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Abstract—Planning distribution systems without considering
the operation status of multiple distributed generation (DG) units
could result in constraining the network, lowering the utilization
of its assets and minimizing the total DG capacity that can be
accommodated. In this paper, the impact of multiple DG config-
urations on the potential of active network management (ANM)
schemes is firstly investigated. Secondly, the paper proposes a
multi-configuration multi-period optimal power flow (OPF)-based
technique (MMOPF) for assessing the maximum DG capacity
under ANM schemes considering 1) variability of demand and
generation profiles (multi-period scenarios), and 2) different oper-
ational status of DG units (multi-configurations). The results show
that the availability of DGs at certain locations could critically
impact the amount of DG capacity at other locations. If DGs are
properly allocated and sized at certain locations up to the optimal
limits, even with a “fit-and-forget” approach, the total connected
DG capacity can be maximized, with minimum utilization of ANM
schemes. However, exceeding these optimal limits may lead to
minimizing the total DG penetration in the long term, impacting
the system reliability due to the operational status of multiple
DG units, and consequently, imposing more investments on ANM
schemes to increase the amount of connected DG capacity.

Index Terms—Active network management, distributed genera-
tion, optimal power flow, power distribution planning.

NOMENCLATURE

, , Indices of th and th bus; for a total of
buses in the system, .

Total number of DG units in the system.

, Index of th multi-period scenario; for a
total of multi-period scenarios, .

, Levels of DG generation and demand profiles
for th multi-period scenario.

, Index of th multi-configuration; for total a
of multi-configurations, .
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, Operational status of individual DG unit; and
all DG units at th bus and th configuration.

, Nodal active and reactive power injection.

, Active and reactive grid generation.

, Active and reactive demand.

, Voltage magnitude and angle.

, , Tap setting of th OLTC transformer;
for a total of OLTC transformers,

.

DG power angle.

, DG active and reactive powers.

, Active and reactive power flows in the line
connecting th and th buses, .

Thermal limit (in MVA).

, Line resistance and reactance.

, th element of the Y-bus matrix.

Shunt capacitance of the line.

Maximum DG capacity of new DG unit at th
bus and th configuration.

, Optimal DG capacity of a DG unit at th bus;
and total DG capacity of all DG units.

Upper bound on the DG capacity.

I. INTRODUCTION

T HE typical investment plan to meet future demand growth
and its associated infrastructures could be deferred by in-

troducing distributed generations (DGs) in transmission or dis-
tribution networks [1]. The presence of DGs in distribution net-
works could improve the system efficiency, reliability, security
and quality of service [2], [3]. However, they could critically im-
pact the system voltage, power quality and stability, fault level
and interact with the operation of capacitors, voltage regulators
and protection coordination [4]–[7]. The intermittency and vari-
ability of renewable-type DGs (e.g., wind and PV) impose chal-
lenges when planning distribution systems [8]–[13].
Under a passive network scheme, DGs are usually op-

erated with fixed power factor(s) and on-load-tap-changers
(OLTCs) are restricted to only regulate the secondary voltages
[14]–[18]. Distribution and transmission system operators
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(DSOs and TSOs) traditionally install firm-DGs based on the
“fit-and-forget” approach, while generation curtailment of
multiple DG units with non-firm connections is applied based
on the “last-in-first-out” approach [18]–[24].
In the last decade, the emerging active network management

(ANM) schemes have proved to be beneficial for DSOs and
TSOs, compared to passive network management [14]. ANM
schemes can enhance and maximize the utilization of network’s
assets, which could allow the existing distribution networks
to accommodate more DG capacity under the current infra-
structure and hence, defer or avoid costly network upgrades.
The major ANM schemes include coordinated voltage control
(CVC) of OLTCs and voltage regulators, compensator reactive
power control, DG’s power factor control (PFC) and energy
curtailment (EC) [14]–[18]. Also, optimal generation curtail-
ment scheme of ANM is beneficial to mitigate voltage problems
as compared to the “last-in-first-out” approach [19]–[24].
Recently, many research studies have been reported on ANM

highlighting the benefits, introducing new schemes and applica-
tions. Some studies demonstrated practical projects, implemen-
tations, and experiences of ANM [25]–[27], online ANM appli-
cation [28], [29], combined ANM with demand response appli-
cation [30] and ANM challenges for networks’ operators [31].
In [32]–[35], the techno-economic assessment and cost-benefit
analysis of investments and operation costs for various combi-
nations of ANM schemes are studied and compared against pas-
sive network management scheme. In general, it is found that
as the DG penetration increases the investment costs of ANM
schemes become more viable and justifiable.
Nowadays, due to the increasing trend toward integrating

more DGs in transmission and distribution networks, the plan-
ning scope of maximizing DG penetration is taking the priority
of DSOs and TSOs in most countries. However, the steady-state
voltage rise is one of the main network constraints which limit
the amount of DG capacity that can be accommodated [36]. In
[37], the voltage problem associated with the random installa-
tion of customer owned DGs, in terms of location, type and size,
is examined on a secondary distribution network. In [38], the
proposed method incorporates voltage step change constraint
to cater for the impact associated with sudden disconnection
or connection of a DG. The results show significant reduction
in the amount of DG capacity when voltage step constraint is
applied, and a wider step constraint could result in higher DG
capacity.
Some ANM studies, analyzed the potential of ANM schemes

to maximize DG penetration [15], [16], maximize energy
exploitation [17] and minimize energy losses [18]. The impact
of variable demand and generation profiles is also investigated
with multi-period optimal power flow (OPF)-based (MOPF)
technique [16]–[18]. These studies are tested under “fixed”
DG locations with only one DG-configuration (all DGs op-
erating), and it was found that: 1) ANM potential is limited
when OLTC’s are restricted in mitigating voltage rise, and 2)
certain DG locations are not affected by integrating extra ANM
schemes due to reaching thermal line limit with little utilization
of ANM, while other DG locations are considerably affected
when more ANM schemes are utilized. However, the impacts

of multi-DG configurations are not considered in [15]–[18],
which could critically affect the potential of ANM schemes
and the amount of connected DG capacity. Here the term multi
DG-configurations refers to the operational status of DG units
(ON or OFF) in the network.
The relationship between maximizing DG capacity and

steady-state voltage violation is investigated using a voltage
sensitivity factor in [39] and [40]. In [40], an effective method
is proposed that allocates DGs based on analyzing various
constraints associated with each bus to ensure no network
sterilization occurs. Network sterilization results when DG
units are allocated individually rather than a group at cer-
tain locations which can result in constraining the network,
minimizing the total connected DG capacity and lowering
the utilization of existing assets. In [41], another method is
proposed that identifies strong and weak buses, and then, places
DGs at buses with strong voltage stability margins. In [42], the
effect of selecting various DG penetration targets is found to
result in different DG allocations. As the target incrementally
increased, the results show considerable increase or decrease in
DG capacity at certain locations. Hence, the evaluation of total
DG penetration based on all locations is found to be optimal for
the long term planning. All these studies [39]–[42] showed that
small DG penetration at certain locations could cause severe
voltage problems, and hence, affect the total DG penetration.
However, these studies also did not consider the effect of
multi DG-configurations which could considerably impact the
allocations and amount of connected DG capacity.
Generally, conventional planning studies involving DG inte-

gration do not consider the dynamic nature of the power system
operation [15]–[18], [39]–[42]. For example, these planning
studies do not address the impact on the overall DG penetration
level when one or more existing DG units are absent, which
are possible scenarios in the operational stage. Therefore, the
major contributions of this paper are highlighted as follows:
1) Provides detailed analysis and results on howmulti-DG in-
teractions could impact the amount of connected DG ca-
pacity as well as the utilization of ANM schemes.

2) Proposes a new OPF-based planning approach which
takes into account the operational status of DG units at
the planning stage, and evaluates the DG capacity consid-
ering various multi-DG configurations which has not been
addressed so far.

II. MULTI-DG INTERACTIONS

The voltage variation problem (rise or drop) is a main issue
for DG capacity assessment in distribution networks. Typically,
rural areas experience voltage rise, while long feeder in urban
areas suffer from voltage drop. In contrast, load-center areas
are seen as the most cost-efficient locations for maximum DG
capacity, maximum loss reduction with minimum impacts on
voltage rise and voltage drop. Fig. 1 shows a simple network
that contains an OLTC connecting the grid supply point (GSP)
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Fig. 1. Simple network system with two DG locations.

to two distribution lines (feeders), and two DG units at bus 1
and bus 2, with local demands.

A. Voltage Rise and DG Capacity

The voltage rise across the feeder of bus 1 is related
to DG active and reactive power injections, load powers, bus 1
voltage and secondary voltage as expressed in (1):

(1)
The DG active power can be re-formulated from (1) as de-

scribed below:

(2)

B. Maximum DG Capacity—Single DG Location

The DG capacity is analyzed considering the unity power
factor operation with no load connected to bus 1. Therefore,
the maximum DG active power at bus 1 under passive network

and ANM can be approximated from (2) as
follows:

(3)

(4)

where and are OLTC secondary voltages under passive
networks and ANM, respectively.
In passive network, OLTC is typically utilized to maintain

the secondary voltage at a certain level that en-
sures the voltage drop along the feeders are within the specified
voltage limits, . Under ANM, OLTCs are allowed
to control the secondary voltage to maximize the DG capacity,

. However, an additional DG capacity
can be gained under ANM if the new secondary voltage is
less than the pre-defined secondary voltage under passive
network. When no DG is connected at bus 2, the minimum sec-
ondary voltage to keep the feeder voltage within
the limit can be depicted in (5):

(5)

where is the voltage drop along the feeder connecting the
OLTC and bus 2.

C. Passive Network Management—Multiple DGs

The restriction on the secondary voltage could be a lim-
iting factor when studying the effects of multiple DGs (at bus
1 and bus 2) under passive network. From (3), as long as is
fixed, no additional DG capacity at bus 1 could be gained by
having another DG at different feeder (bus 2).

D. Active Network Management—Multiple DGs

The DG capacity for single DG at bus 1 under ANM in (4)
could be affected by introducing other DGs at different loca-
tions. The minimum (optimal) value of the secondary voltage

is directly related to the maximum voltage drop at bus
2, especially during maximum demand and generation case, as
in (5). However, if another DG is deployed at bus 2, it could
change several factors, such as, reducing the voltage drop along
the feeder, reducing power losses and increasing the voltage
profile at bus 2. Therefore, the value of the secondary voltage
could be reduced further as long as the voltage drop is within
the limit. Accordingly, due to the impact of the new added DG
at bus 2, the DG capacity at bus 1 in (4) could increase by the
additional reduction of the secondary voltage , as approxi-
mated in (6):

(6)

It is worth noting that, in passive networks, the multi-DG in-
teraction is limited by the fixed-value of the secondary voltage

and the DGs locations. On the contrary, as more DGs are
deployed under ANM, the multi-DG interaction could lead to
changes in the network voltage profile and hence, critically im-
pact (decrease or increase) the DG capacity at certain DG lo-
cations. Consequently, planning under certain ANM schemes
for specific DG penetration target can also be affected with the
increase in DG deployments. For instance, under one ANM
scheme (e.g., CVC), the DG capacity can be maximized in the
long termwith the proper DG allocation and sizing. Hence, extra
and costly ANM schemes can be avoided or utilized with lower
ratings (e.g., lower energy curtailment’s limit, compensator’s
rating and OLTC’s loading).
The aforementioned facts raise the need to consider the im-

pact of multiple DG interactions either for the existing DGs or
the future DG deployments. Therefore, in this paper, the multi-
configuration multi-period OPF-based technique (MMOPF) is
proposed to cater for the multiple DG interaction through incor-
porating multi-DG configurations and multi-period scenarios.

III. PROPOSED MULTI-CONFIGURATION MULTI-PERIOD
OPF-BASED TECHNIQUE (MMOPF)

The analysis in the previous section illustrates how the DG
capacity at certain locations can be affected by the operational
status of other DG units. This is the base for the proposed
MMOPF which aims: 1) to evaluate and analyze the effects of
various multi-DG configurations and multi-period scenarios
in a certain distribution network, and 2) to obtain optimal DG
capacity for each location that is not affected by the operation
of other DGs in the system and can contribute to maximize
total DG penetration in the long term.
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Fig. 2. UKGDS half-hourly domestic economy-demand and renewable wind
generation profiles in 2005: 1st week of July [46]. (a) Original profiles. (b) Pro-
files after the discretization process (before data clustering).

Fig. 3. Coincident hours for profile data of demand and wind generation after
clustering (aggregation) process.

A. Multi-Period Scenarios: Profiles of Variable Demand and
Renewable Generation

In this study, the variability of demand and generation pro-
files is taken into consideration using historic data for the UK
Generic Distribution System (UKGDS), based on half-hourly
figures over a one year period (17 520 0.5 h) [46]. A snap-
shot sample of demand versus wind generation profiles for a
one week period is shown in Fig. 2(a), represented by per-unit
values (relative to peak).
The original data in [46] is firstly discretized, as shown in

Fig. 2(b), and then its similar system-periods are clustered (ag-
gregated) to reduce the total number of periods, based on the
method reported in [16]. Fig. 3 illustrates the coincident hours of
all multi-period scenarios after the data discretization and clus-
tering processes, in which the total number of 17 520 periods
reduced significantly to only 41 periods.

B. Multi-Configurations: Operational Status of DG Units

The conventional OPF-based techniques deal with single
or multi-period scenario(s) of demand and generation, such
as single and multi-period OPF techniques reported in [16],
[43]–[45]. However, these techniques are performed for only
one-system configuration where all DGs operating. To incor-
porate the multi-DG configurations, the conventional OPF

techniques are utilized to realize the proposed MMOPF tech-
nique. The formulation of multi-configurations to achieve the
proposed MMOPF is described as follows:
1) Number of Multi-DG Configurations: In this study, the

MMOPF technique aims to incorporate multi-DG configura-
tions, which are defined as the operational status of DG units,
and are selected based on the decisions of distribution system
planners. The total number of all possible multi-configurations
for any number of DG units can be expressed as follows:

(7)

In (7), the total number of multi-configurations can also
be referred as the number of “multi-DG” configurations. For
instance, if a system has four DG units, then there can be up to
15 possible multi-DG configurations for the planners to select.
If the planners consider the operational status of only one DG
unit out of four, then the total number of possible multi-DG
configurations would be up to the number of DG units,

, that is up to four configurations.
2) Operational Status of DG Units: After defining the total

number of multi-configurations, an important binary parameter
should be defined to represent the operational status of DG units
at th bus for every configuration, . The
operational status of individual DG unit and all DG units

are depicted in (8) and (9):

if a DG at bus is operating
otherwise

(8)

...
...

. . .
...

(9)

By considering only the buses with existing DG units (or candi-
date buses for new DG units), the matrix in (9) can be partic-
ularly defined and described in terms of number and locations
of DG units as in (10):

...
...

. . .
...

(10)

3) Capacity Constraint of DG Units: In the proposed
MMOPF technique, there is a capacity constraint for any DG
unit according to its operational status for every configuration
and can described as follows:

(11)

(12)

C. Objective Function and Network Constraints

The objective function is tomaximize the total DG capacity in
each configuration of the multi-configurations, as described in
(13). For instance, the maximum capacity of DG units
will be obtained across all the multi-configurations:
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(13)

subject to
1) Nodal Power Balance Equations:

(14)

(15)

2) Active and Reactive Line Power Flow Equations:

(16)

(17)

To obtain the line power flow across transformer branches,
the secondary voltages are multiplied by the tap-setting
(ratio).

3) Operational Network Constraints,
:

(18)

(19)

(20)

(21)

(22)

(23)

D. Optimal DG Capacity of All Multi-DG Configurations

After optimizing the objective function (13), the maximum
capacity of DG units for every multi-configuration is
used to obtain the optimal capacity of all DG units. This ensures
that each DG unit can be operated independently without being
affected by the operation of other DG units. The formulation for
obtaining the optimal DG capacity of each DG unit is depicted
in (24):

(24)
Similarly, the total DG capacity of all DG units in the system

can be formulated from (24) as described in (25):

...
...

. . .
...

Fig. 4. Flowchart for the proposed MMOPF technique.

...

...

(25)

E. MMOPF Algorithm

The proposed MMOPF technique firstly solves each config-
uration of all multi-DG configurations as a sub-
problem to obtain its maximum DG capacity. The analysis of
each configuration also includes multi-period scenarios. After
solving each configuration individually, the proposed technique
determines the optimal capacity for every DG unit that is appli-
cable for all possible multi-DG configurations. Fig. 4 shows the
flowchart of the MMOPF’s algorithm.

IV. CAST STUDY

A. Test Network Description

The proposed MMOPF technique is tested on the mod-
ified 16-bus 33-kV UK Generic Distribution System
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Fig. 5. Modified 16-bus 33-kV UKGDS for MMOPF analysis [46].

(UKGDS)-EHV1 model with the addition of three DG units, as
shown in Fig. 5. In this paper, it is assumed that buses 5, 11 and
16 are three possible DG locations but it is noteworthy that the
choice of possible DG locations will depend on non-technical
factors such as legal requirements, space/land availability and
other amenities. These three DG locations represent a load
center (at bus 5), a long feeder in urban area (at bus 11) and
a rural area (at bus 16). Thus, this selection provides various
scenarios of voltage rise and voltage drop, as well as multi-DG
interactions under ANM. The thermal line limits at the DG
locations are 40 MVA for line 4 (at bus 5) and 15 MVA for both
line 9 (at bus 11) and line 15 (at bus 16), respectively. Detailed
data of the network parameters can be found in [46]. Based on
the 33-kV UK standards [47], the network voltage limits are
6%, while the power factor of PFC ranges from 0.95 lagging

to 0.95 leading. The UKGDS model is implemented in the
GAMS software and solved as a nonlinear programming (NLP)
problem using the CONOPT solver [48].

B. UK Profiles of Demand and Wind Generation

In this study, the profile data of demand and renewable
wind generation for UKGDS is used with half-hourly figures
over a one year period [46]. The original profile data that
include 17 520 system-periods are discretized and clustered,
as described in Section III-A. The two worst-case scenarios of
maximum wind generation versus maximum-demand
and minimum-demand occur at 100%wind generation
versus 100% and 30% demand, respectively.

V. APPLICATION OF THE PROPOSED MMOPF TECHNIQUE
FOR PLANNING DG CAPACITY UNDER ANM

In this section, the proposed MMOPF technique is tested
on the UKGDS network considering four cases studies, as
described in Table I. In case studies 1 and 2, the proposed
MMOPF is evaluated and compared with the single OPF under

and , respectively. The variability of demand
and wind generation profiles is studied in case studies 3 and 4
using multi-period scenarios, in which the proposed MMOPF
technique is compared with the MOPF technique. Case study
4 also investigates the long-term impact of planning certain
DG location when only one configuration (single location) is

TABLE I
CASE STUDIES DESCRIPTION: MMOPF ANALYSIS

TABLE II
DESCRIPTION OF MULTI-DG CONFIGURATIONS

considered instead of multi-configurations (multiple locations),
on the total DG penetration in the network.
For all case studies, the DG units are operated at unity power

factor and the network is under one ANM scheme (CVC). All
the possible multi-DG configurations for the three DG locations
are considered using (7), as shown in Table II.
In the conventional OPF/MOPF analysis, the maximum DG

capacity is considered under only one configuration of all DG
operating (configuration 7, Table II). While, in the proposed
MMOPF analysis, the maximum DG capacity for all DG lo-
cations is firstly evaluated under each configuration

, and then the optimal DG capacity for all the
multi-configurations is obtained for all DG units using (24) and
(25).
1) Case Study 1—( : Max Demand—Max Genera-

tion): Under , the maximum DG capacity at bus 16
considering single DG location is 3.9 MW, which is
limited by the voltage rise at bus 16 and the voltage drop at
bus 11. This capacity is significantly increased to 7.5 MW and
up to 15 MW due to the presence of DGs at buses 5 and 11,
individually or together , 5 and 7), as given in Table III.
However, the maximum DG capacity at bus 5 and bus 11 are
not sensitive for all multi-configurations of case study 1, with
almost 58.2 MW and 14.2 MW capacities, respectively. The
network voltage profiles of all multi-DG configurations in case
study 1 are shown in Fig. 6(a).
An interesting observation can be made from Table III. The

conventional planning study relies on only one-time system
configuration and does not consider the dynamic nature of
power system operation. For instance, the total DG penetration
level determined using single OPF analysis (configuration 7
in Table III) is 87.4 MW with maximum DG capacity of 58.2
MW (at bus 5), 14.2 MW (at bus 11) and 15 MW (at bus 16).
For the same scenario, the maximum (optimal) DG penetration
level using the proposed MMOPF is computed as 76.2 MW
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TABLE III
CASE STUDY 1: MAXIMUM DG CAPACITY—UNDER

Fig. 6. Voltage profile of all multi-DG configurations. (a): , (b): .

which is lower than the OPF technique. This is because the
optimal DG capacity obtained by OPF analysis is valid for
only configuration 7 of all DG operating , while, the
optimal values obtained by MMOPF analysis are valid for all
configurations . Further to elaborate, any variability
in the system condition, such as, planned or forced outages of
DG units, will affect the initially determined DG penetration
level. For example, if the DG at bus 5 is not connected to the
system, based on the conventional planning study the total DG
capacity should reduce to MW MW MW .
However, using the OPF analysis when the DG at bus 5 is not
operational, the maximum penetration that can be connected
is 21.7 MW (configuration 3 in Table III) with 14.2 MW and
7.5 MW for bus 11 and bus 16, respectively. Subsequently, the
DG at bus 16 that is planned with 15 MW has to be switched
off due to network constraints (excessive voltage rise), and
thus, the total DG capacity will reduce from 21.7 MW to 14.2
MW with only bus 11 connected. This example demonstrates
the limitation using OPF-based planning study in which an
absence of a DG at certain location may lead to disconnection
of another DG(s) in the network.
In contrast, if the DG capacity is planned based on the pro-

posedMMOPF analysis, the presence or absence of a DG at cer-
tain location will not affect the DG capacity at other locations.
The proposed MMOPF technique determines the DG capacity

TABLE IV
CASE STUDY 2: MAXIMUM DG CAPACITY-UNDER

as 58.2 MW at bus 5, 14.1 MW at bus 11 and 3.9 MW at bus 16
which are optimal values for all possible configurations. If the
same aforementioned scenario of switching off the DG at bus 5
is occurs, then the maximumDG penetration using the proposed
MMOPF will be 18 MW with 14.1 MW and 3.9 MW at buses
11 and 5. Therefore, with the proposed MMOPF technique, the
absence of DG unit at bus 5 will not cause the disconnection for
the DG at bus 16 as in the case of single OPF. This case study
thus demonstrates the practical applicability and usefulness of
the proposed MMOPF technique.
2) Case Study 2—( : Min Demand—Max Genera-

tion): The DG penetration levels obtained under , for the
proposed MMOPF and single OPF techniques are provided in
Table IV. The DG capacity at bus 16 is increased significantly
to 14.7 MW for single DG configuration (compared to 3.9
MW in case study 1). In contrast, the DG capacity at bus 11 is
affected by the voltage rise problem that decreased its capacity
from 14.2 MW (case study 1) to 10.7 MW , and
reduced further to 8.5 MW when a DG at bus 5 is connected

. The presence of DG at bus 5 has considerable
potential (45.5 MW) to maximize the overall DG penetration,
although it has impact on reducing the DG capacity at bus 11.
Fig. 6(b) illustrates the network voltage profiles for case study
2.
3) Case Study 3—(Multi-Period Scenarios): The impact of

variable demand and wind generation profiles is investigated by
incorporating the multi-period scenarios that can occur in the
network as well as all the seven multi-DG configurations (refer
to Fig. 3 and Table II). As illustrated in Table V, the total DG ca-
pacity using the proposed MMOPF technique is 57.9 MW (45.5
MW, 8.5 MW and 3.9 MW for bus 5, bus 11 and bus 16, re-
spectively), while, 69.1 MW using the MOPF technique. How-
ever, as highlighted previously, the DG capacity obtained using
the proposed MMOPF is valid under all the operating condi-
tions. In general, the consideration of multi-DG configurations
and multi-period scenarios could result in a better planning for
the DG capacity through taking into account various uncertainty
and variability associated with the generation of DG units.
4) Case Study 4—(Post-Planning Scenario): Finally, this

case study evaluates the impact of a post-planning scenario on
the overall planning of DG capacity. It considers planning DG
capacity based on only single DG location instead of multiple
DG locations. For example, from case study 3, assuming the DG
capacity planning is done for only bus 11 which gives 10.7 MW
(configuration 2 in Table V). The case study 3 is simulated again
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TABLE V
CASE STUDY 3: MAXIMUM DG CAPACITY—MULTI-PERIOD SCENARIOS

TABLE VI
CASE STUDY 4: MAXIMUM DG CAPACITY—POST-PLANNING SCENARIO

as case study 4 with the post planning of a fixed 10.7 MW at bus
11, based on the “fit-and-forget” approach without considering
other DG locations at bus 5 and bus 16.
On this system, if additional DG units are planned to be in-

stalled at buses 5 and 16, then the maximum DG capacities that
can be achieved are as shown in Table VI. The connection of
10.7 MW at bus 11 critically impacts the DG penetration at bus
5, which is significantly reduced to 8.2 MW and 8.8
MW compared to 45.5 MW in case study 3. From
Tables V and VI, the overall DG capacity is reduced from 57.9
MW to 22.8 MW. This is due to the improper sizing of DG ca-
pacity at bus 11 (10.7 MW) during the initial planning stage in-
stead of 8.5 MW as obtained using the proposed MMOPF tech-
nique (from Table V).
The constraint of multi-DG configurations in the proposed

MMOPF technique, therefore, will be an effective tool for the
sizing of DG units that considers and incorporates the analysis
of multiple DG locations during the initial planning stage. Fur-
thermore, as discussed in the previous subsections, the sizing of
DG units will be independent on the operational status of other
DG units. Thus, the network planning based on the proposed
MMOPF would certainly contribute to maximize the total DG
penetration in the long term.

VI. CONCLUSION

In this paper, a new approach to plan the sizing of DG units,
considering the multi-DG configurations, has been proposed.
It is illustrated that the multi-DG configurations under ANM
schemes could increase or decrease the potential of DG pene-
tration at certain locations. A multi-configuration multi-period
OPF technique (MMOPF) has been proposed that allows a
better planning to determine the DG capacities at different
locations. This technique takes into consideration the impacts

of multiple DG interactions by evaluating various uncertainties
associated with DG number, locations, size, types and avail-
ability. Furthermore, it has been demonstrated that the sizing
achieved using the proposed MMOPF technique is independent
on the operational status of individual/combined DG units. The
proposed technique can be an effective tool for the sizing of DG
units at multiple DG locations during the initial planning stage.
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