a reliable power system because outages can incur
severe economic damages to the utility anduttomers.

In Australig electric power utilitieshave beerrestructured and divided into separated
generation, transmission and distribution companies. The responsibility of maintaining the
reliability of the overall power system is shared by all invdleempanies instead of laysingle
utility only.

Distributed generation (DG) is normally defined as the small generation units (<10 MW)
installed in distribution systems. The applications of DG include combined heat and power,
standby power, peak shavirggjd support, andtandalone power. The DG technologies include
photovoltaic, wind turbines, fuel cells, small and misiped turbine packages, internal
combustion engine generators, and reciprocating engine generators.

In this chaptey the impacts of DG on power system reliability will be discusised
relation tothe following five aspects.

2.1 Benefitsfor reliability

Power system reliability is usually defined as the ability of the power system to withstand
sudden disturbancesuch as electric short circuitsd unanticipated loss of system facilities
while deliveing electricity to customers with certain standards and in the amount needed. Power
system reliability and power quality are closely related to each other. Rejiabitiften affected
by power quality.

Different DG technologies have different features. Solar PV and fusla®ihected to
the grid by inverters are characterised by zero inertia, while wind tsrkane usually
asynchronous generasoDG units connded to the weak point of the grid will increase the fault
severity and consequently lead to voltage fluctuation and worsened stability.

1) Power supply reliability

An actual distribution network is studied idahangiri and Fotuktiruzabad, 2008 A. P.
Agalgaonkar et al. 2006 Three system indices, SAIDI (system average interruption duration
index), CAID (customer interruption duration index) and AENS (average energy not supplied)
are compared with 3 cases. The three indicedahgngiri and Fotuktiruzabad, 2008are also
used in Waseem et al. 2009but more complicated factors, such as the location, size, and the
aggregation of DG, are also considered.Atwja and E{Saadany, 20Q9the SAIDI is improved
by adding wind turbines in the island op@a mode. The improvement of reliability however
will be limited when the wind power penetration increases to a certain level. The distribution
network is divided into several sections in-Bu Bae and J#® Kim, 2007 In-Su Bae and JH®
Kim, 2008§. The connection matrix of DG and the relationship between different sections are
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used to calculate SAIFA (system average interruption frequency index), SAIDI, MAIFI
(momentary average interruption frequency index), EENS (expected energy not supplied). These
index values are obtained for different cases.

2) Distribution network optimization with reliability constraints

In [Mitra et al. 200§ the cost of the network is optimized by the P@@rticle swarm
optimization)algorithmwhile the stability index is @ed to the objective function as the penalty
function. The optimization method is tested by a 22 node distribution network. PSO is proven to
be better than dynamic programming. In [Haghifam et al. 2008], the optimization function is
definedby three partsthe capital cost of DG, the operational and maintenance (O&M) cost of
DG and the energy loss reduced. The technical risk objective function is the probability of
overloading of substations and transmission lines, and the probability of over/under.vbftage
economic risk are comparedusing the costs of meeting customer energy demand in two
scenarios with and without DG. Both the technical and economic risks are evaluated by fuzzy
inequalities (since it is difficult to assign a true/false value to cainss like the voltage). The
problem is formulated with all the above three objectives. The power generated by DG units is

constrained. The Paretptimal DG placement plan is implemented by NSGAondominant

sorting genetic algorithm) in a 9 nodestribution network in MATLAB environment. There are
many other Paretoptimal DG placement strategies which can be selected by planners taking into
account their experiences or the conditions of the distribution network.

2.2 Reliability benefits of distibuted generation as a backup source

The power system especially at the distribution level is vulnerable to failures and
disturbances caused by bad weather or human errors. Having distributed generation (DG) as
backup power sources can improve the systelability. Therefore, distributed generation is
expected to play a key role in the residential, commercial and industrial sectors of the power
system.

In [Waseem, I., Pipattanasomporn M. and Rahman S., 2089arch work hakeen
done on aesidential distribution system with DG. Research findings include:
Installing DG on the traditional distribution feeders that do not liés@nnedbnson the
main line will not improve system reliability. Addirdisconneabnson the main line will
maximize the contribution of DG as backup generators and increase system reliability.
With disconneabns DG can supply the loads disconnected from the substation in case of
section or distributor lateral failures.
The best location of DG is at the end of the line considering reliability improvement. Once
the outage area is isolated, downstream customers can be supplied by DG, while upstream
customers can be served by the substation.
Installing small-scale DG units instead of a largeale distributed generator can improve
system reliability, depending on the locations of DG, the number of customers and load
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levels. Reliability will be improved if DG units, especially the ones witgdacapacities,

are located closer to the end of lines

Installing one large capacity DG unit or several small DG units of the same size at the
same location will not cause a significant difference in the overall system reliability.
However, the reliabity will be improved for the load points at which multiple DG units
are installed. This is because if a unit fails, other DG units can still serve the load.

2.3 Reliability issues of DG

Distributed generation has the potential to improve reliabilityelefctricity servics,
because it is placed closer to demand centers. Having more units in operation will reduce the
reliance on a small number of large generators, and alleviate transmission and distribution
network congestion, which are obvious advantapes centralized generatioin [Pascal, J and
Olyksy A, 200§, the related reliability issues of DG are wakksented

For a stanéalone system without grid supporthe outage probability sery high andin
general, the resulting reliability is lower than supplying the load with the main grid, because the
probability of losingseveralunits is definitely higher than losing the whole grid. With grid
connected distributed generatidhe above concerns areducedbecause the customer can rely
on the grid when their private units are unavailable. As noted above, the cost of usitog DG
generag electricity is higher than using conventional generators, unless cogeneration technology
is employed.

Grid interconnection is also an issue that must be considered when examining the systems
with a high penetration level of distributed generation. Traditionally, electricity flows in only one
direction, from generators through the grid to consumers. Digtdb generation places
generators within the grid and requires the DG units and the grid to be run in paraiielaand
coordinatedmanner Several different types of D&For generating electricitare introduced in
[Pascal, J and Olyksy A, 2008].

A. Pover Generation from Wind

The energy outputs of wind turbines depend mainly on wind speed. This relationship
between wind speed and wind power can be described by the power curve. The most commonly
used probability distribution to model wind speed is theibie distribution as detaiked in
[Pascal, J and Olyksy A, 20008

The correlations between the wind speeds at different locations should also be considered.
Simulating the correlated wind speeds at different locations with the Rayleigh distribution is a
importanttask.If the probability density function of wind speésichosenthe probability density
function of power generated by wind turbinesn be assessethalytically or based on Monte
Carlo simulation.

The key parametdor describing the availality of a generator is its capacity factor. The
capacityfactor is defined as the ratio of the actual output gémeratoover a period of time and
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its output if it had operated at fulameplate capacityverthe entire time. Existing studies show
that wind power stations usually have a relatively lower capacity factor.

The capacity factor of conventional plants varidsetween 50% and 90%. Typical
aggregateaapacityfactors (annual average) of wind turbines (onshore) are in the range of 20%
35%, depending primarily on wind conditions, but also on the wind turbine design (rotor size
with respect to generator size).

In [Pascal, J and Olyksy A, 200& problemaddressed on integration of wind energy is
how much installed wind capacity statistically contributes to the guaranteed capacity at peak load.
This firm capacity part of installed wind capacity is calbeghacitycredit Capacity credit is not a
term that refers to how much wind povigactuallyreplacel and should not be confused with the
displacement of power from other power sources. The contribution of vaoatpat wind power
to system security in other words the capacity credit of wind should be quantified by
determining the capacity of conventional plants displaced by wind power, whilst maintaining the
same degree of system security with unchanged loss of load probability (LOLP) in peak periods.

Deite the differences of wind conditions and system characteristics between European
countries, capacity credit studies give similar results. For small penetration levels, the relative
capacity credit of wind power will be equal or close to the averageugtiod of wind power
plants (load factor). It is proportional to the load factor at peak load.

With increasing penetration levels of wind energy in the system, its relative capacity
credit becomes lower. However, this does not mean that less capachg caplaced. It means
thata new wind turbinen a system with high wind power penetration levels will substitute less
compared tdhe first turbines in the system.

B. Power Generation in PV Systems

The outputs of solar photovoltaic systems depend mainlythe intensity of solar
radiation, which changes randomly during the day. The power output of solar PV, sintiat
of wind turbines, can be considered a random variabhhich the probability density function
strictly depends on the density faion of solar radiation intensity.

The probability density function of radiation intensity can be estimated from historical
data. Log-normal distribution, beta distribution, and Weibull distributiare all suitable for
modelling solar radiation

Correlations of solar radiation at different locations do not need to be considiéed.
probability density function of solar radiation intensitgn be assumedot to be changd
significantly over the studied area.

The density function of solar radiati intensity and the density function of the power
produced by PV systems can be estimated with statistical estimation methods. The power
produced by photovoltaic cells with arBand efficiency? is expresseth [Pascal, J and Olyksy

A, 2008]as:

P(r) =rAy 1)
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Wherer is theintensity of solar radiation.

C. Power Generation in Small Hydro Power Plants

Energy production in the hydroelectric power plant mainly depends on water flows,
which can be characterized by fast variations. To model the energy production of a hydroelectric
power stationin [Pascal, J and Olyksy A, 20Q8{ is deemechecessary tarid a suitable density
function for water flowi awidely used distribution (probability density function) does not éxist
and then introduce a probability density function for solar power.

The pobability density function of the water floey can be obtaied from historical data.
When we know the probability density function of the water flow, then density function of solar
power outpuP can be analytically estimated, basing on the following equation:

P(d)=dmpg (2

Where h i effective headyi overall efficiency of the power statiomi water densityg i

acceleration due to gravity.
The locations ohydro stations usually depend strictly on the locations of water sources.

D. General Remarks

It shoutl beemphasizd that theelectricenergyprodued by wind turbine, solar PV and
small hydroturbines are random variables. It is therefore necessary eszride their
characteristicaith probability distributions. However, in some cases uncertainty will also be
influenced by the selection of appropriate probabilistic models (density functionspttelling
the uncertain factors. Renewable power plants significantly contribute to decreasing the
dependency on fuels, and consequently decreasing energy import. Through energy sources
diversification, they can also improve energy security.

Increasing penetration of renewable energy sowaade thought tasupport the system
reliability to some extentwhich however should be verified on each levelktu electric power
system. Note that renewable energy sources and distributed generatipotexatially cause a
number of problems and dangargpower systems.

24 Reliability evaluation of distributed generation based on operation

modes

Techniques for analyzing distributed generation connected to the distribution system are
different from the techniques for existing largeale generation coected to the transmission
system. Since the distribution system is a radial network, while DG units have relatively smaller
capacities than conventional generators, it is important to find out how far emergencycaower
reach after failures occur. Somastomers may lose their connections to the substation or DG
after the failure. Even though a partial connection still remains, customers may still experience
outage if the capacity of DG is insufficient. DG recovers disconnected areas sequentially
accordig to their distances. Depending on the restoration protocol, the restoration area is
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determined generally by comparing the rated capacity of DG with the sum of peak load customers
[Chowdhury, Agarwal and Koval, 2008hoi, 2006]. In [n-Su Bae and J#® Kim, 2007, it can
be evaluated by using the timarying power of DG and the load duration curve of customers.
However, the application dheload duration curve is restricted to fussed DG units since the
load chronology is more appropridte renevable DG, which is not reliably dispatchable.

Due to the failure, the system configuration is changed, and restoration order also should
be modified. To describe the connections between customers and resoEesBae and JHD
Kim, 2007 proposes corgction matrices which have the informatioggardingthe system
configuration and restoratisequencewhen the failure occurs at any position in the distribution
system.

Traditional reliability indices considered only sustained interruptions. Theugtdime of
DG should be taken into account for the reliability evaluation of the distribution system including
DG. If the starup time is sufficiently short, customers will experience a very short interruption,
otherwise they will suffer a sustained imtgstion. Various resources recovering loads have
influence on reliability indices, such as the duration and frequency of sustained or momentary
interruptions, depending on the operation mode of DG. Due to the complexity of all situations,
the reliability ras been evaluated under different assumptions.

Generally, DG can be classified into peak and standby units, accorditigetopurpose.
The purpose of installing the peak unit is to obtain profits through high electricity prices. The
electricity price vary frequently, depending on the demand and the availability of generation
assets. One strategy for DG owners is to use DG during peak load periods, when the power from
the transmission system is more expansive. The price of spot electricity can bedassume
generally, to be proportional to the load, and it may be plotted as the dotted line in Fig. 1. In this
figure, the fuel cost is assumed to be constant during the year. Then, it can be said that it is
efficient to run DG, only when the electricity pricehigher than the fuel cost. The total running
time in a year can be approximated by comparing ttvesealues, as shown in Fig. 1.
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The standby unit is installed to provide emergency power and prevent outage when the
failure occurs. The standby unit does not run in the normal state,saodnnected to the
distribution system in emergency only. The interruption duration would be reduced to thgp start
time of this standby unit.

Another classification criterion for DG is based on its operation mode. Even though DG
is installed as peakingnits, it can be used in standby mode when stopped. It is then identical to
the standby unit. Vice versa, the standby unit can also be used in peaking mode. By switching
between these modes, we can take advantage of both peaking and standby unitsl mauéxe
operation, it is important to know whether this DG unit is running or stopped at the time of
failure. The load duration curve is used not only to know the total running time of DG, but also to
identify the operation state of DG, because the loadtdur curve rearranges the time in
descending order of the load.

The starting failure of DG in peaking mode does not need to be considered, because
peaking mode is the state in which DG is providing electricity already. DG in the standby mode
can recoveloads that have been disconnected, only when it succeeds in Hgpstart

In [In-Su Bae and Ji® Kim, 2007, an analytical technique using the load duration curve
to evaluate reliability is proposed. The proposed techniques include the charactefigies
such as the peaking and standby modes and their mixed operation mode. The equations in this
paper are developed for the purpose of general application in connection matrices. Impact factors
and parameters are expressed as a function of time, satctmehprecise evaluation of reliability
is possible for distribution systems with versatile system states.

2.5 Reliability benefits of distributed generation on heavily loaded feeders

In planning a distribution system the DG can contribute to losses, voltage profile and
reliability. As discussed in [Le et al 2008] the strongest benefit is often found to be the
improvements in system reliability.

In [Brown, 2007, distributed generatorare loosely defined as sources of energy
connected to distribution systems. They are much smaller than traditional centralized generators,
ranging from several kilowatts to approximately 10 megawatts. The main advantage of DG units
is their close proximity to the loads that they servk.is this close proximity that makes
reliability improvement work.

The most common application of DG is for backup generdBoown, 2007 to improve
reliability for a single customeAfter experieging an interruption, backup generators are started
to supply electricity to critical loads. For critical and sensitive loads, backup generators can be
combined with batteries and inverters to ensure uninterruptible power supply. After an
interruption occts, loads are immediately transferred to batteries and inverter. The capacities of
batteries are designed to serve critical loads until the generator can reach its full speed.
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Another important application of DG is peak shaving. During the periods oteigiand
and/or high prices, egite generators are started up to serve part of the local loads. In addition to
reducing customer energy costs, peak shaving can also improve system reliability by reducing
overall feeder loading.

In [Brown, 2007, it is pointed out that another application of DG that is becoming
increasingly important is referred to as net metering, where local generation can exceed local
demand and consequently power will be sold back into the distribution system. Energy that is fed
back into the systemisme.eed and a customerd6s energy bill
difference between the energy from the distribution system and the energy supplied to the
distribution system. Net metering impacts distribution reliability because it changes the power
flow characteristics of distribution feeders [Willis and Rackliffe, 1994]. Consider a ten mile
feeder serving ten megawatts of uniformly distributed load. All of the ten megawatts will flow
from the distribution substation and will gradually decrease untiltdeoéthe feeder is reached
(Fig. 2).
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Fig. 2 Feedetoadingwithout DG (Brown, 2007)

Several othescenariosare also studied irBfown, 2007. Onescenarias to mnsiderthe
impact of placing a four megawatt DG unit at the midpoint of this feeder (Fig. 3). In this
situation, power metered at the beginning of the feeder masgawattsather than the total load
of the feeder. This can be deceptive since load transfersftarebased on metered data at the
substation, but may be constrained by more heavily loaded sections downstream of the DG unit.
Moreover, DG can hide load growth and cause load forecasting and planning difficulties [Willis
and Scott, 2000; Taylor, Willjsand Engel, 1997; Dugan, McDermott, and Ball, 2000]. If the load
growth of the feeder is not recognized due to the installation of DG, and is allowed to grow too
large, loss of a DG unit during peak loading can result in equipment overloading and
consequetly outages.
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Fig. 3 Feedeloadingwith 4-MW DG atmidpoint (Brown, 2007)

In [Brown, 2007, it is argued thatif the output of a DG unit is greater than the
downstream feeder load level, power will flow from the DG location towards the substation (Fig.
4). Somewhere along this path there will be a point where no current flows. The opportunity to
improve reliability 8 more accessiblé the no current point becomes closer to the substation, but
the probability of operation and protection coordination difficulties increases as well. Having a no
current point upstream of the substation transformers is generally uradseephce it will cause
reverse power f into the transmission system.
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Fig. 4 Feedetoadingwith 8-MW DG atmidpoint (Brown, 2007)

If the power flow from a DG unit towards the substation is large enough, the equipment
near the DG unit magxperience higher loading than with no DG. Consider the example.ift Fig
in which there is normally two megawatts of load, eight miles away from the substation. If an
eight megawatt DG unit is placed at this point, six megawatts of power will flow towlzeds
substatiod three times of the normal loading. If the equipment is not designed properly, it can
become overloaded and cause reliability problems.

34



2.6 QUT contributions to optimizing DG including its reliability benefit

Reliability of a power systend eci des the quality of power
satisfaction. It is necessary to perform comprehensive assessment of power system reliability.

Due to the liberalization of electricity markets and the unbundling of generation,
transmission and distribioh sectors, concerraboutthe present and future reliability levels arise.
There is increasing interest in the detailed investigation of power system reliability issues,
especially taking into account the whole power system.

To achievea sustainable emgy supply, a large number of requirements should be
satisfied: climate compatibility, sparing use of resources, low risks, social fairness and public
acceptance. Moreover, it should also be able to facilitate innovation and help create jobs.
Numerous wodwide and regional studies indicate that renewable energy sources are capable of
meeting these requirements. Relevant global and national future scenarios show substantial
increases in the share of renewable energy sources. It is becoming increasimglyat|&ester
expansion of renewable energy systems is a prerequisite of a sustainable energy future.

If properly installed and operated, DG can improve bothuesst satisfaction and grid
reliability. By analyzing the influences of distribution genemative can propose an assumption
that the energy production from renewable energy sources wiidbenajoruncertainty for the
energy industry.

Therefore, QUThasdonea lot of workin this area For example, || Ziari et al 2009
reports the initial steps of research on planning of rural networks for MV and LV. In this paper,
two different cases are studied. In the first case, 100 loads are distributed uniformly on a 100 km
transmission line in a distribution network and in teead case, the load structure become
closer to the rural situation. In case 2, 21 loads are located in a distribution system so that their
distance is increasing, distance between load 1 and 2 is 3 km, between 2 and 3 is 6 km, etc).
These two models to s® extent represent the distribution system in urban and rural areas,
respectively. The objective function for the design of the optimal system consists of three main
parts: cost of transformers, and MV and LV conductors. The bus voltage is expressed as a
constraint and should be maintained within a standard level, rising or falling by no more than 5%.

In this paper, a heuristic and randdmased method called Particle Swarm Optimization
(PSO) algorithm is used for planning of a simple distribution system. This tool is used in case 1
for a simple uniform load case and an analytical method, nonlinear prograniNiiR), is
utilized for the second case showing an increased realism of customer demand. The programs are
written and run in Matlab.

In case 1a distribution system with 10@ads located 1 km apart froeach other, is
considered. Bsed on the number aandidatetransformers, up to nineteenffdrent cases for
optimizationare assessedrig. 5 demonstrates the optimal location of transformers versus the
number of candidate transformers. This simple case shows that roughly uniform spacing of
transformersis optimal for this form of modelling. For example, the optimal location of 5

35



transformers for the uniform load case can be seen in Fig. 5 as being 10%, 29%, 48%, 69% and

89%.
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For the case 2 (21 Nonlinear spaced load), a simple linear form of a rural area is
modelled.21 transformers are selected as candidates with variable size and location in the tested
distribution system. Fig6 shows the structure of loads in the system and the calculated
transformers locatiorlhe first point is that the optimal design corresponds to only 9 transformers
being employed even though 21 possible sites were examined.
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As shown in Fig7, the optimal solution for the first transformers provides support for 5
loads.

Increasing the demand for electrical energy, tight restriction on expanding distribution
lines to supply remote areas and system reliability are three main issues which have increased the
desirability of DGs in recent years. Although, use of DGs can leadlistribution network to
lower loss, higher reliability, etc, it can also apply a high capital cost to the system. This
demonstrates the importance of finding the optimal size and placement of DGs. Although
minimizing the power loss and improving theiaellity simultaneously will yield a better
solution than optimizing individually, only a few papers have investigated the combination of
these elements. From the reliability point of view, consideration of load shedding leads the
optimization to more reatic condition.

As a result, m [l. Ziari et al, 2014, the placement and sizing of DG in distribution
networks are determined using optimization. The objective is to minimize the loss and to improve
the reliability at lowest cost. The constraints dre bus voltage, feeder current and the reactive
power flowing back to the source side. The placement and size of DGs are optimized using a
combination of Discrete Particle Swarm Optimization (DPSO) and Genetic Algorithm (GA). This
increases the diversityf the optimizing variables in DPSO not to be trapped in a local minimum.

To evaluate the proposed algorithm, the sarban 37bus distribution system connected at bus 2
of the Roy Billinton Test System (RBTS), which is located at the secondary side3tf1ak3y/
distribution substation, is used. The results illustrate the efficiency of the proposed method.

To validate the proposed method, the 11 kV serban distribution system connected to
bus 2 of the Roy Billinton TestyStem (RBTS), as shown in Fi§, is studied. This 3bus test
system has 22 loads located in the secondary side of a (33/11 kV) distribution substation. The
characteristics of the test system are given in Table I.

11 kV Fe

L1s —CD QDA

Fig. 8. Distribution System for RBTS Bus 2
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TaBLE]
CHARACTERISTICS OF THE TEST S§YSTEM

No. of Customer Load Average Load
Loads Type Points Level

9 Residential 1-3,10-12,17-19 0.50 MW

5 Commercial G=7.15=16.22 (.45 MW

B Government | 4-5,13-14_20-21 057 MW

2 Industrial 20 1.10 MW

As shown in Fig8, 22 bads located in the first test system are composed of 9 residential
loads and 6 government loads located at feeders F1, F3 and F4, 5 commercial loads located at
feeders F1 and F4, and 2 industrial loads located at feeder F2. The total average load in this
network is 12.37 MW and the total peak load is 19.8 MW.
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Fig. 9. Load duration curve used in the testing distribution system
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Fig. 10. Approximation of load duration curve

The load duration curve of thtest system is shown in Fg. To deal appropately with
this curve, the most complex way is to study the network and solve the problem for every point.
This way leads the program to very slow computation time. The easiest and fastest way is to
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approximate this curve with-2 levels which might be irgurate. In this paper, to implement a
compromise between accuracy and computation time, this curve is approximatesl hoatti

levels as shown in Fifj0; however, using sensitivity analysis to find the optimal load level
number can be included in tihature. As shown in Figure 10, the load is peak for 2% of a year
and lowest for 3% of a year. The average load is drawn from the network for 40% of a year. For
30% and 25% of a year, the load level is 120% and 80% of the average load, respectively.

TaBLE 11
PARAMETERS VALUE USEDIN THE TEST

Parameters Value
L 1ER0OO0 SMW
CovsTar 400000 S0V A
Coau 45 8/MWWh
» Q.15 9%
I 30 %Y ears
Waaine 5= 10"

In this case study, it is assumed that the cost per kWh is different for different load levels,
3 ¢ for 50% and 80% of the average load, 6 ¢ for 100%, 8 ¢ for 120%, and 10 ¢ for peak load
level. This is because of the energy source employed and the fiseinsed in each load level. In
50% and 80%, the colsed sources are used. For 100%, theébgasd source is also assumed
added. For 120% and 160%, the wind and solar energies should be also employed respectively to
supply the loads. The other parametams shown in Table Il. The DGs are assumed in discrete
size, a multiple of 300 kW. As shown in Table II, the SAIDI weight factor is 5x106. As
mentioned before, to calculate this index, the number of customers should be multiplied by the
cost per unit timeof an interruption which is providelly the local electrical companyor
example, if the number of customers is 12000 in the test system and the cost per 1 minute
interruption is assumed 7$, the SAIDI weight factor is calculated 5.04x106 (12000x60x7) in
which 60 is to convert hour to minute. As seen in Table I, the SAIDI weight factor in this paper
is presumed 5x105. It is clear that by decreasing/increasing this factor, the importance of
reliability in the objective function, so the optimal number/sitdGs will decrease/increase.
Therefore, this factor can also be multiplied by a coefficient to adjust the importance of
reliability.

TasLE 11
DGELOCATION AND RATING (MW ) FOR AVERAGE ALL LOAD LEVELS

Bus NUMBER
3 4 o 7 9 10 20 | 23 29 il 32 35 36
50 % 0 03 | 06 0 0 0.9 03 103 |09 03 0 03 03 | 06 03
80 % 0 06 | 06 | 06 0 1.2 06 | 09 | 09 0.6 06 | 06 03 | 06 03
100 % 0.6 0 09 | 09 0 1.2 0.6 1.2 1.5 0.6 06 | 06 0 |5 0
120 % 06 | 06 | 09 0 |2 1.2 1.2 1.2 1.5 0 06 | 09 03 | 09 1.2
160 % 0 06 | 09 | 06 12 | 09 1.2 1.2 |8 0.6 06 | 09 03 |5 1.2
OFTIMIZED
DGs

L]
.

LoAD
LEVEL

e |06 | 09 (09 |12 | L2 | L2 [ L2 | L8 [ 06 | 06 |09 | 03 | 15 |12
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As observed in Table Ill, 15 DGs should be installed at buses 3, 4, 6, 7, 9, 10, 20, 21, 23,
29, 31, 32, 34, 35, and3with ratings 0.6, 0.6, 0.9, 0.9, 1.2, 1.2, 1.2, 1.2, 1.8, 0.6, 0.6, 0.9, 0.3,
1.5, and 1.2 MW, respectively. When the load level is 50%, 11 DGs with total rating of 5.1 MW
located at buses 4, 6, 10, 20, 21, 23, 29, 31, 32, 34, 35, and 36 is the optidiabic. 13 DGs
with total rating of 8.4 MW, 11 DGs with total rating of 10.2 MW, 13 DGs with total rating of
12.3 MW, and 14 DGs with total rating of 13.5 MW for 80%, 100%, 120% and 160% of the
average load respectively should also be installed to meehinimize the loss, to maximize the
reliability and to meet the constraints. The highest level of DG is related to the peak load and the
lowest level is related to the 50% loading. Table IV illustrates a comparison between the outputs
before and after thinstallation of DGs for all load levels.

TABLE IV
COMPARISON OF QUTPUTS BEFORE AND AFTER INSTALLATION OF DGS (5)

With DGs Based on Average Load Without DGs
Loss INTERRUPTION Lass INTERRUPTION Loss INTERRUPTION
Cosrt Cost Cost Cosrt Cost Cosrt
0% 2.722x% 10 1.751=10 7.748%10° |682x]0 5316%10° 2.640=10
= = 80% 9.049x 107 2.573=10° | 158 0" 2.523=10° 2.001=10° 3961=10°
S E 100% 3631=10 3367=10° 3631=10° 3.367=10° 8216=10° 5281107
= - 120% 3.737x10° 2.089=10° 4. 144=10° 2.445%10° 9.715x10° 3.300=10°
160% 146610 2.956x10 1.907=10° 3.794x=10 4.102=10° 3961=10
ToraL 9.766x10° §.499x10° 10.92x10° 8.883x10° 241x10° 1.32x10°

As observed in Table 1V, after installation of DGs, the loss and interruption cost decrease.
The total cost decreases from M$1322.41 to M$850.88. This difference, M$471.53, is much more
than the total cost dGs, M$64.63. Considering this table, the loss and interruption costs at 160%
of the average load are less than at 100% and 120% loading. This occurs since the duration of
peak load level is much less thad0% and 120% levels (see Fig)).

The 11 kVsemtiurban distribution system connected to bus 2 of the Roy Billinton Test
System (RBTS) is studied to evaluate the proposed methodology. The results are finally
compared with the no DG condition and the benefits of installing DGs are illustrated. hhe hig
levels of considerations of practical issues increase the applicability in realistic distribution
system planning.

After a wide area blackout or local outage, the power system concerned should be
restored as soon as possible. The power system restopaticess after a global blackout could
be divided into three phases: the blsthrt phase, the network reconfiguration phase and the load
restoration phase. Among these three phases, thediatliphase is defined as the one in which
the blackstart uits, after a largarea blackout, supply power to the Aaackstart units without
the help of other systems and then gradually expand thepmied areas until the entire power
system is restored. Thus, the blestlrt proaessis the first stage for quickly restoring power
supply, and optimizing the blagtart schemes is one of the most significant issues having
impacts on the system restoration speed.
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Power system restoration after a large area outage involves manysfaata the
procedure is usually very complicated. A decismaking support system could then be
developed so as to find the optimal blesthrt strategy. In order to evaluate candidate btaak
strategies, some indices, usually both qualitative aadtifative, are employed. However, it may
not be possible to directly synthesize a value for those indices, and different extents of
interactions may exist among these indices. In the existing-8tackdecisiormaking methods,
gualitative and quantitate indices cannot be well synthesized, and the interactions among
different indices are not taken into account. The vague set, an extended version of the well
developed fuzzy set, could be employed to deal with deemigking problems with interacting
attributes. Given this background, the vageeis first employed in [Shungi Zeng et al, 2019)]
represent the indices for facilitating the comparisons among them. Then, a concept of the vague
valued fuzzy measure is presented, and on that basis a matamadidel for blacistart
decisionmaking is developed. Compared with the existing methods, the proposed method can
deal with the interactions among indices and more reasonably represent the uncertain
information. Finally, an actual power system is serfeediemonstrating the basic features of the
developed model and method.

The basidrameworkof the support system for blasitart decisiormaking includes three
functional modules, i.e., developnigrverifications and selection/optimization of blastart
strategies. The support system wgidlarchthe topological database according to the locations of
blackstart units. Then, all possible blastart schemes will be gem¢ed automatically by
ascertaining thepower plants to be restarted and possible supplying paths to restart them.
Afterwards a seriesof technical verifications will be done to check the blstkrt schemes,
including selfexcitation analysis of the blackart units, ovewoltage verifications, system
frequency verifications, examations of low frequency oscillation and transient stability. Finally,
an optimal blackstart scheme will be selected from the candidate schemes after verifications.

The Back-start decisiormaking method based saguevaluedfuzzy measuresould be
de<ribed in this papeas follows:

The initial value of each indexn the candidateblackstart schemes shouldirst be
specified, andhenbetransferrednto vague value The weights associated witmdexesandthe
values associated with interacticare given bydomainexperts, andhe Sigeno integral operator
based onthe nonradditive measures nextused for nonlinear aggregatiddupposethat thesetof
evaluationindicesis denotedby C={c, c,---, ¢} , and the values of indiceX ={ X, X, ---, X}

with x =(t, f) e L. Thevaguevalued weight ofeach subset i€ is 7, ., =(z,,7,), SO thevalue of

thecomprehensivevaluation othe candidate schenecan be calculated as
V=S(% %, %) ©)
The domain epers 6 a c ¢ uapprdisal tcandbaleterminedafter each experd s
appraisal valueis obtainedby using Eqn. (3). Suppose that there afd€ domain experts
participating in the selection/optimization ofblackstart schen® as denoted bya set
E={e, & g}, andthe weight associated witkachsubset ofE is 7, ., =(z,,7,), then f the
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calculatedcomprehensiveevaluationof the schemeby experte, is denoted as/*, thenthe
group decisiormaking appraisaltalue is given as
V=SV, Vo, ) (4)
The group decisiomaking appraisal valsef all the schemesan beobtainedby Eqgns.
(3) and @).
In summary, the basic procedure of theveloped blacistart decisiormaking method
can be described as follows:
1) Each index valueassociated witlthe candidateblackstart schenis transformednto a
vague valugandthennormalizd
2) Theweight associated with evaluationdexesandtheinteractionsamongthe subsets in the
index setC should be ascertained dpmainexperts, and bexpressdas vague values

3) The comprehensiveevaluationV;* of the blackstart schemeé by experte, is determined
with the Sugeno integral operator

4) The group decisiomaking appraisal valué; of the scheméby the whole group of experts
is determinedvith the Sugeno integral operator.
5) All the group decisioimaking appraisal valuder all candidateschemegan be obtainetly
repeaing Steps 3) and 4).
6) All the group decisiomaking appraisal values of the scheraes ranked according tber
meritorder.
The vague set theory based blatlrt decisiormaking approach is developed for
optimizing the power system restoration procedure in this work. Tégoped method is based
on a group decisiemaking model, and could better model the practical decisiaking
procedure. In the developed method, the interactions among various indices could be taken into
account, and the vague set can better model fuziprnmation than existing methods. It is
demonstrated by case studies that the interactions among various indices could have significant
impacts on the evaluation results of the blatdt schemes, and hence cannot be overlooked.

Conclusions

Reliability is one key issue that can be addressed by Distributed Generation. The
optimization of distribution design considered in this chapter show that reliability is a strong
component oftie benefit of DG for areas that are not highly meshed. It is largely this reliability
benefit which may indicate that the best case of DG apart from combined heat and power for cold
countries can be at the fringe of grid in rural areas.
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Chapter 3 Protection Issues

Traditionally the distribution system is operating in a radial configuration, amebusr flow
and shorcircuit current are flowing with one direction only. The inclusion ofdhGa distribution
network could change the flowing direction of power flow and sbioctiit currentandasaresult the
traditional protective scheme is no longer applicable. As DG capacitgasesn the distribution
system, the issue concerned with protective relay system design and coordination will become more
and more challengingBasically, there are twavays to solve the problem. The first one is to
appropriately coordinatthe relay settings of the existing protective relay to achieve aetfestive
outcome but this may not be always possibl&ée secondone is tarepla® protective devicesut this
will incur large amount of investmesytand may not be cosffective.In [H. Yang et al. 2010 a new
method is presented for optimal coordination of overcurrent relays for distribution systems with
distributed generations based on differentiadletron algorithm. In [M. Dewadasa et ak fold
back current control and admittance protection scheme is developed for a distribution network
containing DGs.The methods presented [i. Yang et al. 2010and [M. Dewadasa et al]
respectively represent the twways to solve the issue associated with the protective system in a
distribution system with DGs.

3.1 Impacts on fault characteristics of power systems
3.1.1 Shorircuit current level

[Stefania Conti 2009 has shown how short circuit currents may increase due to the
contribution of DGs. IrfStefania Conti2009, it is proposed thafault currents increase mainly
depending on a number of factors, such as capacity, penetration, technology, interface and
connectim point of DG, as well as other parameters such as system voltage prior to the fault, etc.
In future, it will become impossible to neglect the fault level increase in the presence of DG.

In [Martin Geidl, 2005], a detailed analysis for fault currentlisstrated Phasephase or
phaseearth faults normally lead to an overcurrent which is significantly higher than the
operational or nominal current. For overcurrent protection, the fault current has to be
distinguishable from the normal operational current.

b b4

1 b2 b3
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R -lrm.u If a I
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2
Fig. 1. Short circuit aa. Current from transmission network,, current from embedded generator
l4g [Martin Geidl, 2005].
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Fig. 1 shows a distribution feeder with a DG that supplies part of the local loads.
Assuming a short circuit at poiat DG will also contribute to the total fault current

Lt =low+ g D
But the relayR will only sense the current coming from the network infégg. The relay

detects only a part of the real fault current and may therefore not trigger properly. The situation is
tougher especially for high impedancelfaHIF) that overcurrent protection with inverse time
current characteristics may not trigger in sufficient time. Another influence of DG on fault
currents is that DG can also affect the current directioa.short circuitoccursat busb2, the
fault current contribution from DG will pass the relaytive reverse direction. That may cause
problems if directional relays are used.

Above all, DG can affect the following issues of short circuit faults:

1 Amplitude
2 Direction

3 Duration (indirectly

3.1.2 Reverse power flow and voltage profile

Traditionally, power usually flows from the network with higher voltage levels to the one
with lower voltage levels, i.e. from transmission to distribution grids. However increased DG
units may reverse powéows from the lowvoltage grid into the mediwwoltage grid.

Radial distribution networks are usually designed for unidirectional power flow, from the
infeed downstream to the loads. Existing directional overcurrent relays are designed according to
this principle. With a DG on the distribution feeder, the load flow situation may change. In
[Martin Geidl, 2005], it is mentioned thdtthe local production exceeds the local consumption,
power flow will change its directiofhe value of power flows ardsa changed, which proposes
severe challenges to traditional relay protection calculation schemes.

In [Martin Geidl, 2005], it is proposed thBXG always affects the voltage profile along a
distribution line. DG may cause a violation of voltage limits additional voltage stress for the
equipment. Fig. 2 illustrates the voltage gradient along a distribution feeder with and without
embedded DG. The power flow direction is related to the sign of the voltage gradient. In this
situation, the power flow diréion between bub2 andb3is changed due to the infeed at n3s
DG can also influence the voltage profile in a positive way and turn into a power quality benefit,
especially in highly loaded or weak networks.
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Fig. 2. Voltage profile and gradient on a distribution feeder with and without contribution of generator
G. Solid line: | 4qg =0, downstream power flow; daed line: 1 4q > 112 + 113, reverse power flow

betweerb2 andb3 [Martin Geidl,2005]

3.2 Impacts on the operations of protective relays

In [Jinfu Chen et al., 2009{he effects of DG on the operations of protective relays (PR)
are classified into the following three types:
3.2.1Protection fault operation

As shown in Fig. 3, due to the influence of DG, the shduit current measured by
protection relayB2 will increase when short circuit fault occurs at the tail end of B@e The
larger the capacity of DG, the larger the short circuit currgptwill be. If 15, is larger than the
current protectiorh section setting value, fault operation of protective relay will happen.

Another situation involving the fault operations of protective relays is shown as follows:
as shown in Fig. 4, the reverse current provided by DG will be detected, byhich may cause
the fault operation d81 and the resection of line with DG.

A I Bi B I B2
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Fig. 3 The influence of DG on downstream protection of the line [Jinfu Chen et al. 2009]

3.22 Lower protection sensitivity



Compared with the original distribution network, the fault current detected by protection
deviceB1 will decrease when short circuit fawdtcurringat the tail end of lind8C. With the
increase in the capacity of DG, the fault current detected by protection d\viedl decrease
rapidly. Meanwhile, the overcurrent protection sensitivity will be obsfp reduced.
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Fig. 4. The influence of DG on upstream protection of the line [Jinfu Chen et al. 2009]

3.23 Failed to identify the fault
As shown in Fig. 5, a DG is connected to the end of the distribution network. The short
circuit current is possiplless than the maximum load current. As a result, the fault cannot be
removed.
| i i
@ v o -y -

DG
Fig. 5. Failed to identify the fault because of the influence of DG [Jinfu Chen et al. 2009]

3.3 Impacts on protection coordination

ATraditional d i betnrradialyike.iclaractesizgdshly single soarse and
hence the time coordination between protective devices is designed on basic assumption of
system t oBrdhma, $. Mdanad Girgis, A. A., 20DAfter connecting DG, part of the
system may no lager be radial, which means the coordination might not hold. The effect of DG
on coordination will depend on size, type and placement of @. Girgis and S. M. Brahma,
2001].

Radial distribution systems usually employ ratirectional overcurrent relay@verseor
definite time), reclosers and switéisesin their protection systenfdales M. de Britto, 2004].
Becausehese devices do not take the flow direction into account, they may fail in cases where
DGs contribute to the faulAn approach foevduating the protection coordination is to analyze
the time by current curves of the devices involved in the part of the network where the fault
occurred. The main protection is the one which is closest to the fault point, and backup protection
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is the nextpetween the fault and the source. Backup protection should isolate the fault iy in
cases the main protection fails to operate.
In [A. A. Girgis and S. M. Brahma, 20Q1it is statd that installation of DGs iran

existing radial distribution systeaffects the protection coordination as follows:

1) "nDevices downstream of the | ast DG wi || nev
these devices can handle the increased fault current due to penetration of D@ijlktimete
be any problem coordihai ng t hem. 0

2) Al f devices see fault currents for upstr
a) If they see the same fault current for a fault downstream as well as for a fault upstream,
coordination will be lost.
b) If they see different currents for avduostream or upstream fault, there is a margin
available for coordination to remain valid. If disparity in fault currents seen by devices is
more than the margin, coordination holds. Therefore, coordination is likely to hold if DG
fault injection is highen

3) i F or -retlaser eoordination, there is also a margin available for coordination to remain
valid. In this case, if the disparity in fault currents seen by these devices is less than the
margin, coordination holds. Therefore, coordination is likelydtul if DG fault injection is
|l ess. 0O

3.4 New protection technology considering the impacts of DGs

Protection schemes for distribution systems have been traditionally designed assuming
that the system is radial, with a single source feeding the netwaldwnofstream feeders. Due to
the connection of DG into modern distribution system, the impact of DG on protection
coordination makes protection design more complicated. A precise and effective protection
system plays an important role in reducing the unrseggstripping of connected DGs, and
supporting rapid network restoration. For clear organization and illustration, the protection
systems with impacts of DGs taken into account are categorized into two kinds: the conventional
and Artificial Intelligent appoaches.
3.4.1 Conventional approaches

One of the major impacts of a DG on a feeder in distribution system is that the DG will
contribute to the fault current in the fault situation [Baran et al. 2005]. To address the protection
design, methods to estineathe contribution of DGs to fault currents are needed. In [Baran et al.
2005], a method to capture the inverter interfaced distributed generator (1IDG) behavior during a
fault is developed. The presented model is used to extend the traditional faldtsamedihod for
distribution system, so that [IDGs can be represented in the analysis. Fault current contributions
of IIDG are capable to be estimated under both balanced and unbalanced fault conditions.

In [Brahma et al. 2004], the current contributions from all sources (the main source and
all DGs) are employed for the protections to identify the fault section. At first, a fault in DG or in
the system can be distinguished by checking if the sum of thentwontributions from all
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sourceds equal to zero, similar to a current differential protection scheme. Every source can be
represented as a voltage source behind Thevenin impedance. If the fault point shifts from one bus
to the adjoining bus, for a\gn type of fault Thevenin impedance to a given source can either
increase or decrease. Thus, the faulted section can be identified as the section for which the
measured current contribution from each source all lie between contributions from thaf@ource

the same type of fault on the two connected buses to this section.

In an automatic telecontrol environment of distribution system, some fault sensing
devices might not send the required information to the control system after a fault event due to a
communication system failure. For the sake of overcoming this difficulty, a software procedure
for fault location is presented [iIConti et al. 2009] making use of the directional information of
fault sensing devices. When a fault occurs on a feeder,yfiratinumbering procedure is
performed to encode the fault sensing devices according to the directional information and their
locations. Then, based dime appropriate numbering of the devigestalled in the faulted feeder
and on the acquirement of faalirrentdirection,the fault location procedure is able to find the
minimum part of the network in which the faulted section is located, even in the case of
insufficient information such as when an alarm missing due to communication channel failure.

A new protection scheme for distribution systems with DG is propose®.im[ M.
Javadian and MR. Haghifam, 200B In the proposed scheme, systems protection is performed
through a computdrased relay which is installed in stlansmission substation. Thelay
determines the system status after it receives the required network data, and if a fault occurs it
diagnoses its type and location, and finally issues proper commands for protection devices to
clear the fault and to restore the network. Ah-Nasseriet al. 200§ the micresource output
voltages are monitored and then transformed frelorcaaxis to dq axis. Any disturbance at the
micro-source output due to a fault in the network will be reflected as disturbances imthe d
values; the abdq transfomation of the system voltage can therefore be used to detect the
occurrence of a short circuit fault. By comparing measurements at different locations, the
difference between the faults in different zones of protection associated with a particular micro
grid network is obtained. This scheme makes the -ouerent protection selective. In [X. Z.
Wang, 2006], methods are proposed to use the reactor and DG capacity permit to restrict fault
current. The simulation results show the validity of the two measures.

3.4.2 Artificial intelligencebased approaches

Existence of multsources in fault condition antk impact on protection coordination
makesthe establisiment of an accuratemathematic model for fault diagnosis for distribution
system with DG a complex task. In order to solve this problerrhaskd approaches such as
Artifical Neural Network (ANN) [Rezaei et al. 200Byetaset al. 2006], Petri NetJalderarcet
al. 2007,Calderaroet al. 2009] and Mutagent Technology (MAT) [Zeng et al. 200@ajapakse
et al. 2006Perereet al. 2006] have been developed in recent years.
1) Optimization-based approaches
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In [Zeineldin et al. 2006directional over current relays are used totgrbthe system
with DG units that are connected to the grid or operated in a fgicdo Since the relay
protection calculation problem is an MINLP (Mixed Integer Nonlinear Programming) problem,
the settings of relays and coordination relations are oftyiroalculated using a modified PSO
(Particle Swarm Optimization) algorithm. Since it is impossible to select a setting for the relays
that can satisfy both grid connected and migrid operation modes; a viable solution for micro
grid protection ould be a central protection unit is required to change the settings of relays
based on the system configuration. Ghhitusaney S and Yokoyana A. 2D(%e reclosers and
fuses are coordinated by restricting the DG injection current. The method is testschpieaand
typical distribution network. By applying the method proposedCingitusaney S and Yokoyana
A. 2009, the energy cost from the utility and DG, as well as the cost from the unserved energy,
are evaluated without losing the coordination of pridecin [Chaitusaney S and Yokoyana A.
2009. Simulation results show that with a proper DG capacity, both the energy cost and the
outage cost are reduced. I8 C W and LI K K, 200R the Time Coordination Method is
proposed and can coordinate the owarent relays to protect the rifigd distribution network
with distributed generation. The modified Evolutionary Programming technique is employed.

Some constrained conditions are proposed in the following papers. The DG capacity is
maximized by geneti@algorithm in Pinfu Chen et al. 2009and the optimization problem is
constrained by the reliability of relay protection in the distribution network. A 34 bus radial
distribution network is presented to prove the effectiveness of the method. However the
protection reliability constraints are based on the analysis of the entire set of relay settings, which
restrict the method to being applied in all distribution networksWarg Lingfengand Singh
Chanan 2008] the recloser placement together with DG placement is solved by calculating two
reliability indices: weighted aggregation of SAIDI (system average interrupted duration index)
and SAIFI (system average interruption frequency index). The ACS (ant colony system) is used
for optimization. The algorithm is tested with a-16@s and a 394us distribution network. The
comparative study is carried out between GA (genetic algorithm) and ACS in this paper as well.
The reliability model of an asymmetric, thrpbhase, nomadial distribution feeder equipped with
capacityconstrained DG is develogen [Pregelj et al. 2006]. The model is used to quantify the
potential reliability improvement due to the intentional islanded operation in parts of the feeder.
A GA optimizer for optimal placement of reclosers and DG units on such a feeder is developed
and successfully tested on two models of distribution feeders.
2) ANN-based approaches

The ANNSs are suitable fanodellingcomplex relationships between inputs and outputs
or to find patterns in data. The greatest advantage lies in their ability to learsdropies and
generate the result for inputs not seen in the training phase, without any explicit analytical model.

In [Rezaei et al. 2008], an online ANbBased fault section estimation approach for
protection system is developed. Firsffline calculations including the flow and short circuit
analysis are carried out. The current contribution from each source to each type of fault at each

step point is required for the training of the neural network. Normalized proportion of current
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contribution from allsources using a maximum of thrplkase fault current will be used as input
and fault distance from every source as output of neural network. To deal with nonlinearities, a
feed forward foulayer neural network is employed for rapid fault section estimati@an online
environment.

Fault diagnosis in the situation of high impedance fault (HIF) is a very difficult task,
especially when DGs are connected to the feedejBrgtaset al. 2006], an ANMNbased HIF
detection, identification, and location schefoeprotection system of power distribution feeders
with DG is proposed. The fault detection and identification routine is based on the symmetrical
components of the 1st, 2nd, 3rd and 5th har mor
substatiorterminals. These components feed an ANN whose outputs indicate the fault presence
and the fault type. Then, two ANNS, one trained for phase faults and other for ground faults, are
employed for fault location. It is capable for obtaining precise faultilmes for both linear low
impedance and nelimear high impedance faults.

3) Petri Netsbased approaches

Petri net is a powerful tool, which enables the users to graphically design and monitor
complicated procedsased activities in a simple yet compreheasmanner Calderaroet al.
2007].

When a fault occurs on a section in distribution network with DG, relay failure due to
miscoordination of protection systems will lead to an extended outage range. Thus, relay failure
detection is an important issue irofection system design. I€alderarcet al. 2007 Calderarcet
al. 2009], Petri Netbased methods are proposed in order to support distribution network
operator (DNO) to detect failures or wrong protective device operation<dlldraroet al.
2009],a marked deterministic timed Petri net is established to model the feeder overcurrent relay,
the DG protective device and the protected IBased on the concepts of transition failure and
place failure in Petri net, relay failure can be detecdedalgebraic approach using Galois Fields
(GF) simple matrices manipulation is employed for identifying mixed transition and place
failures
4) MAT -based approaches

MAT, a distributed artificial intelligence technology, provides a framework for
coordinatng intelligent behavior among autonomous intelligent agents. A -agdint system
(MAS) can be thought of as a group of interacting agents working together to achieve a set of
goals.The protection system is a summation of coordinated relays locatedansvparts of the
distribution system with DG penetration. Digital relay can be viewed agelligent agent called
fa relay agent o, which is capable of interact
fault diagnosis with autonomy aramboperéon [Zeng et al. 2004]The different issues among
MAT -based approaches mainly lie in the function of relay agents and how relay agents cooperate
to finish the fault diagnosis task.

In [Zeng et al. 2004]each relay agent can autonomically accomplistown tasks for
fault detection as follows: Fault features are extracted by wavelet packet transform, and the
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obtained spectral energies of the wavelet components are employed to train-layaulded
forward neural network to distinguish between faautid normal operational conditions. The fault
section can be identified, according to the sign of fault harmonic energy obtained in the fault
detection procedure of each relay agent.

In [Rajapakseet al. 2006,Pereraet al. 2006] the function for the relay agents is fault
direction determination. Discrete Wavelet Transformation (DWT) is used to extract Wavelet
Transform Coefficients (WTC) of the high frequency transient information in current signals. For
each relay agent, whetha fault is internal or external (i. e. the fault direction) can be
distinguished bythe sign of WTCs of the modal transformed currexi{gh the fault direction
information received from all relay agents, the fault section can be identified as folfcavs: i
internal fault is detected by a relay agent, the busbar which this relay agent is located in is the
fault section; on the other hand, the line encircled by relay agents that detecildatdts is the
fault section.

3.5 New protection technologyleveloped by QUT considering the impacts

of DGs

However, the rapid increase the number and capacity of distributed generators has also
brought some problems to power system operation and control. Whether the abovementioned
advantages of DGs can be amted or not depends heavily on whether these problems could be
properly resolved, and one important issue from these problems is the coordination of protective
devices. Traditionally the distribution system is operating in a radial configuration, amaviés p
flow and shorcircuit current are flowingn one direction only. The inclusion of DGs in a
distribution network could change the direction of power flow and sfiait current, with the
result that the traditional protective scheme may no longeieee its task. As thehe number
and capacity of DGs in the distribution systemreasesthe issues concerned with the protective
relay system design and coordination will become more and more challenging. It is expected that
replacing protective deses will incura large amount of investment, and may not be a-cost
effective way. Instead, the problem may be able to be solved by appropriately coordinating the
relay settings of the existing protective relays to achieve aeffisent outcome at leasor low
levels of penetration of DGs.

When a fault occurs on a section or a component in a given power system, if one or more
protective relays (PRs) and/or circuit breakers (CBs) associated do not work properly, or in other
words, a malfunction or malfationsoccurwith these PRs and/or CBs, the outage area could be
extended. As a result, the complexity of the fault diagnosis could be greatly increased. The
existing analytic models for power system fault diagnosis do not systematically address the
possilbe malfunctions of PRs and/or CBs, and hence may lead to incorrect diagnosis results if
such malfunctions do occur. Given this background, based on the existing analytic models, an
effort is madan [Wenxin Guoet al, 201 to develop a new analytic mod®l take into account
the possible malfunctions of PRs and/or CBs, and further to improve the accuracy of fault
diagnosis results. The developed model does not only estimate the faulted section(s), but also

53



identifies the malfunctioned PRs and/or CBs wsll as the missing and/or false alarms. A
software system is developed for practical applications, and realistic fault scenarios from an
actual power system are served for demonstrating the correctness of the presented model and the
efficiency of the devieped software system.

The main contributions include the following three aspects:

a) A new form of the FH is presented, including the information afiouth e act ual St
section(s) in the outage RAtlkea 4 dhwgdtdtebaperatfi
PRs and CBs (nor mal or mal functioned) o.

b) A novel criterion is presented (i. e., the objective function of the optimization problem) with
malfunctions of PRs and CBs taken into account. Here, the key issue is to determine the
expected states 8fRs and CBs corresponding to a given FH. The fault diagnosis model to
be developed could not only estimate fault section(s), but also identify the malfunctioned
PRs and CBs, as well as the incorrect and missing alarms.

c) Based on the developed fault diagsosnodel, a software system is designed and
implemented to meet the requirements of actual power systems. The developed software
package has been employed@yangdong Power Dispatching Center in south China. Actual
fault scenarios are employed demonstrte the feasibility and efficiency of the developed
model and approach.

The framework of the developed analytic medated approach for power system ffaul
diagnosis is shown in Fi§.
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Fig. 6. The framework of the developéallt diagnosis method

The objective functiore(H) reflects the credibility of a FH denoted Iy. A smaller
E(H) suggests a higher credibility of . Thus, the power system fault diagnosis problem could

be formulated as an optimization problem, with the objective of finding a FH (or FHs) that
minimizes E(H) . E(H) is determined by the following procedure:

If H is an unreasonable FHY must not be a correct solution of the fault diagnosis
problem. Thus, onceél is an unreasonable FHE(H) should be assigned a large value such as

E(H)=10000C, so that an unreasonable FH wifli, any case, not be the optimal solution of the

fault diagnosis problem.
If His a reasonable FH;(H) is determined as follows:

E(H) = w[ilAn(H)l+ilACj(H)lj+ W[ Hl
' ! (2)

n, n d i3 o
=w1[2|n 1)+ 2 —q(H>|j+w{;|cL|+Z(| flemD+2( f |+ rgpbj

The above equatioronsists of the followingwo parts:
N N
1) Thediscrepancy indeX”|Ar (H)|+Y"[Ac; (H)].
i i
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2) This index reflects the discrepancy between the expected and actual states of PRs and CBs,
e, [Ar(H)=|r -1 H)| and |ac; (H) =le, - ¢ (H)].
Here, r, represents the actual state of ithePR, andr, =0 or 1 corresponds to the nonoperational

or operational state; represents the actual state of jtheCB, andc; =0 and 1 corresponds to
the tripped (open) or netmipped (closed) state; (H) represents the expected state ofithéPR
corresponding tcH. If the ith PR should not operate, (H)=0, otherwiser, (H)=1; c;(H)
represents the expected state of jtheCB. If the jth CB should not be tripped off; (H) =0,
otherwisec; (H) =1.

As shown in Fig.7, based on the developed method, a software packageetoped for
actual applications in utility companies. Two data sources are included:

a) The IEC 6197(ased EMS (Energy Management System) provides an integrated solution
through defining a CIM (Common Information Model) for electric primary equipments and
standardizing a GID (Generic Interface Definition), which provides access to SCADA
systems for obtaining CB tripping alarms. The sidgie diagrams of the power network
concerned and each substation are exported from the IEC 61970 based EMS, witard stand
graphic format namely SVG (Scalable Vector Graphics).

b) The Fault Information System (FIS) provides the PR configuration information and the real
time PR operating alarms.

FIS IEC 61970 based EM S

Realtime Export Model
PR i Data Data
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CB Trlpplng
Ao CiM F"S sve Files
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Module
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SVG: Scalable Vector Graphics HMI
GID: Generic Interface Definition

Fig. 7. The framework of the developed softwareesyst
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Based on the existing analytic modelsed methods, novel analytic model is presented
for power system fault diagnosis with malfunctions of protective relays and circuit breakers taken
into account. The developed model could not only estimate the fault sections, but also identify the
malfunctioned proteote relays and circuit breakers, as well as the incorrect and missing alarms.
With the application of GPS clocks in recent years to synchronize the data acquisition of SOE
(Sequence of Eventsy time tagging accuracy of about 1 ms could be achiefedoftware
package is developed for actual applications in power utility companies. It is demonstrated by
many actual fault scenarios of an actual power system in China that the developed model is
correct, and the method efficienThe proposed method does neimploy the temporal
information of alarm messages, dnture efforts will concentrate on this

In [Liuhong Weiet al, 2010, an accurate and effective technology for fault diagnosis of a
high voltage transmission line plays an important role in supgoréipid system restoration. The
fault diagnosis of a high voltage transmission line involves three major tasks, namely fault type
identification, fault location and fault time estimation. The diagnosis problem is formulated as an
optimization problem in ils work: the variables involved in the fault diagnosis problem, such as
the fault location, and the unknown variables such as ground resistance, are taken into account as
optimization variables; the sum of the discrepancy of the approximation compon#resaotual
and expected waveforms is taken as the optimization objective. Then, according to the
characteristics of the formulated optimization problem, the Harmony Search, an effective
heuristic optimization algorithm developed in recent years, is empldy solve this problem.
Test results for a sample power system have shown that the developed fault diagnosis model and
method are correct and efficient.

Someimprovements are made in this work:

a) The variables being solved for the fault diagnosis proldean as the fault location, and the
unknown variables such as the ground or arc resistance are used as optimization variables.
Consequently, fault type, fault location, fault time and indefinite variables can be obtained at
the same time.

b) The formulated mblem is a mixed integer programming one with both discrete and
continuous valuables. The Harmony Search (HS), an effective heuristic optimization
algorithm developed in recent years, is employed to solve this problem.

As shown in Fig 8 FDHVTL is formulated asan optimization problemwith the
following two key points:

a) The variables being solved for the fault diagnosis problem such as the fault location, and the
indefinite variables such as ground resistanceisedasoptimizationvariables

b) The matchig degree of the waveforms, i.e., the discrepancy between the actual and the
expected waveforms, is employed as the optimization objedthesactual and the expected

57



waveforms are producedvith Digital Fault Recorder (DFR) and Matlab Simulink,
respectivey.
HSis employedo solve the stablished optimization problem

Fault Hypothesis (Optimization Variable
Fault type Fault location ’

Fault time Ground resistance
Phase resistance Digital Fault
* Recorder
Matlab Simulink \
I\ ~ /" I
Exptected Actual
waveform waveform

Thediscrepancy between the actual and the

, Obj ective Function
L expected wavefor ms

Fig. 8 The flowchart of the HVTL fault diagnosis based on waveform matching

The waveform matching is made between the actual waveforms derived from the DFR
and the expected waveforms produced from the simulation studigmints in the actual and
the expected waveforms [n,t,,] are sampled respectively. An objective function which reflects

the discrepancietween the actual and the expected waveforms is given as follows:

FOO= (Rt )= % SM -V )+ 5 S (X) (3)

i=AB,C j=1
Wherei=A, B or C represents phase A, B, or C, respectivglis the j th sampling point (

jefbL.2,.M}); V,; and I, are the sampling points of the durifaylt voltage and current

J
respectively, which are obtained from DFR in an actual fault scenaii®) and |, (X) are the
sampling points of the duriAfqlt voltage and current respectively, which are produced by

simulation studies corresponding to a given fault hypothesis
Implementation of the fault diagnosis systershiswn in Figo.
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Fig. 9 The implementation of the fault diagnosis system

By taking the fault type, fault location, fault time, ground resistance and phase resistance

as the optimization variables and employing the matching degree between the actine and
expected waveforms as the optimization objective, FDHVTL is then formulated as a mixed
integer programming problem. The Harmony Search, an efficient heuristic optimization

algorithm developed in recent years, is employed to solve the developed ajimiza

formulation. It is demonstrated by simulated fault scenarios of a sample system that the
developed model is correct and the HS based method is computationally quite manageable.

Because this tool is designed for application to high voltage transm@sndumsing issues such
as high load harmonic currents or nonlinear arc faults are able to be avoided.

A flood of alarm messages in an automatic digital substation makes the monitoring task

a significant challenge for the operators in a remote comtalre especially under fault
scenarios. An oifine intelligent alarm processing system is developed based on the architecture
of the digital substatiom [Liuhong Weiet al. First, realtime alarms are classified according to
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the IEC 61850 standard, wrder to provide synthesized and organized alarms for the alarm
processing procedure in the next step. Then, a new and systematic alarm processing approach
for digital substations is developed. Two modules, i.e., the generation of candidate hypotheses
andthe truth evaluation for the hypotheses, are included in the developed approach, and these
two modules are operating in parallel in-lore implementation. This approach could not only
determine the fault/disturbance cause but also the missing or fatsgsddut alsothe causes of
the false alarms. According to actual application requirements, dmeomtelligent alarm
processing system is developed and applied in the Xingguo subdtthienfirst digital
substation in Jiangxi province, China. Finaldn actual alarm processing scenario serves to
demonstrate the presented alarm processing method as well as the developed software system.
With the support from Jiangxi Electric Power Research Institute in China, 4ineon
intelligent alarm processing stgm for the 110kV Xingguo digital substation is designed and
implemented in this work. The major contributions of this work are as follows:

1) Based on the architecture of the digital substation;tiea& alarms are classified according
to the IEC 6185@tandard.

2) For online implementation in digital substations, a new and systematic alarm processing
approach is presented. Two modules, i.e., the generation of candidate hypotheses and the truth
evaluation for the hypotheses, are included in the developeach. These two modules are
operating in parallel in ofine implementation:

. In the module for the generation of candidate hypotheses, the related candidate hypotheses
are organized in the same hypothesis set.

. In the module for the truth evaluation dfet hypotheses, a systematic alarm processing
approach based on logic analysis is presented. Consequently, not only the fault/disturbance cause
but also the missing or false alarmeuld be identified. Moreover, the causes of the false alarms
could also be identified by analyzing the alarms associated with the secondary devices, i.e., the

protection devices and communication devices.

3) According to the requirement of the actual prgjecsoftware package is developed by using
the proposed ofine intelligent alarm processing approach, and has been successfully applied in
the Xingguo substation, the first digital substation in Jiangxi province, China. Finally, an actual
alarm processip scenario ipresentedo demonstrag the presented alarm processing model as
well as the developed software system.
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Fig. 10. The framework of the proposed system

The developed framework for the-tine intelligent alarm proessing system in this work
is based on the architecture of a digital substation as shown in Fig. 10. At the system initialization
stage, the alarm configuration is automatically written into the database by analyzing the
Substation Configuration Descripti Language (SCL) file. When a fault/disturbance takes place,
the received alarms will be put into the réale database first, and then into the initial alarm
gueue. Based on the IEC 61850 standard, the alarms in the initial alarm queue are classified in
order to provide layered and organized alarms for the alarm processing procedure. When PRs
operate or CBs trip, the module of -time intelligent alarm processing will be activated.
Consequently, the comprehensive alarm processing results are displajechen oper at or
console screen with the following details:
1) Related alarms are listed by groups so as to help the operators organize-tineerakdrms
clearly.

2) Faulted elements are identified to assist the operators rapidly restoring the network,
especially under complicated fault scenarios.

Based on the architecture of digital substations, a systematic alarm processing approach
and further an ofine intelligent alarm processing system are developed in this work. The
developed software system caat only classify the realme alarms according to the IEC 61850
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standard, but also find out the cause of a fault/disturbance, missing or false alarms as well as the
causes of the false alarmsdé occurrencttwa. It
scenarios that the proposed approach is correct and the developed software system can meet the
requirements of otine alarm processing in actual power systems.

Fault diagnosis and accident treatment in substations have play an important role in
mairtaining power systensecurity and reliability Some substation diagnosis models and
methods have been proposed to address thisguolily using technologies such as the expert
system, artificial neural network, Petri network, agent technology, rough sets, and using
information obtained from protective relays and circuit breakers. In addition, substation diagnosis
models and methods earusually related with those models and methods used for the fault
diagnosis of individual transmission and transformation equipment, such as the transformer
diagnosis model based on three chromatographic level correlation analysis, and the wavelet
theory based transmission line fault diagnosis model using fault recorders. It can be seen that
most of the currently available substation fault diagnosis models only employs the information of
protective relays and circuit breakers, or fault features of a sdweliee. In other words, the
existing models and methods, due to employing only local information, have difficulty in
achieving an accurate diagnosis for complex faults with uncertainties, including multiple
consecutive failures, malfunctions of protectinetays and/or circuit breakers, missing or false
alarms, and sensor errors, to name a few.

Given this background, a CauvardEffect based faultliagnosis modeis developedn
[Zhiwei Liao et al by introducing the Root Cause Analysis approach and taking into account the
technical features of digital substations such as the substation structures ateda/information
flows,. Based on the logic relationship betweenpgheent nodeand thechild nodesuch as the
transformer/circuit breaker/transmission line, and between the root cause and child cause in the
diagnosis modelthe Dempster/Shafer evidence theory is used to integrate different types of fault
information so as to implement an hiefaoal, systematic and comprehensive diagnosis. An
actual fault scenario is used for demonstrating the developed approach in diagnosing
malfunctions of protective relays and/or circuit breakers, missing or false alarms, and other
frequently encountered faslat a digital substation.

A root cause analysis based fault diagnosis system for digital substations is shown in Fig.
11, s;ccN={CcN cN cy CN cyands(A={¢ ¢ ¢ ¢ ¢ denote the child nodes and the child causes of

transformers, circuit breakers, lines, bus and secondary system (DC power supply, network
communications and security devices).

62


http://dict.cnki.net/dict_result.aspx?searchword=%20%228%1B/9//@D&tjType=sentence&style=&t=safety+reliability
http://dict.cnki.net/dict_result.aspx?searchword=%e6%95%85%e9%9a%9c%e8%af%8a%e6%96%ad%e6%a8%a1%e5%9e%8b&tjType=sentence&style=&t=diagnosis+model
http://dict.cnki.net/dict_result.aspx?searchword=%e7%88%b6%e8%8a%82%e7%82%b9&tjType=sentence&style=&t=parent+node
http://dict.cnki.net/dict_result.aspx?searchword=%e5%ad%90%e8%8a%82%e7%82%b9&tjType=sentence&style=&t=child+node
http://dict.cnki.net/dict_result.aspx?searchword=%e6%95%85%e9%9a%9c%e8%af%8a%e6%96%ad%e6%a8%a1%e5%9e%8b&tjType=sentence&style=&t=diagnosis+model

FNe CNe RNO

Tr ansf or ner Br eaker Li ne

Secondary system Bus
Fig. 11. The framework of the RGMased fault diagnosis system thgital substatios

The following is the explanation to each component in the diagram:

1)
2)

3)

4)

5)

F : a problem nod& be solved as a specified fault in a substation .
¢ : a child cause of and a basic reason of a specified fault, such as a transformer or line

fault. p(g) denotes the fault probaliii caused by . s(p-{g ¢ -, ¢ IS the child cause set

which could triggerr .
r,: a root cause of and a fundamental reason of a specified fault in the power system, such

as the faults caused by the transformer arc or a single phase line grounding(fagijt.
denotes the fault probability caused bywhich belongs toc . G(g)={x .11, ¢} is the root
cause set that belongs to the basic causeor exampleg, is a line fault,r, <c, is a single
phase grounding fault which belongs to the root cause of a line fault.

FN : the only one parent node for the diagnosis system(p,m,0), indicating that the
parent node is composed of three elem@éntav andO. D represents the composition of
the access modes to obtain the required information from the sautces{d, d,--- d} , and
D, is the collection of all possible modes.M ={m, m,---, m} denotes the available fault
diagnosis methods applicable at the naolef[ ¢ 1 911(i=12.---, 9} IS the diagnosis output,
wherec € 0, g isthe number of the reasons ) p(c) denotes the fault probability caused by
¢ . Thus,FN denotes the basic diagnosis functions.

CN andRN, : the child nodes and the root nodes. Lie, they are constituted by three

elementsD,M, O. Furthermore, they can give a more detailed diagnosis result based on
FN. Thereinto,s(cN={CN CN--, CNe FM With s(cN denoting the set of the child nodes,

which all belong toFN ; S(RNe CN)={ RN RN, RN is the set of root nod®&N which
belongs to the child noden, .
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6) The node functions ofN, CN, and RN, are independent. With the node definition given in

4), it can be seen that all nodes are independent in obtaining the needed diagnosis
information, selecting the appropriate diagnosis methods, and analysing fault reasons of each
node.

7) The causes betweenandr, are complementary. For instance, the child causg-{¢ and

its root cause,ec,can be used as each otherds compl eme

Based on the fault diagnosis model presented before, a software package has been
developed and applied in the 110 kV Xingguo digital substation, the first of its kind in Jiangxi
Province, China. In the given numerical examples here, the power outage anetosed by the
dotted lines as shown in Figj2.

M% Buxing I line

11130

io | Buxing  line
11230

1123

316 1 ot

Xinggang line

[ 315 E/O—ﬂ

Xingxiao line

314 E/H‘

Xinghong line

Y — — — — — —

313 E/O—“

Xinghong line

312 E/H‘

Xingheline

311 o
E E E E E Standby | line

Standby Xingtie ~ Developmen
| line Standby  Development line zone line Standby Standby Standby
line  zonel line line line line

915 916

N

Fig. 12. The connection scheme of the 110 kV Xingguo digital substation

The coil current and switch signal waveform of the circuit breaker numbered 111 is
obtained by modei, as plottedn Fig. 13. The recorded fault curves of Buxihdine is obtained

by moded, as plottedn Fig. 14.
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Hnne, s

Fig. 13. The coil current and switch signal waveform of tireuit breakenumbered 111
obtained by modei,

Fig.14 The fault recording curves of Buxing I line obtained by mdde

By systematically considering the structure and technical features of digital substations, a
Root Cause Analysis based approach is presented to diagnose faults of transmission and
transformation equipments of digital substatiofise wellestablished Dempster/Shafer evidence
theory is applied for analyzing the comprehensive fault information of transmission and
transformation equipmento as to find the root cause. The developed fault diagnosis software
system can be used to dmmge various faults often encountered in substations, including
malfunctions of protective relays and/or circuit breakers, and missing or false alarms. The fault
diagnosis system can be implemented in a hierarchical structure forlewaltiinformation
integration. An actual fault scenario is served for demonstrating the effectiveness of the proposed
fault diagnosis software system. The performance of the developed software tool has been
verified in practical applications.
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3.6 Implications for DG penetration into networks

The concern about climate change has led to the development of more sustainable energy
based on renewable sources, such as solar, windhygdnd and biefuels. This push is starting
to spread the power generati@mver he distribution networks in the form of distributed
generation and wil/l |l ead to increase in the

These DGs can provide beneyts for both wutild

deferral n capital investment and reliability.

Islanded operation, protection, reclosing and arc extinguishing are some of the
challenging issues related to the connection of converter interfaced distributed generators (DGSs)
into a distribution network. Thesolation of upstream faults in grwbnnected mode and fault
detection in islanded mode using overcurrent
DGs must be disconnected in order to extinguish the arc. Otherwise, they will continud to fee
the fault, thus sustaining the arc. However, the system reliability can be increased by maximising
the DG connectivity to the system; therefore the system protection scheme must ensure that only
the faulted segment is removed from the feeder. Thiséseven in the case of a radial feeder as
the DG can be connected at various points along the feeddf. Dejvadasat al, 2009, a new
relay scheme is proposed which, along with a novel current control strategy for converter
interfaced DGs, can isolaggermanent and temporary arc faults. The proposed protection and
control scheme can even coordinate with reclosers. The results are validated through
PSCAD/EMTDC simulation and MATLAB calculations.

¥m

K
'E—l*tﬁt

[ - a
Fig. 15. Protected radial feeder

The new inverse timeelay is proposed based on the admittance of the protected line. A
radial distribution feeder, as shown in Fig5, lis considered to explain the new relay
fundamentals. It is assumed that the relay is located at node R and the point K is an arbitrary
point at the protected feeder. The total admittance of the protected line segment is dengted by
and measured admittance between the points R and K is denot¥gd biien the normalised
admittanceY,) can be deymwd,as n terms of

'i_."
}?f }E‘
t (4)

This normalised admittance is used to obtain an inverse time tripping characteristic for
the relay. The general form for the inverse time characteristic of the relay can be expressed as
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WhereA, r andk are constants, while the tripping time is deddigt,.

The relay tripping characteristic for A = 0.0047,r = 0.08 and k = 0 is shofig.it6.
08

07F

=0 0047/(YO%8.1)

Time (Seconds)
Q
s

Normalised Admittance (Y )

Fig.16. Relay tripping curve

A current fold back control for a converter interfaced DG is proposed in this paper. This
control strategy helps in the arc extinction
detection. The converter nominally operates in voltage controemodce a fault is detected, it
switches to fold back current control mode. The tipbkase structure of the converter which is
used in this paper to implement the proposed control strategy is shownlin Rigontains three
H-bridge converters that aseipplied a common DC bus containing the DG. Three sipighese
transformers are connected to the three converters to provide isolation and voltage boosting.

........................................................

............
..........................................

b

Fig. 17. Converter structure and control
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In the Fig.Z, L is the leakage reactance of the transforrReis the transformer losses and
Lo is the output inductance ofthe B&cSonver t er syst e ntisufdd o bypdst er c a
the switching harmonics and the voltage across the capacitor is denated by

All in all, a new inverse time admittance relay characteristic and a new fold back control
strategy for converter interfaced DGs are discussed in this paper. The relay has the ability to
isolate both the permanent faults and transient arc faults from aips&red downstream side of
the faulted segment when fold back current limited DGs are present in the network. Therefore
proposed protection scheme enhances reliability during islanded operation, assuming that the DG
generation issufficient to supply the lad demand. Furthermore, reclosing possibilities are
considered to increase the reliability further.

The proposed converter control strategy is capable of maintaining a DG connected to the
network after a fault and does not require its immediate discoonedfioreover, the fault ride
through capability of a converter can be increased indirectly because of the proposed fold back
current limit. Furthermore, the arc will sedktinguish and the system will setfstore if the DGs
utilise the proposed controtle

The protective relay coordination refers to the ability to select appropriate relay setting
values so that they can meet the basic requirements for protective relays, namely, selectivity,
speed, sensitivity and reliability, under different kinds of tauRAn appropriately coordinated
protection system could isolate faults quickly, and maintain the operation of the remained healthy
part of the system. Directional overcurrent relays are widely employed in distribution systems,
and hence it is very imporato investigate the coordination problem when using this kind of
protective relays. Some research work has been done in this area, but in most of the existing
methods linear or nonlinear programming approaches are employed for this purpose. Only
continuaus variables could be handled in these approaches, and the results thus obtained have to
be rounded off to the nearest discrete value. Hence the optimality of the coordination result
cannot be maintained.

Given this background, the optimal coordinatfmmoblem of overcurrent relays is revisited
and formulated as a mixed integer nonlinear programming problem (MINLUPuinYanget al,

2010] In the formulation, the pickup current setting is a discrete variable, while the time setting
multiplier is contiuous. As each protective relay in the distribution system must be properly
coordinated with the adjacent relays, the coordination of the protection system eowdayb
complicated. In thipaper the weltestablished differential evolution (DE) algorithsnemployed

to solve this problem. The above mentioned problem of rounding the optimal solution of
continuous variables in existing methods could be avoided in the presentedsBiE method.

The mathematical model of the directional overcurrent relay awetidn problem is formulated

first with the objective of minimizing the operating time of protective relays. Then, the DE
algorithm is briefly introduced. Finally, a numerical example is served for demonstrating the
proposed approach.
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To facilitate thepresentation, a general rbnear programming model is introduced first:

Min  f(X) (6)
st. g(x)=0 )
M < () < ®

Where, f(x) is the objective function; x is the variables to be determined,
9(¥) =[0,(%),3 ,9,(X)]", mis the number of equality constraints(x) =[h(x),3 ,h (X)]", r is

the number of inequality constraints;.x and hn,, are respectively the vectors of the upper and
lower bounds for the inequality constrainkg, =[h..,3 ,h . 1", Mo =[Mae3 Dmad " -

As for the optimal coordination problem of protective relays in distribution systems, the
objective is actually to minimize the operating time of relays under the constraints of selectivity,
sensitivity, reliability and relay characteristic curvais problem could be formulated as an
optimization model:

min - f(x p) ©

s.t. t=g(x) (relay characteristic function) (10
h(x) <0  (coordination constraint) (11

n S X< X (relay settings constraint) (12

t., <t<t _  (operating time constraint) (13

Where, f(x) is the objective functionx is the variables to be determined, i.e., relay settings
parametersX is the set of available settings;is a set of perturbations or fault conditions in a
specified zonet is the operating time of a relay.

In the above opmization model, eqn. 1) represents the selectivity constraint used to
maintain the selectivity between the primary protection and backup proteetpn; (2)
represents the sensitivity constraint used to make sure that a relay could operate whien a faul
happens within its protection range by appropriately regtthe relay parameters; eqi.3)
represents the reliability constraint used to
protection range, the relay must operate within the bounttealperating time. In summary, the
optimal coordination problem of protective relays is to minimize the operating time of relays with
these constraints respected.

In this section a sample systenis slightly modified for demonstrating the developed
approach, as shown in Fig8. The system shown in Fid8is a 10kV distribution system with 5
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buses and 8 protective relays. A distributed generator is installed at the end of feeder B. There are
2 circuit breakers, i.e. one at the public power supply point and the other at the distributed
generation supply point. The DE algorithm is employed to obtain the optimal time setting
multiplier (TM) and pickup current setting value (IP) of the directionar@aweent relay. The
formulated model consists of 16 variables with 8 discrete variables and 8 continuous variables by
employing the proposed method; however there will be 72 variables with 8 discrete variables and
64 continuous variables if the existing timed is used. It should be pointed out that the proposed
method can be applied to larger and more complicated distribution systems with multiple DGs.
s

DG

Fig. 18. The sample distribution system

The optimal objective value and the objective value of a given individual in each
generation are shown in Fid.9; the mismatched number of protective relays in the best
individual and a given individual are shown in F2g; the TM1 of relay #1 of a giveimdividual
is shown in Fig21.
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Fig. 19. The objective value of the best individual and that of a given individual
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Fig. 20. The mismatched number of protective relays in the best individual and a given individual
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Fig. 21. TM1 of relay #1 for ayiven individual

The line with cross marks in Fi@9 represents the objective value of the best individual,
while the line with stars represents the objective value of a given individual. It can be found that
the optimal objective value and the objeetialue of a given individual are improved obviously
from generations 1 to 30. In Fi@0, the mismatch of protective relays between the best
individual and a given individual is shown; the black line with cross marks represents the
mismatch of the best dividual in each generation, while the line with star labels represents the
mismatch of a given individual in each generation. It can be seen fron2F-itat the best
individual meets the coordination constraints in the whole evolution process of tAlg@Ehm,
and a given individual could also meet the coordination constraints after several generations. In
Fig. 21, the changes of TM1 of relay #1 for a given individual is shown. The results for the
protective relay coordination become staddker 40 @nerations.  Distributed generations
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could bring many benefits in economic, technological and environmental aspects, but at the same
time result in a lot of challenges, of which one of the most important ones is the coordination of
protective relays. When Gs are connected into a distribution system, both the direction and
distribution of the power flow and fault current in the distribution system could change
significantly, so the traditional protection scheme could no longer properly work, and hence new
protection schemes are demanding.

Therefore the optimal coordination problem of protective relays in distribution systems
with distributed generations is formulated as a mixed integer nonlinear programming pioblem
[Hui Yang et al, 2010] and solved bythe wellestablished DE algorithm. The feasibility and
efficiency of the proposed method has beemdnstrated by a sample system.

Conclusions

This chapter addresses a looming barrier to the increased use of DG in networks. The
presence of ©dEdsintoeaoperagon af groatection systems with faults not being
seem or excessive amounts of the network being switched out in the event of line faults. There
are two approaches presented here, one is the optimization of the relay settings af existin
overcurrent relays to extend the robustness
to modify the nature of the relay to an admittance relay whiadomspatible with overcurrent
relays but better at distinguishing line faults in the presehBess.
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Chapter 4 Benefits of DG with respect to Losses

4.1 Introduction

Energy losses occur due to transferring energy across power networks. They are caused
by resistance of conductors and the presence of magnetic material in equipment. Power losses
increase the overall cost of producing the energy demand because addéraratign is needed
to compensate for energy losses. Losses are also increase the power flow across networks because
of higher energy demands. Increase in energy demand lead to install higher rated equipment
which in turn increases the cost of equipments arice of electricity.

The power losses can be divided into two categdrieschnical and commercial losses.
Technical losses occur due to the characteristics of network equipment, supply, and demand
whereas the commercial losses occur during measuntsnof electricity flows (or metering
errors). In the UK, technical and commercial losses in average accoaks up 7% of
electricity transported across distribution networks. In USA,-wikg transmission and
distribution losses account for 9.5% in 20flde to stressed utilisation and congestion of power
transport corridors  (Digest of United Kingdom Energy Statistics,
http://www.dti.gov.uk/energy/inform/dukes/, GridWorks, 2009)

The technical losses wawith time due to varying magnitude of currents resulting from
consumption levels. Themrelosses which do not vary with time. They are refeteds fixed
losses. For exapte, in a transformer iron losses do not vary with time and comes under fixed
losses. Some of the power losses occur due to dielectric and sheath materials of equipment. They
are not*(much concerngdn power loss analysis becauselodir relatively smadl contribution to
power losses.

The power loss is one of the elements that indirectly contribute to global warming due to
additional generation produng greenhouse gasses.

4.2 Methods for estimating network losses with DG

One of the important facts the analysis of power losses in distributed generation (DG)
connected networks is the modelling of the output characteristics of DG. If the DG concerned has
no frequency or voltage controls within its facility or they are not allowed to participate in
voltage and frequency controls but operate as a base loagtpéanthe DG can be regarded as a
negative load. It can be modelled aBAQ) load within the load flow formulation for the time
interval (for example half an hour) that is considered for thesassent. On the other hand, the
DG output can be modelled as a generator with fixed active power output within the power flow
formulations. In both circumstances, the varying output has to be taken into account when
evaluating over a time period. This che modelled by applying by applying time series to the
DG output. For example, if a wind plant output for the time interval t1 is P1, then the wind plant
under base network operating condition models-B4;Q1). This process continues for the

whole timeperiod. A similar process is followed for modelling load variation at busses. In order
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to improve the accuracy and to model realistic operating conditions, contingencies can also be
modelled and with the sequential Monte Carlo simulation routines, therdogses can be
estimated for a specific confidence levBhere are others methods in which the power losses are
calculated through analytical approaches considering probabilistic models. For example, the
probability of having a particular level of DG quit can be calculated and then used to calculate
thelikelihood of having the magnitude of power losses at a particular time interval. These models
are constrainetly analytical feasibility when applied to large distribution netwdqégalgaonkar

and Kulkarni, 2003, Jayaweera et al., 2007, Hegazy and Hashem, 2003)

The total cost of losses can be estimated using the same method but incorporating the cost
of energy production to meet the losses at each sample in the Monte Carlo simulation. These
calculations should incorporate cost of power losses comes through amgcepgrathg of
equipment, DG contribution to environmental impacts, and metering losses. However, the
published literature has yet to capture those additional elements into cost calculation models.

4.3 Distributed generation contribution to losses

Most distribution networks are traditionally designed as radial networks. The central
generation supplied the load through passive networks. This is the prime reason the losses
increase with an increase in network consumption. Aging network assets, opeisttibgtibn
networks closer to the rated limits, and increased ambient temperature effects have contributed to
further increase the technical losses.

With the development DG technologies, the trend in supplying the loads from central
generation is changg. Because DG units are placed at or as near to the local loads as possible,
the need for central generation to supply the load is reducing. This contributes to reduction in
power loses in the network. Therefore, the DG not only reduces the need faf gengration,
but also reduces need for equipment upgrade driven by power losses.

However, the real contribution from DG to reduce power losses is complex because of
type of DG technology, their characteristics, their availability at particular operadimgjtions
(such as high peaks) and their resource locations. In addition, some of the DG technologies
produce intermittent power output and increase the need for backup power supply for increased
energy security.

At some operating conditions, if the tb&o be supplied by DG is low (due to network and
operating constraints) then DG contribution to reduction of power losses is low. On the other
hand, if the DGs directly support a large lptten the power losses that would otherwise have
occurred in thesystem are saved. These suggest the value of optimal placement of DGs for
reduction in power losses and the complexity in arguing DG as a source of reduction of power
losses.(Mutale et al., 200, Moises and Matos, 2004, Wang and Nehrir, 2004, Quezada et al.,
2006)

Therefore, it is vital to perform quantitative assessment in order to justify realistic
benefits of reducing losses by DG. Referelfiéashem et al., 2006)roposes a quantitative
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approach to minimise power losses in a distribution feeder appropriately considering distributed
generator sizes at locations and operating point

Although there are some limitations to minimise power losseder all operating
conditions, they can be mitigated with rapidly advancing ICT and smart control technologies.
They will come into effect in the foreseeable future. For example, strategicaityoling the
output of DG mix, backup power supply, and network configuration through smart control
technologies enables to mitigate most of the above barriers. In saatontext, the distributed
generation should be able to provide relatively positiwetributiors to reduce losses irrespective
of network configuration, DG resources constraints, and other barriers.

4.4 Reported studies on distributed generation impacts on losses

There are published literatwthat address the DG contribution to power losses in radial
distribution networks. The common theme oés literature is that the DG contributes to
decrease power losses up to the threshold capacity of DG connection and increase beyond the
threshold.

However, above arguments are not always true in some of the networks when considered
distribution network components within voltage groups. Such a development is reported in
referencd EA Technology, 2006¢onsidering typical distribution network models in the UK. Fig.

1 shows the reported results in a rural network model. There are four scenarios in Fig. 1 where
the ' scenario has no DG contribution, ar tarough &' scenarios respectively have increased
installed capacities of DG. The referel@& Techndogy, 2006)argue that the DG contribution

to reduce losses are not always significant and depends on the type, complexity, and connection
points of DG.
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00/0 . T T T T T T
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Circuit  Tx group Circuits Tx group Circuits  group  Circuits

Group level

Fig. 1L A comparison of power losses in a rural network model through voltgae diefps
Technology, 2006)
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Fig. 2 shows another aspect of power losses in a mixed urban/ rural network model. It
suggets that circuit groups 132kV and 33kWd transformer group 132kV reduces power losses
with the increase in DG capacity. However, they are ptapwte to the level of increase in DG.

The DG 3 scenario has the largest contribution to reduce losses. It is interesting to note that the
DG 3 sceario contribution to losses are significanthcreasd at 11kV circuit group. These
resultsshowthe complexity in arguinghatthe distributed genertaion prapionately contribute

to reduce/ increase power losses in a network and suggest the needef@pecific detailed
assessment .
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132kV  132/EHV ~ 33kV ~ 33/11kV  11kV  11/LV Tx LV
Circuit Tx group Circuits Tx group Circuits group  Circuits

Group level
Fig. 2 A comparison of power losses in a mixed urban/rural network model using voltage groups
(EA Technobgy, 2006)

4.5 Network benefits with DG

Network benefits of DG are categorised into two parts. They are:
(a)Technical benefits with varying network access
(b)Economical benefits with value based placement of DG
These two benefit factors arevestigated in detail in this part of the research. The case study
(a) is based on sequential simulation on a rural distribution network model and the case study
(b) is based on probabilistic models on Roy Billinton test system (Billinton and Jonnavithula
1996).

Case study (a) Investigation of technical benefits with varying network access of DG

This part of the case study was performed at CUT directly supported by this CSIRO
project using a model of a rural distribution. Wind power generation was considered as the DG
source in this study. Fig. 3 shows the network which has wind plants, diesl, plad the grid
supply as power generating or supplying resources. The network peak active and reactive power
demand are 7.6MW and 1.5MVAr respectively. Network demand fluctuations are modelled with
time series of loads at nodes. The load growth effasnot incorporated for the assessment
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however; they will be added within the nest deliverables. Wind plant output characteristics are
also modelled with time series of wind plant output.

There are four scenario groups in this study. They are shownoppF 3 as &6wi nd
connection, owind site B connectiond, owind s
Each network access group represents four supplementary scenarios. Each of these
supplementary scenarios has installed capacity of wind @aging from OMW to 4MW, where
zero wind installed capacity represents the base case. The study aimed at connecting wind plants
through a single site at a ti me. For exampl e,
wind plants conneetlithrough other sites are disconnected from the network.

The network demand can be supplied by the diesel unit, grid, and wind plant. However,
the wind plant acts as a base load plant and any deficit of generation is supplied by the diesel
plant or the grid.rtermittency of power output of wind plants is compensated by either diesel or
grid in-feed.

(0.6kV/11kV)

___________________

(11kV/33KkV) :’

(0.6kV/11KV)

i
Wind site C connection f

Diesel plant

(0.6kV/11KV)

(11KV/33KV)

(11KV/33KV)

(11KV/33KV)

Wind site A connection

i
Wind site D connection
|

(33KV/11KV)| )
(33KV/132KV) Power Grid

Wind site B connection I ‘——1

Load

(11kV/33kV)

(33KV/11KV) (33kV/
(0.6kV/11kV) 11kV) (33kV/11kV)

Fig. 3 A model of a rural distributionetwork

Fig. 4 and 5 show the results of contribution of the wind power integration capacity on
active and reactive power losses. It is obvious from the results that the wind plants connected
through rural downstream feeders contribute to reduction of power ld$sesver, the level of
reduction in power losses varies with the point of interconnection of the plants. In this study,
wind plants ¢ onn eees thallargest reduatignhpowérdossese Thi€ group
reduces 0.8% of active power losses afd 8f reactive power losses at the 4MW wind
penetration capacity (53% in Figs. 4&5) compared to the base case power losses. The groups A
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and C follow a similar pattern in reducing the active and reactive power losses. Both of these
groups reduce active amelactive power losses by 0.9% and 9% respectively at the wind capacity
of 4MW compared to the base case power | osses.
has a different level of contribution as it is near the upstream feeders and the mostrédoads
connected at downstream feeders. This group reduces active and reactive power losses by 0.2%
and 2% respectively at the wind capacity of 4AMW compared to the base case power losses.

The study only focused on power losses with increased connectionndf plant
generating capacity. However, if the analysis is concemigd reliability and other network
operability aspects then there is possibility to further limit the penetration capacity of wind. This
is because they can limit the wind power generatransport capacity due to network and
operational constraints. In that context, an economical assessment including life cycle costs may
need to be taken into account to differentiate the wind @ae& contribution to reduction of
losses.
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Fig. 4. Active power losses with increased connection of wind power generation
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Fig. 5 Reative power losses with increased connection of wind power generation

In scrutinising the results in Figs. 4&5, it is clear that for this particular network, the wind
plants contribute to reduction of power losses to some extent if the point of interconnection of
wind plantsis downstream, near the major loads, and the network is radial. Varying these
conditions may affect the wind power generation contribution to redossed. Thus, the
geographic location of wind plants and penetration capacity determine the windd plants
contribution to reduce power losses.

Considering all these facts, one can argue that the DG contribution to reduce power
losses is complex and casesband detailed analysis are required to come to a robust conclusion
for a particular network.

The unique contribution of this part of the research is that DG does not necessarily reduce
the power losses in a distribution network however; there can batimgepoints in which the
increased penetration of DG reduces power losses to some extent. The case study presented above
suggests that one should not look at DG only through the power loses that directly come through
power transportation over the distitibn network assets. This is because the level of reduction in
power loses are fairly low when compared to the connected load in the system. However, if the
real energy utilisation comes into effect rather than reduction in power loses as argued above
then the tangible benefits of DG are expected to be increased. Therefore, it is advised to
incorporate energy transformation models into the benefit calculation formulae and then assess
and compare the unique benefits of DG in a distribution network. Taiddwprovide the
realistic value for DG.

Case study (b): Investigation of economical benefits with value based placement of DG
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Fig. 6 shows the single line diagram of RBTS bus no. 6, which was chosen as the test
case for this part of the research. This bus meets the requirement of being a weak grid system that
is far away from the generation. The loads on this bus representrsedmix such as farm loads
along with residential and commercial loa¢Billinton and Jonnavithula, 1996)For this
investigation, factors such as cost of additional reactive power support and reliability is
considered in addition to cost due to distribution system losses. These are expected to be the
potental cost elements that vary if DG location is changed. The required reactive power
compensation was determined by trial and error to maintain voltage regulation within 4%.

Adding in DG sources to the distribution network potentially improves the vaitadie
at that point anat surrounding buses. Depending on the location of the reactive power injection,
it affects the amount of extra compensators required in the system. Hsu angC8tegshih and
Mo-Shing, 2000)propose an iterative technique for find the required reactive power
compensation by compensating the node with the worst voltage regulation to bring it within the
required range. In this study, the reactive support for the network operating condition is
determined by trianderror methodThe total distribution system losses are obtained by using a
NewtonRhapson load flow technique. Normalised plots of all three curves are shown in Fig. 7.

The Fig. 7 indicates that less reactive power support is required if the DG is in proximity
to the weak voltage areas since the DG source provides the necessary reactive power.
Additionally, in some cases, real power losses are greater than the instance when no DG is used
in the system. This is because the distance of the DG is very large comparad, tanid this
offsets any benefit gained by alleviating the load.
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Fig. 6. Single line diagram of RBTS bus no(Billinton and Jonnavithula, 1996)

It is clearly observed that reactive power support and power losses are much more
sensitive to location compared to reliability. However, nonéde$é¢ were optimised at the same
DG location. In fact the optimum location for reliability where the cost was 40% of the cost
without DG was a very poor location in terms of reactive power compensation (100% additional
compensation is required in comparigoncompensation requirement without DG). Therefore,
the true optimum benefit location would ideally be at the location where the three curves
intersect. This appeared to be close to branch number 35. Cost of each factor reduced to
approximately 52% of theost when no DG was in the system.

The analysis of the value based location also needs to account for how much each
element impacts on the overall cost. For example, if the cost of reactive power support is very
high compared to the cost of outages, thda likely that at the optimum location the reactive
power requirement will be minimised rather than outaged.
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Fig. 7. Comparison of cost variations of power losses, reactive power requirement, and reliability

Costs were attached to each factor asupé cost. Reactive power cost was considered in
terms of $/kVAr and real power losses cost was in $/kWh. Outage costs were obtained directly
from ECOST values. Chowdhury and Islg@howdhury and Islam, 200 Propose the use of
ECOST as a measure of reliability. ECOST is the expected outage cost of the system as a whole.
ECOST is calculated as followy€howdhury and Islam, 2007)

NLP[ NC
ECOST=>Y| > L f,cq, "
k=1| j=1

Where:

NLP is the number of load points in the system

NC is the numberfacontingencies (system states) that are being considered.

Lkj is the load interrupted at load point k due to contingency |

fj is the frequency of contingency |

c(dj) is the normalised cost of the outage of duratipre(dj) can be obtained from the
cugomer damage function (CDF). The CDF approximates the outage cost per unit of load

interrupted (per MW) as a function of outage duration.
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The sum of all three costs was considered at each location, relative to the total cost when
no DG was used. Theurve shown in Fig. 8 is for a per unit cost of $0.01/kWh and $0.01/kVAr
for real power loss and reactive power compensation respectively.
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Fig. 8. Variation of overall cost for low cost of reactive power compensation and power losses

In Fig. 8, the value based curve is almost exactly the same as the curve for the outage cost
(ECOST). Therefore, due to the relatively low importance of reactive power supports costs and
real power loss costs, the selection of optimum location was domibgtihe outage cost. In the
next curve (Fig 13), the associated costs were much higher in comparison to the reliability cost
($1/kVAr and $0.01/kWh).
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In this curve, the shape was clearly dominated by the reactive power requirement. This is
because cost of reactive power requirement was much higher than cost of power losses. If the cost
of power losses is high ($0.01/kVAr and $1/kWh), then thapshof the curve wauld be
dominated by the power losses as shown in Fig. 10.
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Fig. 1Q Variation of overall cost for low cost of reactive power compensation and high cost of
power losses

It is important to note that using an overall value based appmae$ not necessarily
provide a balanced traddf between all the benefit factors that considered. Thus, appropriate
weighting of each benefit factor is necessary in order to determine benefit of DG on a power
network. For example, there are distributictworks in which the reliability is more important
than the other benefits. Operating philosophy of distribution networks are also varied. Reliability
of urban distribution networks can be crucial than a rural network. In such context, the benefit of
DG can be network specific and case base analysis may be required in order to make robust
conclusions.

4.6 Realistic facts in quantification of network benefits

Due to the uncertainties and complexities in wind daiast literature provides averaged
values of DG contribution to power losses. However, the vital signal from DG may be hindered
by many small effects thadre sustaird for a significant period of time. For example, at a
particular time interval in a dayy¢ DG may contribute to increase power losses. There may be
other time intervals where the DG contributes to reduce power losses. However, when all of them
are averaged, the resulting figure may not reflect the real contribution from DG on power losses
beause persistent low values of power loss components may suppress others that contribute to
increase losses when the sequential simulation is used to assess power losses. This may give a
wrong signal because significantly high power losses even within shwet intervals may
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contribute to higher costof operation at specific operating conditions. These operating
conditions can be initiated through network uncertainties and constraints. Such effects could be
minimised if the weighting factors are taken imtocount for the assessment tools at respective
time intervals.

On the other hand, the quantification of cost of losses through life cycle cost of equipment
would give a better indication of real contribution to power losses from DG in distribution
netwoks. This is because varying losses ultimately affects the life cycle of network equipments.

Therefore, it is important to trace the DG contribution to power networks through
recursive life cycle of equipment and allocating weighting factors that miniriiassess for the
guantification of network benefits (losses) with DG.

4.7 Summary

Distributed generation affects power losses in transmission and distribution networks;
however, DG plants should be placed optimally and coordinated dynamically in onohgrdoe
benefits. Not all distributed generators produce firm power output and need backup power for
intermittency that disturbs the firm power output. DG plants can also be placed as mixes at
strategic locations as possible to reduce power losses.

Publisted literature captures the power losses deterministically, statistically, and
probabilistically. The common theme of most literature is the distributed generation reduce power
losses however, it may nbe true always. Therefore, case specific analysissiciaming many
benefit factors is necessary in order to justify realistic value of DG for a particular distribution
network.

Case studies are performed to study technical and economical benefits of DG. The study
suggests that appropriate weighting of berfafitors are necessary for the realistic assessment of
network benefits with DG.

4.8 Conclusions

Published literature evidences a clear gap in quantification of network benefits of losses,
thus, there is a clear opportunity in this area for furtheareke

Performed investigations suggest that the DG integration can potentially improve the
network benefits. However, benefits are not unique and weighting of each category of benefit is
necessary to assess realistic value of benefits of D@istrébution network.

Distributed generation contribution to network benefits of losses is complex and case base
analysis is required for the robust quantifications. Recursive quantification of varying power
losses and its effects on life cycle of equiptmimough Monte Carlo simulation can potentially
enhance the knowledge of realistic benefits of DG in distribution networks.

The power loss terms can often be a very small component in motivating DG installation
but an important one to quantify correctly.
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Remarks

Some of the above facts will be taken into account in delivering remaining objectives of
the project (AA s of t waptimized contmoliel iacorpooating stert umg e ne r
costso and dALife cycl e c os {Thempanding prdiectgepatevil h o u s e
also address sensitivity of energy optimised DG on reduction of power losses.
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Chapter 5 Bringing the benefitstogether: Optimized DGsinto
networks

Thereis a growing interest irDG as an alternative for supplying electric power to
customers.Worldwide, the current trend of electricity markderegulationis leading to
continuous growth in the number &Gs connected o ut i | i ti esd distribuli
number of reasons: @1 ect ri ci ty mar ket rul es eacomecton,agi ng
il) advances in new technologies, andliiicreasingsystem capacity needBoth electric utilities
and customers are users of DG as loatth gain advantages. For a utility, DG could be used as an
additional option to meet load growth and to relieve transmissmmstraints. From the
perspectiveof the enduser customer§)G could offer higher power quality and overall reliability

ata competitive power cost. Il n order to maxi mi
utilitiesd istributisnneyssems to riransden their geriedapower from one
location to anotherHowever, with the aim of effective integratn o f DGs into uti

networks, several requirements, suah voltage regulation, loss of maprotection, and the
sustaimbility of DGs following disturbances onthaed oci at ed net work need
Selected use of DG can provide system beneyts
central generating station reserve requirements, and reactive power suppestigpoded DGs

can provide the transmissiarapacity release, reduction in network losses, and avoidance or
postponement of high investment costsrietwork upgrades.

5.1 Structure for optimization

A. The chance constrained programming framework

Some uncertainties such as the uncertain oypwer of a plugn electric vehicle (PEV)
due to its stochastic charging and discharging schedule, that of a wind generation unit due to
stochastic wind speed, and that of a solar generating source due to the stochastic illumination
intensity, volatile fue prices and future uncertain load growth, could lead to some risk in
determining the optimal sitting and sizing of DGs in distribution syst&iven this background,
under the chance constrained programm(i@@¢P framework, a new method is presented to
handle the risks brought by these uncertainties in the optimal sitting and sizing ofnDGs
[Zhipeng Lu et al, 201Q]

As a branch of stochastic programming methods, CCP can accommodate constraints with
stochastic variables included, and makes decisloefore stochastic variables are actually
observed. Moreover, CCP allows that the decisi@king procedure does not satisfy some
constraints, but must satisfy the constraints with a given probability, i.e.,-t@led confidence
interval. The general fon of a CCP problem can be described as
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min f
st
Prf(X.£)<T >a (1)

Prg;(X.£)< 024 (=12 n)

Where X is ak-dimension decisiomakingvector, £is a set ofstochastic variables with known
probability distributions; g (X,£)<0 (j=12;-- n) are stochastic constraintsf(X,¢) is the
objective function;f is the optimal valueof the objective function with the given confidence
intervalg ; « andg areboththe given confidence intenslPr{} representshe probability ofthe

eventincludedin{} .

The major components of the CCP based optimal sittwigsa&zing of DGs in distribution
system planning are outlined in Fig.1

(Monte Carlo Simulation + Genetic Algorithm)
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(Represented by Probability Distribution Functions)
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Fig. 1. The flowchart of the develop&LP basednethod foroptimal sitting and sizing of DGa
Distribution Systems

B. The deterministic programmirfgamework

In this framework, some deterministic mathematical models are employed to formulate
the optimal sitting and sizing of DGs, and generally the mathematical models such obtained are
mixed-integer nonlinear programming ones with multiple variables$ constraints included.

In [Zhipeng Liu et al, POWERCON 20JL.0the Modified PrimalDual Interior Point
Algorithm is employed to determine the sizing of DGs with the objective of optimizing the
voltage profile at every budn [l. Ziari et af TENCON 20®], a Discrete PSO (DPSO) is
employed to solve the Optimal Allocation of Sectionalizers and GZosmection (OASCC)

problem. h [l. Ziari et al AUPEC 2009, a heuristic and randofmased method called Particle
90



Swarm Optimization (PSO) algorithm is usked planning of a simple distribution system. This
tool is used in case 1 (100 identical spaced Loads) for a simple uniform load case and an
analytical method, nonlinear programming (NLP), is utilized for the second case (21 Nonlinear
spaced loads) showirgn increased realism of customer demand]l.|1Ziari et al PES General
Meeting 2010, the placement and sizing of DG in distribution networks are determined using a
combination of Discrete Particle Swarm Optimization (DPSO) and Genetic Algorithm (GA).
Otherwise, infAcharya N et al] 2004, an efficient and analytical approach is developed
for DG allocation in primary distribution networks with the objective of minimizing network
losses. However, this approach may fail to find the global optimal solgnetimes. In
[Gandomkar Met al 2005, an algorithm combining the Genetic and Tabu Search approaches is
presented for DG allocation in radial distribution networks. The calculation results of a simple
and small system indicate that this algorithmestdr than genetic algorithm based approach. In
[Singh D.et al 2003, a genetic algorithm based approach is employed for the sitting and sizing
of DG from the perspective of a generation compdny[C. S. Wang et al, 20Q4analytical
methods are prestd to determine the optimal location of a DG in radial as well as networked
systems with the minimization of the network lassthe objective; in [K. H. Kim et al, 20D&he
fuzzy goal programming is employed to determine the optimal placement off@Gsss
reduction and voltage improvement in distribution systems. A simple yet conventional iterative
search technique is combined with the NewRaphson load flow method for finding the optimal
sizing and placement of DGs i8.[Ghosh et al, 20],0andthe modified IEEE éus, IEEE 14
bus and IEEE 3®us test systems are employed to demonstrate the developed methbd. In [
Gozel and M. H. Hocaoglu, 20P%&n equivalent current injection based loss sensitivity factor is
used to determine the optimal Iticms and sizes of DGs by an analytical method with the
minimization of the total power losses as the objective. A new approach is proposé&dvin [
Elnashar, 201J0to optimally determine the locations and sizes of DGs in a large-owsiected
system.

5.2 Optimizing impact on reliability, network reinforcement investment,

and losses

The impact of DGs on reliability, network reinforcement investment and losses is
optimizing in form of the objective functioamong all the optimization mathematical methods
proposed by QUT For example,a mathematical model of CCP is developed with the
mi ni mization of DGsd6 investment cost, oper at.i
network loss cost as the objective, security limitations as constraints, the sitting and sizing of
DGs as optimizatiorvariablesin [Zhipeng Liu et gl The mathematical model is described
below:
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Wherey+y+7+¢c=1; y,7,rands are weighting coefficientst is the total number of years in

the planning periodc', c", c®are respectively thénvestment cost, maintenance cost and
operating cost of DGs, and is the network loss cost, in the planning perigg; (t) represents

the optimizationvariableincluded inthe planning schemeg, , =0/1 denoteshatthere will not

be /there will be G built atnodei in yeart; Bl (tyand Ry, (t-1)aretheinstalledcapacites of

DGs at nodei in yeart and yearn -1, respectively;AwW, (1) is the energy lossf the distribution

system in year; N, is thenumber ofcandidateDGs to be installedn the distribution system;

Ty (Dis the equivalent generation howtthe DG at nodei in yeart; Cl, (t) is the per unit

capacity investment cosf the DG at nodei in yeart; Cg. (t)is the per unit operating cosf the

DG at nodei in yeart; Cp (t)isthe per unit maintenance cadtthe DG at nodei in yeart.
Specifically speaking, for a renewable DG (t) = 0; for a fuetbased DG, its operating

cost is mainly composed of the fuel cost, ajd (t) can be obtained by the above equation. For a

plug-in electric vehicle (PEV), its operating cost is determined by its charging and discharging
cost.The per unit capacity operating cost of a PEV can be obtained as
CH()rse (Do (D) + CH(D 1 (DT (9
Tog (1)
C® (1) o, ()T () + CE() Tog (D Tpg (D
) Tog, (1

Where T, (t) =T (0+ Toe (0+ Toe (9 + T ()5 T () (T (1)) is the charging time of the PEM nodei

ng ()=

3)

in yeart at the valley load (other periodsi (1) (T (1)) is the discharging time of the PEat
nodei in yeart at the peak load (other period€) (t) (C®(t)) is the retail price (owrid price)
in yeart; ry. (t) (15 (t)) is the electricity price adjustmenbefficient for charging at the valley
load (other periods) iyeart; ry. (t) (ry (t)) is the electricity price adjustment coefficient for

discharging at the peak load (other periodg)eart .

To encourage the owners of electric vehicles to take part in the centralized dispatching, i.e.
charging in valley/ofipeak periods and discharging in peak periods, the electricity prices
adjustment coefficients for charging adidcharging as represented ty (t) (ry (t) ) andry, (t)

(r (t)) can be employed.
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In [l. Ziari et al ,TENCON 2009, the nain goal is to minimizeéhe objective function
composed of the capital cost angliability cost. The capital cost is related to the sectiaers
and crosgonnection and the iiability cost is assumed to Ipeoportional wih a reliability index,
SAIDI.

As mentioned, the employed objective functiamsists of two main parts: Capital cost
and reliability cost. The following equation expresses the employed objective function
formulation:

OF =W, x SAIDI+ SwitchCos 4)

Where,OF andWsap are the objective function value and ®&IDI weight factor.SwitchCostis

the total costs of sectionalizers and crossnection. It should be noticed that the cost of eross
connection is assumed to be proportional with its length. The System Average Interruption
Duration Index (SAIDI) is calculateals:

Sum of AllCustomer InterruptionDuratiol 5)
ToTal Numberof Customers Served

SAIDI =

As observed, SAIDI shows the average outage duration for each customer. This index is
measured in either minutes or hours.
In [I. Ziari et al, AUPEC 2009, the objective function used in this problem consists of the
allowing costs: transformers, MV and LV conductors.
OF = TotalG + TotalG + Totalg (6)

Where,OF is the objective function
The total cost of transformers can be obtained as:

TotalG, = g: G, 7

Where,NTis the number of transformers.
The LV conductors cost can be calculated as:

TotalG. = icl G (8)

Where,NCis the number of LV conductors.

In [I. Ziari et al 2010, the objective of this studis to minimize the sum of distribution
line loss, the peak power (which applies an additional investment for using high rating equipment)
and the reliability along with the costs for installation, operation and maintenance of DGs. Limits
on the bus voltagdeeder current and the reactive power flowing back to the source side are set
as constraints so that they maintained within a standard range. The constraints are added to the
objective function using penalty factors so that if they are satisfied, th&raot term will be
zero; otherwise, a large number is added to the objective function which will then ensure
rejection of that solution. Given these points, the objective function is defined as follows:

T.C,.,+C +C | oee
OF — C|NSTA|_+ Z 0& M INTERRUFI’TION LOSS (9)
-1 (l+ r)

WhereOF is the objective function which is the NPV (net present value) related to the total cost,

CinsTaLis the total installation cost for DG8pgym is the total operation and maintenance cost for
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DGs, CinterrupTiONIS INterruption costC ossis the loss cost is the discount rate, antdis the
number of years in the study timeframe. The DG cost is formulated as:

.
1
Cos = Cinsrat (O -——=)-C
DG INSTAL (T:l(l-l-r)l) & M

NDG

CinstaL = Z Cu' F)j (10)
-1

LL NDG

Co&M:zzCzj'F?'T

t=1 j=1
WhereNDG is the number of DGS); is the rating of D@, LL is the number of load level$;is
the duration of the corresponding load le¥&|,is the installation cost per kW for DiGandCy;is
the operation and maintenance cost per kW for D@s observed in above equation, the
installation cost of a DG is assumed proportional with its rating and the operation and
maintenance cost is assumed proportional with the DG energy (kWh).

The interruption cost can be calculated by multiplying the memof customers, the
average interruption duration per customer and the cost per unit time of an interruption. This
second element can be identified with SAIDI which is the average interruption duration per year
per customer. The interruption cost is $tained as:

LL
Corermurmion= Y NCx SAIDIx Clx 8}60
=t (1D

LL T
CinterrupTION ™ ;Wsmmx SAIDIx 87160
WhereNC is the number of customerS] is the cost of interruption per hour for a customer and

Wsaipi is the SAIDI weight factor. The loss cost is expressed as follows:
Clos =Kk, -TLoss G,
TLoss= i T- TLoss
(12)
TLoss =) Loss
=
LOSS; = Re * [ing,
Wherek, is the cost per kWh of loss€R,ssis the total annual loss in KWHEL is the number of
load levels,T; is the duration of load level T, osstiS the total loss value for load levgIN, is the
number of transmission linekpss, is the los in linel for load levelt, R e is the line resistance
in linel, Ling; is the current of linéfor load levelt, andCp, is the peak power loss cost.

The peak power loss occurs when the load levat jeak. Reduction of the line loss by
the DGs in the peak load can prevent additional investment for using high rating equipment. This
additional investment is called the peak power loss cost and is assuipeproportionalto the
peak power loss and dedid as.

CoL = Ko - TLOSS, (13)
Wherekp, is the saving per MW reduction in peak power loss.
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5.3Design of network incorporating DG benefits

To design of networkincorporating DG benefitsn network QUT has been paying
attention to the research on the optimal sitting and sizing@&$, such a$Zhipeng Liu et al,
2010, [Zhipeng Liu et al, POWERCON 2010}, Eiari et al, PES 2010 [I. Ziari et al, AUPEC
2010 and [S. Islam, and A. Binayak

Under the chace constrained programming framework, a new mathematical model is
developed to handle some uncertainties such as the stochastic output power of a PEV, that of a
renewable DG, volatile fuel prices and future uncertain load growth in the optimal sitting and
sizing of DGsin [Zhipeng Liu et al, 2010 Then, a Monte Carlsimulation embedded genetic
algorithm approach is presented to solve the developed CCP model. Finally, the test results of the
IEEE 37node test feeder demonstrate the feasibility and effectiveness of the developed model
and method.A computer program isdeveloped in the Matlab 7.0 and Visual C++ 6.0
environmentThe IEEE 37node test feeder, as shown in Fig. 2
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Fig.2 The IEEE 37node test feeder

The optimal sitting and sizing of DG& the planningoeriod undertie confidencdevels
of «=0.95andp=o0.95are showrn Tablel.
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TABLE |
OPTIMAL SITTING AND SIZING OF DGS IN THE PLANNING PERIOD

R (/(KW)
Types Node
t=1 t=2 t=3
R b| W|nd generation 718 10.00 20.00
enewable 722 10.00 15.00 20.00
DGs Photovol'talc 729 10.00
generation
732 10.00 10.00
Fueled DGs 736 10.00 20.00 30.00
741 30.00 30.00 40.00
742 40.00 50.00 50.00
PEVs 718 10.00 15.00
722 10.00 10.00 15.00
Network loss ratit{%o) 2.71 1.96 1.56

From Fig.3, it could be observed than each year of the planning period with newly
added DGsthe voltage profile atachnodeof the test feeddnas been greatly improved.
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Fig. 3 The voltage variations at each node of the test feeder with added DGs in the planning
period
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In [Zhipeng Liu, POWERCON 2010a new approach combining the loss sensitivity on
every bus voltage with the MPDIPA @mesented for optimizing the sitting and sizing of DGs.
The former is used for the optimal sitting of DGs so as to reduce the calculation time and
optimization scale. The latter is used for the optimal sizing of DGs. Test results of the IEEE 123
node tesfeeder demonstrate that the developed method can determine the sitting and sizing of
DGs optimally, and as the result, the voltage profile could be significantly improved and the
network loss obviously reduced.

In [l. Ziari et al PES General Meeting 20[1Ga problem formulation and solution for the
placement and sizing of DGs optimally, with consideration of time varying loads is prafent.
optimization, he sum of distribution line loss, the peak power (which applies an additional
investment for usig high rating equipment) and the reliability along with the costs for
installation, operation angiaintenance of DGsas been reduced

Therefore, after optimization of sitting and sizing of DGs in designing the network, the
benefits of DGs could bieetterexplored

PSO/GA planning over range of load levels and time horizon

This QUT tool optimizes over the daily load cycle and the load growth over 20 years . It
includes the voltage constraints loss, capital @perating cost components as well as reliability
benefit. Here a range of scenarios are planned over 3 load duration sections and over 20 years
divided into 4 steps.

Scenario 1 (Conventional Planning)

Scenario 2 (Conventional Planning improved by Capes)

Scenario 3 (Planning by DGs)

Scenario 4 (Planning by DGs and Capacitors)

Scenario 5 (Planning by All Technologies)

There are several steps to ensure that the search routine does not stop prematurely
because of local discrete effects so a comlmnatf GA and PSO has been used to provide a
high probability of finding the global optimal.

Comparison of Total Cost during 20 years (M$)
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Scenario Number
Cost Elements

1 2 3 4 5
Line 1536 | 1.337 |0 0 1.272
Transformer 3.542 | 2686 | O 0 1.237
Capacitor 0 0.357 | 0O 0.404 | 0.306
DG 0 0 25.067 | 19.757| 5.913
Loss 2510 | 2.277 | 2.470 | 2.468 | 2.275
Reliability 17.624| 17.624| 10.043 | 10.497| 13.593
Energy Selling | 0 0 -11.259| -8.543 | -2.517
Total Cost 25.212| 24.281| 26.321 | 24.583| 22.079

As observed in theable aboveby using the proposed comprehensive planning, the total cost is
reduced by M$ 3.133 compared with the conventional planning. This 12.5% reduction is enough
to highlight the priority of the proposed technique over other available techniques.

The most costly planning belongs to the planning using DGs alone. The next most costly
planning is then the conventional planning. These demonstrate that these two alone are not good
techniques. These techniques can be improved by using DGs with othexsdéwicthermore,
these are considerably advanced by inclusion of all technologies. Note that the investment in line

and transformer upgrades in scenarie® ma | |

investments.

Conclusions

as

t he

DGO s

per mit

The relative importance of different components of network benefits from BG
summarized in the results in the two examples in this chaptar.incorporation of line
investment deferral against the operation cost of DG a long time horizon optimization is required
which accounts for the daily load cycle. The results in Table 1 show that non schedulable

def e

resources such as wind can be included in the long term planning as a DG benefit. Several
researchers have focused on DG as a voltage support tool but these hesultead much of
those general benefits could be captured by capacitors if it only a steady state issue. The voltage

control scheme introduced in @fter2 shovs that transient voltage control may be a component
to be considered also in the optimization.
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Chapter 6 Overall comments and summary of contributions

This report illustrates that the main network benefit applicable to distributed generation is in
the area of reliability for cases where cross connection between feeders is not justifiable. Another
strong benefit can be where the DG serves to defer ineastim line upgrades. Here the DG would
run during the short duration load peaks. The fuel cost per kilowatt may be high but the run time can
be quite low thus there can be a strong benefit in deferring line investments until the peak increase of
directionis such that the fuel cost now exceeds the deferral benefit. Other benefits such as voltage
support and line loss reduction are primarily supplementary benefits to assist the business case rather
than being a strong incentive in their own right.

There isno uniform benefit factor for generic use of DG as it is highly dependant on the
peakiness of the load cycle and the opportunities to defer investment.

When there is a pattern where load growth is expected to exceed supply transformer capacity
in the nex few years there can be an opportunity for gain through the use of schedulable generation.
In some cases this can be misleading since some load transfer to adjacent substations can be achieved
through the use of switching. Quantifying the benefit to deall is dependant on whether the line
capacity, the distribution transformers or the substation transformers are showing as the limiting item.
A DG unit connected at medium voltage will not be able to relieve overloading of Low voltage lines
or transformes. Because the relative cost of the supply network per kW of customer load increases
towards the fringe of network the opportunity for distribution network benefit from the use of DG is
higher.

The appropriate level of investment in DG as a solution &al Igrowth and reliability is
highly dependant on the network and loading thus the optimization tool presentedpterGh
provides a tool to determine the best level of DG and other network options. This tool combines the
peak load deferral aspects aslveslthe reliability benefits.

Technical barriers to continuing increase in DG such as photovoltaic inverters are starting to
arise in terms of voltage control. The algorithms presented in Ch 2 show that voltage control is
feasible. There will be some cast the DC bus capacitors need to be larger to inject reactive power.
The other dimension of the reactive injection control is that the power factor at the supply transformer
can be made close to unity and the main benefit is that the peak load capacityeder can be
increased over 12% even with no sun available.

The other key technical barrier to simple co
protection schemes. At low penetration levels the ability of mask high impedance faults in hintited
as the DG levels rise there is aging concern about the religihdetection of high impedance faults.

The algorithms presented enable greater precision of the detection of line faults even in the presence
of DGs.
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