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Summary
Distributed generation (DG) represents decentralized generation of electricity, and is usually
close to the loads and generally interconnected to the utility distribution system.
DG could save considerable amounts of costs in deferring network upgrades, improving
system reliability and voltage profile, reducing energy losses, and providing blackout starting
power. At the same 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 power. It is known that
transmitting 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 the power transmission, and 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 and small-scaled.
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 sources. The increasing diversity
could avoid the economy from price shocks, interruptions, and fuel shortages.
The benefits of distributed generation were summarized in a 2007 report prepared by
Department of Energy (DOE), USA (http://www.oe.energy.gov/epa_sec1817.htm), and the
matrix shown below was also given in the report.
Table 1. The Matrix Representing Distributed Generation Benefits and Services
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In this stage report, the benefits of DGs are examined with special emphasis on reliability
enhancement, voltage improvement, and loss reduction. In addition, the impacts of DGs on
protective relays in distribution system are also investigated.
Four chapters and four Appendices are included in this report. The benefits of DGs on
reliability enhancement, voltage improvement, and loss reduction are respectively addressed in
Chapters 1, 2 and 4, while the impacts of DGs on protective relays are presented in Chapter 3.
In the four Appendices, research outcomes in four aspects are given. In Appendix 1, a
new method is presented for optimal coordination of overcurrent relays for distribution systems
with distributed generations based on differential evolution algorithm. In Appendix 2, a fold back
current control and admittance protection scheme is developed for a distribution network
containing DGs. In Appendix 3, a method is proposed for optimizing the DG size and location
through economic feasibility assessment. In Appendix 4, an approach is presented to determine
the distributed generation diversity level for optimal investment planning.
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Chapter 1 Benefits for 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 stability index can usually be derived from the P-V curve [Hedayati et al.
2008; Xi Chen and Wenzhong Gao, 2008; Gil et al. 2009]. Bifurcation analysis is used in
[Hedayati et al. 2008]. By adding DG units in the bus most sensitive to voltage collapse, the
voltage profile can be improved, the power loss reduced and the power transfer capacity
increased. A typical 34-bus distribution network is used to test the method. In [Xi Chen and
Wenzhong Gao, 2008], the overall impact of adding DG (fuel cell) to the modified 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 analysis are compared. In [Gil 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 with different DG penetration in the IEEE RTS96 24-bus 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
peak load period; however when the load is too low or too high, the VSM improvement is not
obvious. In [Kumar and Selvan, 2009], DG units are optimally deployed in the distribution
network with genetic algorithm. The location of DG is initially selected according to the voltage
stability index. The fitness function consists of energy losses plus the weighted voltage deviation
of every bus. The method is tested with a 25-bus Indian system, a 33-bus and a 69-bus radial
distribution network. Simulation results show that 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, 2008]. In [Hemdan and Kurrat, 2008], it is discussed how
the locations 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 locations of DG [Chen et al. 2006], and
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 voltage stability
enhancement of the radial distribution system is investigated. It was found that the location of the
DG has a significant impact on the voltage stability over its capacity, and voltage stability should
be taken into account as a goal when dealing with the optimum allocation of DG.
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In [Lin Wang et al. 2006], a new network-facilitated voltage stability control strategy is
presented for distribution systems connected to distributed generations (DGs). The strategy aims
to increase power system operation security during normal conditions and to save a distribution
system from imminent voltage collapse due to contingencies. When implementing the strategy,
state-of-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 some disturbances
in both the high and the low-voltage networks in [Ahmed M et al. 2005]. 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. Since these units are located near the load centre,
some improvements in the performance are achieved, especially for the load during the short
circuit.

Fig. 1. Voltage variation of one of the synchronous generators and a selected load as a result of a
three-phase fault in the high-voltage network
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Fig. 2 illustrates the voltage response to a 10Mvar load switching at bus (B1) in the highvoltage network. The increase of the penetration level of the DG units causes more damping to
the voltage in both the low- and the high- voltage parts. In addition, lower steady-state voltage
deviations are achieved at load terminals when the DG sources are used near them. However, the
steady-state voltage deviations at the generator terminals are lower when no DG units are used.
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
reactive-load switching with lower terminal-voltage deviations.

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 high-voltage network

Fig. 3 shows the voltage deviation at two load nodes when a load of 1Mvar is switched on
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 when the 28.3% penetration level is
considered. The other load terminals in the distribution system also incorporate some
improvements in the voltage profiles when DG units are used. The voltage decrease and the
5

relative improvements in the voltage profiles at these terminals vary depending on their relative
locations with respect to the switching point.

Fig. 3. Voltage deviation at two load terminals as a result of a switching a load of 1Mvar in the lowvoltage network

Generally, the analysis of the system performance 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 large voltage dips.
The research work in [H. A. Gil et al. 2009] is 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. Bus-based indices are developed, which provide information
about the relative influence of aggregated customer-owned 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 cycles and type of
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
may change considerably depending on the location of the aggregated DGs. It was also found that
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the actual support received from the aggregated DGs during contingencies depends largely on
both the precontingency system load level and the post-contingency voltage security margin.

1.2 Impacts of Large-Scale DG Integration on the VSM
A. Contribution of DG to the system VSM
Relative to the current operating point, the VSM is defined as the ‘distance’ to the point
of voltage collapse, usually parameterized with respect to a reference system load. In this work,
the VSM is measured as the actual loading, λ, (in MW) at the point of voltage collapse (a zero
reference load is assumed). Voltage collapses are strongly connected to Saddle-Node Bifurcation
(SNB) points, as shown in Fig. 4.
With this in mind, the first direct 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 base-case with no DG. Such incremental analysis will tell not only
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.
Here, a “Bus VSM Improvement Index” or BVIi is proposed. This index is a measure of
how given MW of aggregated DG at bus i (PDGi), improves the system VSM from a base-case
MW loading λ0 to a new MW λi relative to the amount of aggregated DG being integrated. Thus:
λ − λ0
BVI i = i
(1)
PDGi
The proposed index indicates the percentage VSM improvement of every kW of DG
connected at a particular bus. For instance, a BVIi of 0.71 indicates that the system VSM
improves by an amount equal to 71% of the total DG installed at bus i. Note that the index can be
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, for a given subset Ω of buses with
DG one can determine a BVIΩ as follows:
λ − λ0
(2)
BVI Ω = Ω
∑ PDGi
Ω

Where the denominator indicates the total DG capacity contained in the bus subset Ω. The issue
whether a subset’s BVIΩ can be expressed in terms of the sum of the individual indices BVIi of 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 index BVIΩ for the set to which the DG belongs. Hence, if
one defines a weight factor γi as:
P
(3)
γ i = DGi
∑ PDGi
Ω

Then, it could be assumed that:
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BVI Ω =

∑ γ BVI
i

i

(4)

Ω

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 individual BVIs for each bus and then adding them up to
obtain the combined contribution. This operation would only require one voltage stability
analysis for each bus in set Ω, instead of requiring a study for each possible combination inside
the set of buses under analysis, which may be rather large 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 interested 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 certainly worsen the system
voltage and angle response during the contingencies. However, if the DGs manage to “ride
through” the distribution-level voltage oscillations provoked by certain transmission line outages,
DGs can actually help the system survive the outage. 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 constantly 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 a PV-curve that includes the output from the DGs. If
a further scenario with no DGs in operation is considered (the left-most 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 greater than λ2. Similarly, for loads below level λ1, the system might survive the contingency
regardless of the presence of DGs, depending on angle stability issues.
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Fig.4. PV-curves for different contingency and DG scenarios

Fig.5. Load duration curve

Therefore, although DGs may actually improve the reactive power supply across the
transmission grid, from a voltage stability perspective, their most important contribution during
contingencies actually takes place on the load interval between λ1 and λ2. This load interval is
referred to as the “DG assistance” interval. Since the system load is constantly fluctuating over a
wide range during the day, one way of determining the probability that the load falls within the
interval given by λ1 and λ2 is to consider a system’s normalized Load Duration Curve (LDC) as
depicted in Fig. 5.
Hence, a normalized LDC function LDC(d) will yield the probability p that the load will
be above a certain value d, i.e.:
(5)
p [d ≥ d 0 ] = LDC (d 0 )
Similarly, defining α as a function with the probability that the load will fall between d0
and d1, then:
(6)
α (d 0 , d 1 ) = p [d 1 ≥ d ≥ d 0 ] = LDC (d 0 ) − LDC (d 1 )
Note that LDC(d0) > LDC(d1) whenever d0 < d1. For instance, according to the LDC
shown in Fig. 5, the probability that the load is higher than 2,000 MW is:
(7)
p [d ≥ 2 , 000 ] = LDC (2 , 000 ) = 0 . 287
The probability that the load will be between 2,000 MW and 2,200 MW is:
α (2000 , 2200 ) = LDC (2000 ) − LDC (2200 ) = 0 . 287 − 0 . 171 = 0 . 116

(8)

Observe that the probability α(d0, d1) in (6) may have considerable small values,
especially for higher demand levels.
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
will be within the “DG assistance” interval given by the postcontingency VSM with and without
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DG, i.e. the λ2 and λ1 values, respectively, in Fig. 4. The next section will clarify these concepts
and will help understand better the actual effectiveness of large amounts of DG in preventing a
voltage collapse upon large-scale contingencies.

1.2 Voltage profile
A method that can regulate the line voltage within voltage limits and can reduce the
electrical flickers of wind turbines is proposed in [Y. Kubota et al. 2002]. In [T. Ackermanhn and
V. Knyazkin, 2002], the problem of improving 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 of [Carastro et al. 2006] discussed the application of a shunt active power
filter with energy storage to stabilize voltage and eliminate harmonics. The control method based
on the state space pole-placement design shows good performance with zero steady state error
given plant variation. In [Karlsson et al. 2005], the voltage droop controllers of power electronic
converters are presented and can operate well in both the stand-alone mode and when rotating
sources are included in the DG system. The proposed controller is tested by simulation and
experiments.
In [Qiu Sun et al. 2009], the impact of DG’s locations and capacities on voltage profile in
power distribution networks is discussed. Two typical load distribution models - uniform and
isosceles load models - are established to analyze the voltage profile on the feeder quantitatively.
Regarding the simulation, it is shown that 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.

Fig.6. Voltage profile of feeder with a uniform load before and after DG is injected
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Fig.7. Voltage profile of feeder with an isosceles load before and after DG is injected

In Figure 6 and 7, curve l 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 the end of the
line.
In [R. R. Londero et al. 2009], the impact of DG with different penetration levels on
steady-state voltage profile and voltage stability of power systems is addressed. It is found that
voltage profile is improved by utilizing DG with respect to the steady-state 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 buses in the corridor
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.

Fig.8. Steady-state 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 means that
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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, decreasing system losses and increasing the
system voltage stability limit.

Fig.9. PV curves for different DG penetration levels considering constant power load.
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Chapter 2 Benefits for 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 and its customers.
At present, electric power utilities are being restructured and divided into separated
generation, transmission and distribution companies. The responsibility of maintaining the
reliability of the overall power system is shared by all involved companies instead of by the
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 shaving, grid support, and stand-alone power. The DG technologies include
photovoltaic, wind turbines, fuel cells, small and micro-sized turbine packages, internal
combustion engine generators, and reciprocating engine generators.
In this report, the impacts of DG on power system reliability will be discussed in relation
to the following five aspects.

2.1 Benefits on reliability
Power system reliability is usually defined as the ability of the power system to withstand
sudden disturbances, such as electric short circuits and unanticipated loss of system facilities,
while delivering electricity to customers with certain standards and in the amount needed. Power
system reliability and power quality are closely related to each other. Reliability is often affected
by power quality.
Different DG technologies have different features. Solar PV and fuel cell connected to the
grid by inverters are characterised by zero inertia, while wind turbines are usually asynchronous
generators. DG units connected 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 in [Jahangiri and Fotuhi-Firuzabad, 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 indices in [Jahangiri and Fotuhi-Firuzabad, 2008] are also
used in [Waseem et al. 2009], but more complicated factors, such as the location, size, and the
aggregation of DG, are also considered. In [Atwa and El-Saadany, 2009], the SAIDI is improved
by adding wind turbines in the island operation 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 [In-Su Bae and Jin-O Kim, 2007; In-Su Bae and Jin-O
Kim, 2008]. The connection matrix of DG and the relationship between different sections are
used to calculate SAIFA (system average interruption frequency index), SAIDI, MAIFI
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(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. 2006], the cost of the network is optimized by the PSO (particle swarm
optimization) algorithm while the stability index is added 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
defined by three parts: the 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 voltage. The
economic risks are compared using 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 constraints like the voltage). The
problem is formulated with all the above three objectives. The power generated by DG units is
constrained. The Pareto-optimal DG placement plan is implemented by NSGA-Ⅱ(non-dominant
sorting genetic algorithm) in a 9 node distribution network in MATLAB environment. There are
many other Pareto-optimal 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 Distributed 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 system reliability. 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., 2009], research work has been
done on a residential distribution system with DG. Research findings include:
 Installing DG on the traditional distribution feeders that do not have disconnections on the
main line will not improve system reliability. Adding disconnections on the main line will
maximize the contribution of DG as backup generators and increase system reliability.
With disconnections, 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 large-scale distributed generator can improve
system reliability, depending on the locations of DG, the number of customers and load
levels. Reliability will be improved if DG units, especially the ones with large capacities,
are located closer to the end of lines.
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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 reliability 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 reliability of electricity services,
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 advantages over centralized generation.
In a stand-alone system without grid support, whether having two plants or one is
preferable depends on the needs of customers. With only one unit, the outage probability is
higher. With two units, the probability of unserving half of the demand is larger (since half of the
demand cannot be met if either unit is unavailable). However, in general, the resulting reliability
is lower than supplying the load with the main grid, because the probability of losing an
individual unit is definitely higher than losing the whole grid. With grid-connected distributed
generation, the above concerns are reduced because the customer can rely on the grid when their
private units are unavailable. As noted above, the cost of using DG for generating 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. Distributed generation places
generators within the grid and requires the DG units and the grid to be run in parallel and in a
coordinated manner.

A. Power 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 the Weibull distribution.
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
nontrivial task. Recognition of probability density function of wind speed allows assessment of
the probability density function of power generated by wind turbines analytically or based on
Monte Carlo simulation.
The key parameter for describing the availability of a generator is its load factor (capacity
factor). The load factor is defined as the ratio of the actual output of a power plant over a period
of time and its output if it had operated at full nameplate capacity the entire time. Existing studies
show that wind power stations usually have a relatively lower capacity factor.
The load factors (capacity factor) of conventional plants vary between 50% and 90%.
Typical aggregated load factors (annual average) of wind turbines (onshore) are in the range of
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20%-35%, depending primarily on wind conditions, but also on the wind turbine design (rotor
size with respect to generator size).
A problem to be addressed in the studies 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 called capacity credit. Capacity credit is not a term that
refers to how much wind power is actually replaced and should not be confused with the
displacement of power from other power sources. The contribution of variable-output 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.
Despite 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 average production 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 capacity can be replaced. It means
that a new wind turbine in a system with high wind power penetration levels will substitute less
compared to the first turbines in the system.

B. Power Generation in PV Systems
The outputs of solar photovoltaic systems depend mainly on the intensity of solar
radiation, which changes randomly during the day. The power output of solar PV, similar to that
of wind turbines, can be considered a random variable, in which the probability density function
strictly depends on the density function of solar radiation intensity.
The probability density function of radiation intensity can be estimated from historical
data. Good candidates for modelling solar radiation include: log-normal distribution, beta
distribution, and Weibull distribution.
Correlations of solar radiation at different locations do not need to be considered. We can
assume that the probability density function of solar radiation intensity does not change
significantly over the studied area.
The density function of solar radiation 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 area A and efficiency η is expressed as:

P(r ) = rAη

(1)

Where r is the intensity 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 station, it is necessary to find a suitable density function for water flow – a widely used
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distribution (probability density function) does not exist– and then introduce a probability density
function for solar power.
The probability density function of the water flow q can be obtained from historical data.
When we know the probability density function of the water flow, then density function of solar
power output P can be analytically estimated, basing on the following equation:

P(q) = qhηρ g

(2)

Where: h – effective head, η – overall efficiency of the power station, ρ – water density, g –
acceleration due to gravity.
The locations of hydro stations usually depend strictly on the locations of water sources.

D. General Remarks
Lastly, it should be emphasized that the energy productions from wind turbine, solar PV
and small hydro-turbines are random variables. It is therefore necessary to describe their
behaviours with probability distributions. However, studies show that in some cases uncertainty
will also be influenced by the selection of appropriate probabilistic models (density functions) for
modelling the uncertain factors. Renewable power plants can 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 sources presumably should support the
system reliability. This assumption however should be verified on each level of the electric power
system. Note that renewable energy sources and distributed generation can potentially cause a
number of problems and dangers in power systems.

2.4 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 large-scale generation connected 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 emergency power can
reach after failures occur. Some customers 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
according to their distances. Depending on the restoration protocol, the restoration area is
determined generally by comparing the rated capacity of DG with the sum of peak load customers
[Chowdhury, Agarwal and Koval, 2003; Choi, 2006]. In [In-Su Bae and Jin-O Kim, 2007], it can
be evaluated by using the time-varying power of DG and the load duration curve of customers.
However, the application of the load duration curve is restricted to fuel-based DG units since the
load chronology is more appropriate for renewable 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 resources, [In-Su Bae and Jin-O
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Kim, 2007] proposes connection matrices which have the information regarding the system
configuration and restoration sequences when the failure occurs at any position in the distribution
system.
Traditional reliability indices considered only sustained interruptions. The start-up time of
DG should be taken into account for the reliability evaluation of the distribution system including
DG. If the start-up time is sufficiently short, customers will experience a very short interruption,
otherwise they will suffer a sustained interruption. 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 has been evaluated under different assumptions.
Generally, DGs can be classified into peak and standby units, according to their purpose.
The purpose of installing the peak unit is to obtain profits through high electricity prices. The
electricity prices 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 be assumed,
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 price is higher than the fuel cost. The total running
time in a year can be approximated by comparing these two values, as shown in Fig. 1.

Fig. 1. Operation mode of DG (In-Su Bae and Jin-O Kim, 2007)

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, and is connected to the
distribution system in emergency only. The interruption duration would be reduced to the start-up
time of this standby unit.
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Another classification criterion for DG is based on its operation mode. Even though DGs
is installed as peaking units, 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 units. In mixed mode
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 load duration 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 recover loads that have been disconnected, only when it succeeds in its start-up.
In [In-Su Bae and Jin-O Kim, 2007], an analytical technique using the load duration curve
to evaluate reliability is proposed. The proposed techniques include the characteristics of DG,
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, such that the precise evaluation of reliability
is possible for distribution systems with versatile system states.

2.5 Reliability Benefits of Distributed Generation for Heavily Loaded
Feeders
Distributed generators can be 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 serve.
There are many DG technologies that utilize either renewable energy (e.g., photovoltaic,
wind, small hydro) or fuel sources (e.g., reciprocating engines, microturbines, fuel cells). We will
not focus on a specific technology, but do assume that DG can be operated at full capacity during
peak loading periods.
The most common application of DG is for backup generation. After experiencing 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 occurs, 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.
Another important application of DG is peak shaving. During the periods of high demand
and/or high prices, on-site 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.
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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 system is metered and a
customer’s energy bill will be determined based on the 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 until the end of the feeder is reached (Fig. 2).

Fig. 2. Feeder loading without DG (Brown, 2007)

Consider the 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 is six megawatts rather
than the total load of the feeder. This can be deceptive since load transfers are often based 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, Willis, and 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 consequently outages.
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Fig. 3. Feeder loading with 4-MW DG at midpoint (Brown, 2007)

If 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 is more accessible if 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 unacceptable since it will cause reverse power flow into the
transmission system.

Fig. 4. Feeder loading with 8-MW DG at midpoint (Brown, 2007)

If the power flow from a DG unit towards the substation is large enough, the equipment
near the DG unit may experience higher loading than with no DG. Consider the example in Fig. 1
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 towards the
substation—three times of the normal loading. If the equipment is not designed properly, it can
become overloaded and cause reliability problems.
One test system used is shown in Fig 5. The system consists of two looped feeders, each
with three switchable sections that are two miles in length. Each switchable section also has a
fused lateral also two miles in length. The frequency of failures is assumed to be 0.1 per mile per
year and the repair time is assumed to be four hours. Switches are assumed to be fully automated
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and able to consider pre-fault loading levels so that load transfers are prevented if it will result in
emergency loading levels being exceeded.

Fig. 5. The test system (Brown, 2007)
When lightly loaded, each customer (the arrows in Figure 4) will experience a sustained
interruption for faults on the associated lateral and for faults on the associated switchable section.
For all other faults, either no interruption will occur or automated switching will quickly restore
power. In this lightly-loaded case, each customer can expect 1.6 hours of interruption duration per
year.
As the system becomes heavily loaded, there will be a point when Sections B and C
cannot be restored after a fault on Section A. For even more heavily loaded systems, Section C
cannot be restored after a fault occurs on Section B. These constraints occur when the required
load flow will result in the connected feeder exceeding its emergency rating (in all cases, all loads
are assumed to be identical and both feeders are assumed to have the same emergency rating).
To explore the reliability impacts of DG on heavily loaded distribution feeders, the peak
loading of a feeder is measured as the feeder peak load divided by the feeder emergency rating.
For example, if the emergency rating is 600 amps and the peak load is 450 amps, the feeder peak
load is, by definition, 450 ÷ 600 = 75%.
Of course, feeders are rarely overloaded. The percentage of time that a feeder is loaded at
or below a particular value is called a load duration curve. A set of actual feeder load duration
curves for a large US utility is shown in Fig 6. The leftmost curves on the graph are more lightly
loaded for a longer period than other curves and represent typical residential load duration curves.
The rightmost curves on the graph are more heavily loaded for a longer period than other curves
and represent typical commercial and industrial (C&I) load duration curves. The S-shaped curves
in the middle are representatives of mixed feeders and are typical feeders in central business
districts (CBD).
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The load duration curve of a feeder can potentially impact reliability, especially if the
peak load of the feeder is high. If all feeders are always lightly loaded, post-fault load transfers
are unconstrained and reliability is highest. If all feeders are loaded near their emergency rating
all the time, post-fault load transfers are not possible and reliability is at its lowest.

Fig. 6. Load duration curves (Brown, 2007)
To investigate this phenomenon, the three bold load duration curves in Fig. 6,
representing residential, C&I, and CBD feeders are investigated. This is performed by computing
reliability at each loading level, and weighting the result by the probability that the feeder is at
this loading level. This calculation is then repeated for each feeder ranging from light peak
loading to heavy peak loading. The result is a relationship of reliability to the ratio of peak load
divided by emergency feeder rating. Reliability is measured by feeder SAIDI (System Average
Interruption Duration Index), which is the total customer interruption hours on a feeder divided
by the number of customers on the feeder. These reliability versus feeder loading curves are
shown in Fig. 7.
As seen in Fig. 7, the reliability of residential feeders is not highly sensitive to peak
loading (at least in terms of load transfer capability). This is because the feeder is only heavily
loaded for a few hours per year. This means that DG does not significantly impact the reliability
of residential feeders due to load transfer constraint reduction, even when heavily loaded.
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Fig. 7. Reliability versus feeder loading (Brown, 2007)
The situation is different for C&I feeders. In the case of the test system, feeders loaded to
60% of emergency ratings at peak have a SAIDI of 1.6 hours, while feeders loaded near their
emergency capacity at peak have a SAIDI of 2.1 hours. This represents a more than 30% increase
in SAIDI due to heavy loading. The percentage of increase will be higher for the case of feeders
with a low amount of lateral exposure.
Consider the C&I test system and assume that both feeders have a peak load equal to 90%
of emergency ratings without any DG. Fig. 6 indicates that this system has an expected SAIDI of
2.0 hours. Now consider the same system with DG having a capacity of 15% of the emergency
rating. Fig. 6 indicates that the reliability impact of DG is to reduce SAIDI to 1.7 hours, which
corresponds to a 15% SAIDI reduction. This reliability improvement occurs because each feeder
is able to more effectively transfer loads to the other feeder after a fault occurs during heavy
loading conditions.
There are no typical feeders, and generalizations about feeder reliability characteristics
must always be heavily qualified. However, based on the test system and reliability assumptions,
the following rules of thumb can be observed.
For feeders that are loaded near their emergency ratings at peak time, DG will improve
SAIDI by about 1% per 1% penetration in commercial and industrial areas, by about 1% for
every 2% of penetration in central business districts, and will not essentially improve reliability in
residential areas. These reliability improvements are due to the reduction of post-fault load
restoration. It holds true for about 15% DG penetration, and assumes that all DG is available
during peak loading conditions.

2.6 Concluding remarks
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Reliability of a power system decides the quality of power supply and consumers’
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 distribution sectors, concerns about the 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 achieve a sustainable energy 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 worldwide 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 increasingly clear that faster
expansion of renewable energy systems is a prerequisite of a sustainable energy future.
If properly installed and operated, DG can improve both end-user satisfaction and grid
reliability. By analyzing the influences of distribution generation we can propose an assumption
that the energy production from renewable energy sources will be the major uncertainty for the
energy industry.
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Chapter 3 Protection Issues
Traditionally the distribution system is operating in a radial configuration, and its power flow
and short-circuit current are flowing with one direction only. The inclusion of DGs in a distribution
network could change the flowing direction of power flow and short-circuit current, as the result the
traditional protective scheme is no longer applicable. As the increase of the DG capacity in the
distribution system, the issue concerned with protective relay system design and coordination will
become more and more challenging. Basically, there are two ways to solve the problem. The first one
is to appropriately coordinate the relay settings of the existing protective relay to achieve a costefficient outcome, but this may not be always possible. The second one is to replace protective
devices, but this will incur large amount of investment, and may not be cost-effective. In Appendix 1,

a new method is presented for optimal coordination of overcurrent relays for distribution systems
with distributed generations based on differential evolution algorithm. In Appendix 2, a fold back
current control and admittance protection scheme is developed for a distribution network
containing DGs. The methods presented in Appendices 1 and 2 repectively represent the two
ways 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 Short-circuit current level
[Stefania Conti, 2009] has shown how short circuit currents may increase due to the
contribution of DGs. In [Stefania Conti, 2009], it is proposed that fault currents increase mainly
depending on a number of factors, such as capacity, penetration, technology, interface and
connection 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 current is illustrated. Phase-phase or
phase-earth 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.

Fig. 1. Short circuit at a. Current from transmission network I nw , current from embedded generator
I dg [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 point a, DG will also contribute to the total fault current

I f = I nw + I dg

(2)

But the relay R will only sense the current coming from the network infeed I nw . The relay
detects only a part of the real fault current and may therefore not trigger properly. The situation is
tougher especially for high impedance faults (HIF) that overcurrent protection with inverse timecurrent characteristics may not trigger in sufficient time. Another influence of DG on fault
currents is that DG can also affect the current direction. Suppose that a short circuit at bus b2, the
fault current contribution from DG will pass the relay in 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 power flows from the low-voltage grid into the medium-voltage 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 that if the local production exceeds the local consumption,
power flow will change its direction. The value of power flows are also changed, which proposes
severe challenges to traditional relay protection calculation schemes.
In [Martin Geidl, 2005], it is proposed that DG always affects the voltage profile along a
distribution line. DG may cause a violation of voltage limits and 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 direction between bus b2 and b3 is changed due to the infeed at bus b3.
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: I dg = 0 , downstream power flow; dashed line: I dg > I l 2 + I l 3 , reverse power flow

between b2 and b3 [Martin Geidl, 2005]

3.2 Impacts on the operations of protective relays
In [Jinfu Chen et al., 2009], the effects of DG on the operations of protective relays (PR)
are classified into the following three types:
3.2.1 Protection fault operation
As shown in Fig. 3, due to the influence of DG, the short-circuit current measured by
protection relay B2 will increase when short circuit fault occurs at the tail end of line BC. The
larger the capacity of DG, the larger the short circuit current I B 2 will be. If I B 2 is larger than the
current protection I 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 by B1, which may cause
the fault operation of B1 and the resection of line with DG.

Fig. 3. The influence of DG on downstream protection of the line [Jinfu Chen et al. 2009]

3.2.2 Lower protection sensitivity
Compared with the original distribution network, the fault current detected by protection
device B1 will decrease when short circuit fault occurring at the tail end of line BC. With the
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increase in the capacity of DG, the fault current detected by protection device B1 will decrease
rapidly. Meanwhile, the overcurrent protection sensitivity will be obviously reduced.

Fig. 4. The influence of DG on upstream protection of the line [Jinfu Chen et al. 2009]

3.2.3 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 possibly less than the maximum load current. As a result, the fault cannot be
removed.

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

3.3 Impacts on protection coordination
“Traditional distribution system has been radial, i.e. characterized by single source and
hence the time coordination between protective devices is designed on basic assumption of
system to be radial” [Brahma, S. M., and Girgis, A. A., 2004]. After connecting DG, part of the
system may no longer be radial, which means the coordination might not hold. The effect of DG
on coordination will depend on size, type and placement of DG [A. A. Girgis and S. M. Brahma,
2001].
Radial distribution systems usually employ non-directional overcurrent relays (inverse or
definite time), reclosers and switch fuses in their protection systems [Tales M. de Britto, 2004].
Because these devices do not take the flow direction into account, they may fail in cases where
DGs contribute to the fault. An approach for evaluating 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
is the next, between the fault and the source. Backup protection should isolate the fault only in the
cases the main protection fails to operate.
In [A. A. Girgis and S. M. Brahma, 2001], it is stated that installation of DGs in an
existing radial distribution system affects the protection coordination as follows:
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1) “Devices downstream of the last DG will never see fault current for an upstream fault. If
these devices can handle the increased fault current due to penetration of DG, there will not
be any problem coordinating them.”
2) “If devices see fault currents for upstream faults. There are two possibilities:
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 a downstream 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 higher.”
3) “For fuse-recloser coordination, 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 likely to hold if DG fault injection is
less.”

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 network of downstream 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 unnecessary tripping 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 approaches.
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 estimate the contribution of DGs to fault currents are needed. In [Baran et al.
2005], a method to capture the inverter interfaced distributed generator (IIDG) behavior during a
fault is developed. The presented model is used to extend the traditional fault analysis method for
distribution system, so that IIDGs 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 the current contributions from all
sources is 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 given 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
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measured current contribution from each source all lie between contributions from that source for
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 in [Conti et al. 2009], making use of the directional information of
fault sensing devices. When a fault occurs on a feeder, firstly, a numbering procedure is
performed to encode the fault sensing devices according to the directional information and their
locations. Then, based on the appropriate numbering of the devices installed in the faulted feeder
and on the acquirement of fault current direction, 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 proposed in [S. A. M.
Javadian and M.-R. Haghifam, 2008]. In the proposed scheme, systems protection is performed
through a computer-based relay which is installed in sub-transmission substation. The relay
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. In [Al-Nasseri et al. 2006], the micro-source output
voltages are monitored and then transformed from a-b-c axis to d-q axis. Any disturbance at the
micro-source output due to a fault in the network will be reflected as disturbances in the d-q
values; the abc-dq transformation 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 microgrid network is obtained. This scheme makes the over-current 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 intelligence-based approaches
Existence of multi-sources in fault condition and its impact on protection coordination
makes the establishment of an accurate mathematic model for fault diagnosis for distribution
system with DG a complex task. In order to solve this problem, AI-based approaches such as
Artifical Neural Network (ANN) [Rezaei et al. 2008, Bretas et al. 2006], Petri Net [Calderaro et
al. 2007, Calderaro et al. 2009] and Muti-agent Technology (MAT) [Zeng et al. 2004, Rajapakse
et al. 2006, Perera et al. 2006] have been developed in recent years.

1) Optimization-based approaches
In [Zeineldin et al. 2006] directional over current relays are used to protect the system
with DG units that are connected to the grid or operated in a micro-grid. Since the relay
protection calculation problem is an MINLP (Mixed Integer Nonlinear Programming) problem,
the settings of relays and coordination relations are optimally calculated using a modified PSO
(Particle Swarm Optimization) algorithm. Since it is impossible to select a setting for the relays
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that can satisfy both grid connected and micro-grid operation modes; a viable solution for microgrid protection can be: a central protection unit is required to change the settings of relays based
on the system configuration. In [Chaitusaney S and Yokoyana A. 2005], the reclosers and fuses
are coordinated by restricting the DG injection current. The method is tested in a simple and
typical distribution network. By applying the method proposed in [Chaitusaney S and Yokoyana
A. 2005], the energy cost from the utility and DG, as well as the cost from the unserved energy,
are evaluated without losing the coordination of protection in [Chaitusaney S and Yokoyana A.
2005]. Simulation results show that with a proper DG capacity, both the energy cost and the
outage cost are reduced. In [SO C W and LI K K, 2002], the Time Coordination Method is
proposed and can coordinate the over current relays to protect the ring-fed 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 genetic algorithm in [Jinfu Chen et al. 2009], and 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 networks. In [Wang Lingfeng and 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 69-bus and a 394-bus 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, three-phase, non-radial distribution feeder equipped with
capacity-constrained DG is developed in [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 ANNs are suitable for modelling complex relationships between inputs and outputs
or to find patterns in data. The greatest advantage lies in their ability to learn from samples and
generate the result for inputs not seen in the training phase, without any explicit analytical model.
In [Rezaei et al. 2008], an online ANN-based fault section estimation approach for
protection system is developed. First, offline 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
contribution from all sources using a maximum of three-phase 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 four-layer neural network is employed for rapid fault section estimation in an online
environment.
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Fault diagnosis in the situation of high impedance fault (HIF) is a very difficult task,
especially when DGs are connected to the feeder. In [Bretas et al. 2006], an ANN-based HIF
detection, identification, and location scheme for protection 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 harmonics of the current signal, measured at the feeder’s
substation terminals. 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 fault locations for both linear low
impedance and non-linear high impedance faults.

3) Petri Nets-based approaches
Petri net is a powerful tool, which enables the users to graphically design and monitor
complicated process-based activities in a simple yet comprehensive manner [Calderaro et 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 in protection system design. In [Calderaro et al. 2007, Calderaro et
al. 2009], Petri Nets-based methods are proposed in order to support distribution network
operator (DNO) to detect failures or wrong protective device operations. In [Calderaro et al.
2009], a marked deterministic timed Petri net is established to model the feeder overcurrent relay,
the DG protective device and the protected line. Based on the concepts of transition failure and
place failure in Petri net, relay failure can be detected. An algebraic 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
coordinating intelligent behavior among autonomous intelligent agents. A multi-agent 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 located in various parts of the
distribution system with DG penetration. Digital relay can be viewed as a intelligent agent called
“a relay agent”, which is capable of interacting with other relay agents and performing tasks of
fault diagnosis with autonomy and cooperation [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 accomplish its own tasks for
fault detection as follows: Fault features are extracted by wavelet packet transform, and the
obtained spectral energies of the wavelet components are employed to train a multi-layer feedforward neural network to distinguish between fault and 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.
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In [Rajapakse et al. 2006, Perera et 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, whether a fault is internal or external (i. e. the fault direction) can be
distinguished by the sign of WTCs of the modal transformed currents. With the fault direction
information received from all relay agents, the fault section can be identified as follows: if an
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 detect external faults is the
fault section.
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Chapter 4 Benefits 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 additional generation 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 and price of electricity.
The power losses can be divided into two categories – technical and commercial losses.
Technical losses occur due to the characteristics of network equipment, supply, and demand
whereas the commercial losses occur during measurements of electricity flows (or metering
errors). In the UK, technical and commercial losses in average accounts as 7% of electricity
transported across distribution networks. In USA, US-wide transmission and distribution losses
are account for 9.5% in 2001 due 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 are varied with time due to varying magnitude of currents resulting
from consumption levels. There losses which do not vary with time. They are referred as fixed
losses. For example, 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 concerned in power loss analysis because of relatively small contribution to power
losses.
The power loss is one of the elements that indirectly contribute to global warming due to
additional generation being produced greenhouse gasses.

4.2 Methods for estimating network losses with DG
One of the important facts in analysis of power losses in distributed generation (DG)
connected networks is the modelling output characteristics of DG. If the DG that concerned has
no frequency or voltage controls within its facility or they are not allowed to participate for
voltage and frequency controls but use as a base load plant then the DG can be regarded as a
negative load. It can be modelled as (-P,-Q) load within the load flow formulation for the time
interval (for example half an hour) that is interested for the assessment. On the other hand, the
DG out 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
concerned for a time period. This can be modelled by applying by applying time series of 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 as (-P1,-Q1). This process continues for the
whole time period. Similar process is followed up 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, the power losses can be
estimated for a specific confidence. There are others methods in which the power losses are
calculated through analytical approaches considering probabilistic models. For example,
probability of having a particular DG output can be calculated and they are used to calculate
likelihood of having the magnitude of power losses at a particular time interval. These models are
constrained with analytical feasibility when applied to large distribution networks (Agalgaonkar
and Kulkarni, 2003, Jayaweera et al., 2007, Hegazy and Hashem, 2003).
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 necessary upgrade of
equipment, DG contribution to environmental impacts, and metering losses. However, published
literature 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 to increase losses
with increase in network consumption. Aging network assets, operating distribution 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 through central
generation is changing. Because of DG units are placed at or near the local loads as possible, the
need for central generation to supply the load is reducing. This contributes to reduce power loses
in the network. Therefore, the DG is not only reduces the need for central generation, but also
reduces need for equipment upgrade due to 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 operating conditions
(such as high peaks) and their resources 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 load to be supplied by DG is low (due to network and
operating constraints) then DG contribution to reduce power losses is low. On the other hand, if
the DGs are to supply a large load then the power losses increase as conventional networks.
These suggest the value of optimal placement of DGs for reduction in power losses and the
complexity in arguing DG as a source to reduce power losses. (Mutale et al., 2000, Moises and
Matos, 2004, Wang and Nehrir, 2004, Quezada et al., 2006)
Therefore, it is vital to perform quantitatuive assessment in order to justify realistic
benefits of reducing losses by DG. Reference (Kashem et al., 2006) proposes a quantitative
approach to minimise power losses in a distribution feeder appropriately considering distributed
generator sizes at locations and operating point.
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Although, there are some limitations to minimise power losses at all operating conditions,
they can be mitigated with rapidly advancing ICT and smart control technologies. They will come
into effects in the foreseeable future. For example, strategically controlling the output of DG mix
, backup power supply, and network configuration through smart control technologies enable to
mitigate most of the above barriers. In such context, the distributed generation should be able to
provide relatively positive contribution 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 literatures that address the DG contribution to power losses in radial
distribution networks. The common theme of those literatures 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
reference (EA Technology, 2006) considering 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 1st scenario has no DG contribution, and 2nd through 4th scenarios respectively have increased
installed capacities of DG. The reference (EA Technology, 2006) argue that the DG contribution
to reduce losses are not always significant and depends on the type, complexity, and connection
points of DG.

Fig. 1. A comparison of power losses in a rural network model through voltgae groups (EA
Technology, 2006)

Fig. 2 shows another aspect of power losses in a mixed urban/ rural network model. It
suggets that circuit groups 132kV and 33kV and transformer group 132kV reduces power losses
with the increase in DG capacity. However, they are propotionate to the level of increase in DG.
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The DG 3 scenario has the largest contribution to reduces losses. It is interesting to note that the
DG 3 scenario contribution to losses are significantly increases at 11kV circuit group. These
results evidence the complexity in arguing the distributed genertaion propotionately contribute to
reduce/ increase power losses in a network and suggest the need for case specific detailed
assessment .

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

4.5 Case study - DG impacts on losses
A basic case study is performed using a model of a rural distribution network to quantify
the DG contribution to power losses. Wind power generation is considered as the DG source in
this study. Fig. 3 shows the network which has wind plants, diesel plants, and 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 effects are not incorporated for the assessment 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 shown in Fig. 3 as 'wind site A
connection, 'wind site B connection', 'wind site C connection', and 'Wind site D connection'. Each
connection group represents four supplementary scenarios. Each of these supplementary
scenarios has installed capacity of wind plant ranging from 0MW to 4MW, where zero wind
installed capacity represents the base case. The study aimed at connecting wind plants through a
single site at a time. For example, if the 'wind plant C connection' is in active then the wind plants
connect through 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 deficit is supplied by the diesel plant or the grid.
Intermittency of power output of wind plants is compensated by either diesel or grid in-feed.
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Fig. 3: A model of a rural distribution network.

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 reduce power losses. However, the level of
reduction in power losses varies with the point of interconnection of the plants. In this study,
wind plants connected through 'site C' reduces power losses at most. This group reduces 0.8% of
active power losses and 8% of reactive power losses at the 4MW wind penetration capacity (53%
in Figs. 4&5) compared to the base case power losses. The groups A and C follow a similar
pattern in reducing the active and reactive power losses. Both of these groups reduce active and
reactive power losses by 0.9% and 9% respectively at the wind capacity of 4MW compared to the
base case power losses. However, the connection made through 'site D' has a different level of
contribution as it is near the upstream feeders and the most loads are connected at downstream
feeders. This group reduces active and reactive power losses by 0.2% and 2% respectively at the
wind capacity of 4MW compared to the base case power losses.
The study only focussed on power losses with increased connection of wind plant
generating capacity. However, if the analysis is concerned on 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 generation transport 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 wind plants real contribution to reduce losses.
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Fig. 4: Active power losses with increased connection of wind power generation

Fig. 5. Reactive 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 reduce power losses to some extent if the point of interconnection of wind
plants are downstream, near the major loads, and the network is radial. Varying these conditions
may affect the wind power generation contribution to reduce losses. Thus, the geographic
location of wind plants and penetration capacity determine the wind plants contribution to reduce
power losses. Considering all these facts, one can argue that the DG contribution to reduce power
losses is complex and case base and detailed analysis are required to come to a robust conclusion
for a particular network.

4.6 Realistic facts in quantification of network benefits
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Due to the uncertainties and complexities in wind data most literature provides averaged
values of DG contribution to power losses. However, the vital signal from DG may be hindered
by many small effects that sustain for a significant period of time. For example, at a particular
time interval in a day the 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
because 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 short time intervals may
contribute to higher cost of 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 take into account for the assessment process 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
networks. 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 life
cycle cost assessment and allocating weighting factors that minimises biasness for the
quantification 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 order to improve
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.
Published 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 not true always. Therefore, case specific analysis considering many
factors is necessary in order to justify realistic benefit of DG to a particular distribution network.
However, with the development of ICT and smart grid technologies, there is a clear
potential to reduce power losses in distribution and transmission networks with DG technologies.

4.8 Conclusions
Distributed generation contribution to network benefits of losses is complex and case base
analysis is required for the robust quantifications. Varying power losses and its effects on life
cycle cost is a key fact that needs to be taken into account for benefit assessment.
Published literature has a clear gap in quantification of network benefits of losses due to
not being given due consideration for the hidden and realistic facts that may crucial. Thus, there
is a clear opportunity in this area for further research.
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