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Abstract —In this paper, a stochastic method for active distribution networks planning within a distribution market
environment considering multi-configuration of wind turbines is proposed. Multi-configuration multi-scenario market-
based optimal power flow is used to maximize the social welfare considering uncertainties related to wind speed and load
demand and different operational status of wind turbines (multiple-wind turbine configurations). Scenario-based
approach is used to model the abovementioned uncertainties. The method evaluates the impact of multiple-wind turbine
configurations and active network management schemes on the amount of wind power that can be injected into the grid,
the distribution locational marginal prices throughout the network and on the social welfare. The effectiveness of the
proposed method is demonstrated with 16-bus UK generic distribution system. It was shown that multi-wind turbine
configurations under active network management schemes, including coordinated voltage control and adaptive power
factor control, can increase the amount of wind power that can be injected into the grid; therefore, the distribution

locational marginal prices reduce throughout the network significantly.

Index Terms — Wind power, active network management, social welfare, market-based optimal power flow, distribution

network operators, distribution locational marginal prices.

Nomenclature

A. Sets and Indices

iJ Index of system buses running from 1 to NB

w Index of wind turbine

G Index of substation
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C. Parameters
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B

Index of loads

Index of energy block offered by wind turbines

running from 1 to NT

Index of energy bids submitted by loads

running from 1 to NO

Index of scenarios running from 1 to NS

Index of configurations running from 1 to NC

Index of years running from 1 to NY

Active/reactive power generated by wind
turbines at bus i, block ¢ scenario s,

configuration ¢ and year y in MW/MV Ar

Active/reactive power at substation, block ¢,

configuration ¢ and year y in MW/MVAr

Voltage/voltage angle at bus i, scenario s,

configuration ¢ and year y in Volt/Radian

Power factor angle of WTs at bus i, scenario s,

configuration ¢ and year y in radian

Tap magnitude of OLTC

Load growth rate

Operational status of each WT
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Operational status of WTs at bus i and

configuration ¢

Scale coefficient

Wind speed in m/s

Mean value of wind speed in m/s

Cut-in/cut-off wind speed in m/s

Rated wind speed in m/s

Probability of state s

Active/reactive consumption of loads at bus i,
block ¢, scenario s, configuration ¢ and year y

in MW/MVAr

Min/max voltage at each bus in Volt

Min/max voltage angle at each bus

Min/max reactive of WTs at bus in MV Ar

WTs rated active power in MW

Percentage of active power generated by WTs

at scenario s and configuration ¢

Min/max active power at substation in MW

Min/max reactive power at substation in MVAr

Price for the energy bid ¢ at bus i submitted by

load D in £/MWh

Price for the energy selling ¢ at bus i by WT w



in £/MWh

cS Price for the energy selling ¢ at substation in
it
£/MWh
Gl,j / Bl,j Real/imaginary part of the element in the

admittance matrix corresponding to the i row

and /" column in mho

Jmex Maximum current flow of wires in A
ij

I. Introduction

A. Motivation and Approach
The connection of large amounts of renewable energy sources (RES) to distribution networks introduces many
technical and economic challenges to distribution network operators (DNOs). Therefore, DNOs have to develop a
rational operating strategy taking into account dispatching distributed generators (DGs), interrupting loads, and
purchasing power from the wholesale market while keeping the system security. DNOs, in some cases, play the
retailers role which buy power on the wholesale market at volatile prices and sell it again at fixed tariffs to small
consumers. DNOs and retailers are separate market entities with different purposes, networks, and sizes [1].
However, assuming that the objective of DNOs is to maximize their benefits, two different regulatory cases can be
taken into account: 1) DG-owning DNO — allowed to own DG and can exploit the financial benefits brought by
considering new generation as an option for the investment in distribution network, 2) Unbundled DNO — forbidden
from DG ownership but can maximize benefits based on a number of incentives. European Directive 2003/54/EC
defines the technical and legal existing restrictions among different market actors of European electricity markets. In
particular, it forms the unbundling regulations that DNOs have to be unbundled from generation interests, thus,
forbidding DNOs from DG ownership. It splits the electricity distribution from retail supply where distribution
utilities are not responsible to sell power to customers [2-3]. By introducing DGs in distribution systems, the
planning for investment in distribution networks to meet the future load growth and its related infrastructures can be
deferred [4]. On the other hand, emerging active network management (ANM) schemes have proved to be

advantageous for DNOs, compared to passive network management [5]. ANM schemes can increase the operation



of the assets of network that allow the distribution networks to accommodate more DGs within the existing
infrastructure and therefore, defer or avoid expensive network upgrades. The main ANM schemes include
coordinated voltage control (CVC) of on load tap changers (OLTCs) and voltage regulators, adaptive power factor

control (PFC) of DGs and energy curtailment [5-7].

This paper provides a novel approach for DNOs to evaluate the amount of wind power that can be injected into the
distribution network over the planning horizon considering: 1) capability curve of doubly fed induction generator
(DFIG)-based wind turbines (WTs), 2) uncertainties related to the stochastic variations of wind power generation
and load demand, 3) multiple-WT configurations and 4) ANM schemes including CVC and PFC. The method also
characterizes the impact of the abovementioned factors on the distribution-locational marginal prices (D-LMPs).
Multi-configuration multi-scenario market-based optimal power flow (MMMOPF) is utilized to maximize the social
welfare (SW) considering abovementioned uncertainties. A distribution market model, called the DNO acquisition
market, is presented here under a distribution market structure based on pool and bilateral contracts within DNO’s
control area. It is assumed that WTs and loads are owned or managed by the DG-owning DNO [8]. Here, the DNO
is defined as the market operator of the DNO acquisition market, which determines the price estimation and the

optimization process for the hourly acquisition of active power [9].

B. Literature Review

Lots of studies have been reported on the benefits of ANM and its applications. Some of them revealed
implementations, and experiences of ANM [10-11], online ANM application [12-13], and ANM challenges for
network operators [14]. The cost-benefit analysis of investments and operation costs for various combinations of
ANM schemes and techno-economic evaluation are studied in [15-17] and compared with passive network
management scheme. Generally, it is found that as the DG penetration increases, the investment costs of ANM
schemes become more viable and justifiable. Also, several works have been catried out about the planning and
operation of distribution networks with integration of DGs [18-19]. In [18], the authors proposed a cost based model
to allocate DGs in distribution networks to minimize DG investment and total operation costs. In [19], a method for
optimal placement of WTs in distribution networks to minimize annual energy losses has been proposed. However,
these studies also did not consider the distribution market environment as well as the effect of multi DG-

configurations which considerably impact the allocations and amount of connected DG capacity.



C. Contributions

The gap that this paper tries to fill is how the combination of multi-WT configurations and ANM schemes can
impact on the total dispatched energy of WTs and D-LMPs within a distribution market environment. To the best of
the authors’ knowledge, no stochastic method for the planning of active distribution networks within a distribution
market environment considering multiple-WT configurations and capability curve of DFIG-based WTs and ANM
schemes has been reported in the literature. The dynamic nature of the power system operation has not been taken
into account in the conventional planning studies with integration of DGs. For example, in [5-7] and [20-22], the
authors have not addressed the impact on the overall DG penetration level when one or more existing DGs are
absent. Moreover, the presence of a distribution market environment has not been addressed in the abovementioned
studies. One of the innovative contributions of this paper is proposing a novel MMMOPF-based planning approach
which considers the operational status of WTs at the planning stage, and assesses the dispatched energy of WTs
considering various multi-configurations within the DNO market environment which has not been addressed so far.
It also provides detailed analysis and results on how multiple-WT configurations and ANM schemes could impact
the amount of wind power that can be injected into the grid as well as the D-LMPs throughout the network. Another
novel contribution of the proposed method is that it can be used as a tool for DG-owning DNOs to better allocate
WTs in terms of consumers’ benefits and cost reduction and network constraints. It also can evaluate the
contribution of DG-owning DNOs in a distribution market, including both a day-ahead and a real-time intraday

schedule of WTs and load demand according to the market price.

D. Paper Organization

The rest of the paper is organized as follows. Section II explains the structure of the proposed method. Multi-WT
configurations and uncertainty modeling are discussed in Sections III and IV, respectively. Problem formulation is
described in Section V. Section VI presents the 16-bus UK generic distribution system (UKGDS) and simulation

results. Conclusions are presented in Section VII.

11 The Structure of the Proposed Method
The stochastic variations of wind speed and load demand are modelled by Weibull and Normal probability density

functions (PDFs), respectively. Then, each obtained PDF, is divided into several intervals and the probability of



falling into each interval is calculated. It is assumed that the wind speed and load demand scenarios are independent,

so the scenarios are combined by multiplication of the probability of load and wind scenarios to construct the whole

set of scenarios. For each combination of wind speed and load demand, different MMMOPFs are carried out to

maximize the SW considering multiple-configuration of WTs and their capability curve and ANM schemes. The

products of the proposed method are: the injected wind power into the network, the SW, and the D-LMPs. The

following steps are carried out by the proposed method as shown in Fig.1:

D
2)

3)

4)

5)

6)
7)

8)

9)

Set the candidate buses according to wind speed historical data.

Define the size and speed-power curve of WTs.

Model wind speed by using Weibull PDF [23]. Divide the PDF into several intervals and calculate the
probability of falling into each interval.

Model load demand by using Gaussian PDF [24] and divide the obtained PDF into different intervals then
calculate the probability of each interval. The probability of the scenarios is multiplied by the bid quantities
which are considered as bid quantity in the DNO acquisition market.

Calculate the probability of each scenario from the PDF of wind speed as described above then derive the PDF
of WTs active power output based on Weibull PDF of wind speed and power curves of WTs. The multiplication
of active power generated by WTs and the probability of the wind scenarios is considered as the offer quantity in
the DNO acquisition market.

Calculate the combined generation-load scenarios as explained in Section IV.

Calculate the WTs’ offer price as explained in Section VI.

For each scenario and configuration, maximize the SW by using MMMOPF over the planning horizon subject to
network constraints. The DNO acquisition market formulation and the optimization problem are described in
Section V.

The products of the proposed method provide injected wind power, the SW, and the D-LMPs.
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Fig.1.The structure of the proposed method




I11. Multi-WT Configurations

In this paper, the MMMOPF method aims to incorporate multi-WT configurations which are defined as the
operational status of WTs, and are chosen based on the DNO’s decisions. The total number of all possible multi-

configurations for any number of WTs can be expressed as follows:
1<NC<2™ -1 (1)

The total configurations are referred as the number of multi-WT configurations. For example, if a system has five
WTs, there will be up to 31 possible multi-WT configurations for the DNOs to choose. A binary parameter is
defined to represent the operational status of WTs at i bus for configuration c. The operational status of each WT

and all WTs are described in (2) and (3), respectively.

5= 1, ifawindturbine ati” bus is operating 2
e 0, otherwise
IBl,wl /Bl,wz e ﬂl,wN
ﬁ _ ﬂ.Z,w1 éZ,wz.“' .ﬁZ,wN (3)

ﬁc,w1 ﬂc,wz ﬂc,wN

(NCxNW)

In the proposed method, there is capacity constraint for WTs according to its operational status for each

configuration which is described as follows:

(4)

w W, max
wo_ 0< Iji,c = Pi,c >
0’

Iv. Uncertainty Modelling
A. Wind Speed Modelling
A good expression often used to model the wind speed behavior is the Rayleigh PDF. It is a special case of

Weibull PDF where the shape index is equal to 2. The Weibull PDF equation is as follows:



f<v>=<2—§)exp[— (3)2} 5)
C C

where v and c¢ are respectively the wind speed and the scale coefficient. If the mean value of the wind speed for a

site is known, then the scaling index c is calculated as follows in (6) and (7).

2 2
v, = fvf(v)dv =j:<c%) exp[— (§>Z}dv = @c 6)
c=1.128v,, (7

In order to incorporate the output power of WTs as a multi-state variable, the continuous PDF has been divided

into states, in each state the wind speed is within specific limits. The probability of each state is calculated as

follows:
Vas
7, = jl F(v)dv ®)
= el ©)
where v andv, are are the starting and ending points of the interval of wind speed defined in scenario s,
respectively.

A typical WT output power versus rotor angular speed is shown in Fig. 2 [25]. The WT’s operating strategy is to
match the rotor speed to generate power continuously close to the P,,, points. This can be carried out with the
design and operation of a variable-speed system that is utilized in the DFIG-based WFs. In order to extract the

maximum possible power, the WT must operate at the peak power point for all wind speeds. This occurs at

points P,

x> Prnax.2 » Prax 3 10 wind speeds Vi1,V 5, Vi 3, tespectively as shown in Fig.2. The common factor

among the peak power production points B, | » Fuax 2 » Faax 3 18 the constant high value of tip speed ratio. Therefore,

the control of speed and power in wind power systems have three different regions as shown in Fig. 3, where the

solid curve is the power and the dotted curves, and the rotor power coefficient (C,) [26].

10
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Fig.2. WT power versus rotor angular speed characteristics at different wind speeds [26]
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DFIG’s maximum power limit

Wind power output (W) and Cp

~.o | Wind speed (m/s)
>

V(,‘()

Fig.3. Three different rotor speed control regions of the system [26]
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Hence, the generated power of WTs is determined using its power curve as follows:

0, 0<v,<v,
Vs ~Vei
pv _ Prated X _ > Vei < Vs < Yy 10
(Vs) - Vi = Vei ( )
Pra ted > Yy < Vs < Veo
0, v, <v

where v,;, v, and v, are the cut-in speed, rated speed and cut-off speed of the wind turbine, respectively. Therefore,

the wind power at bus i, scenario s and configuration c is calculated as follows:

OSPW <7Z\fv,cxpi,wrated (11)

i,s,c —

where /" .is the percentage of active power generated by WTs at scenario s and configuration c. Therefore, the

maximum WTs’ output power is limited by the multiplication of percentage of active power generated by WTs and

WTs rated power.

B. Load Modelling
Load demands are also modelled using a Normal PDF. The load demand will be divided into 6 states using the

technique developed in [19], which verifies that choosing six states with different probabilities provides a reasonable

trade-off between accuracy and fast numerical evaluation. Assuming peak load of B-g in each state and load growth

rate of & , the load demand P,ﬂ

, atbus i, state s and year y, is calculated as:

PL,=PL(1+a) (12)

C. Combined Generation-Load Model
In this paper, the wind speed and the load states are assumed to be independent. So the scenarios are combined to

construct the whole set of scenarios as follows:

Ty =7p X7y, (13)

12



where 77, and 7, are the probabilities of D" load and w" wind states, respectively. Hence, total numbers of states

are np xn,,, where np and n,, are the number of individual load and wind states.

w?

V. Problem Formulation

A. DNO Acquisition Market Formulation

Usually, electrical energy is purchased from the wholesale market and delivered to final customers by DNO.
Nonetheless, due to the power system reconstructing and emerging DGs such as WTs, the business of traditional
DNO is unbundled into technical and economic tasks. A DNO energy acquisition market model, called the DNO
acquisition market is presented here under a distribution market structure based on pool and bilateral contracts. The
DNO is defined as the market operator of the acquisition market, which determines the price estimation and the
optimization process for the acquisition of active power. Loads and WTs send active power offers and bids to the
DNO acquisition market in form of blocks for each hour [9, 27].

The DNO’s aim is the maximization of the SW, (i.e. the maximization of the consumers’ benefit function and the

minimization of the costs of energy). The MMMOPF is formulated as follows:

NS NQ NB NY NT NB NC NY NT NB NC NY
st D pD W pw G

Maximize SW=271'S ZZZC”]P“]” CliPiscy zz C, Pley (14)

s=1 g=1 i=l y=1 t=1 i=l c=l y=l t=1 i=l c=1 y=1

subject to
a) Equality Constraints: Active and Reactive Power Balance at Each Bus
N NO NB 5 NB

I Pl P = 2 ViV ioes T Gy €050, 0 =0, )4 By sind, ., =6, (15)

=1 i=1 =1 =1 g=1 i=1 Jj=1

NI NB

NO NB
ZZQ‘“ﬁZZ e =200 =2V Ve TG sinGS =5, )=B,cos(d,,, 6. )} (16)
i=1

t=1 i=l t=1 i=l g=1 J

é

b) Inequality Constraints

-Branch flow constraints

is,c.y Tz T

y y

V2 2. V. cos(S,, . =8
\/(Gz +B2)(V2 jisiey  “isey” sy ( i,5,¢,y zs,c,»))gli,;ax (17)
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-Voltage limits at each bus

min max
G <05y <9
-WTs generation constraint

w w w
0<F <7i,s,cXB

it,5,¢,y — Jrated

w,min w W, max
O <0sey =G
-Capacity constraints at substation

G,min G G, max
RO <pC <P

G, min G G, max
O <0y <0

B. ANM Schemes Incorporation

DNOs will be able to optimize using their assets with incorporation of ANM schemes by dispatching generation,
controlling OLTCs and voltage regulators, controlling reactive power, and reconfiguring the system [5]. ANM
implementations will need advanced control techniques while the actual actuation of devices (e.g., tap changers) will

depend on their respective response time-scales.

1) Coordinated Voltage Control

By dynamically controlling the OLTC at the substation and the corresponding distribution secondary voltage,
more DG capacity might be connected [28]. Thus, at each phase, the secondary voltage of the OLTC will be treated

as a variable, rather than a fixed parameter, while keeping its value within the statutory range as follows:

min max
Iy <7, <T

14

(18)

19)

(20)

21

(22)

(23)

24



2) Adaptive Power Factor Control

Power factor of WTs can be controlled to maximize the dispatched energy of WTs. In practice, WTs require to
meet the particular requirement depending on the regulation of the country. For instance, in the UK, the power factor

of'a WT should remain between 0.95 leading and 0.95 lagging [29-30]. Therefore, the following constraint applies:
¢iw,min < ¢i‘:l;,c,y < ¢iw,max (25)

C. Capability Curve of DFIG-based WTs

In steady state, the DFIG capability limits are obtained by considering the stator- and rotor-rated currents as well
as calculating the total capacity limits of WT. These currents are related to stator and rotor heating because of

Joule’s losses. The capability curve of DFIG-based WTs is shown in Fig.4. More details about it can be found in

[31].

4 Stability limits X, Stator current limit

i L.4¥Rotor current —
E 1T limit Capab}lity
E 0.8+ limits
a
g 0.6+
g 0.4+

024

-1.5 -1 -0.5 0 0.5 1

Stator reactive power (p.u.)

Fig.4. DFIG capability limits

VL Case Study and Simulation Results
In this section, the distribution system used to test the proposed method is described. The following analyses are

based on 33 kV 16-bus rural weakly meshed UKGDS whose data are available in [32]. The single-line diagram of

the distribution system is shown in Fig. 5.

15
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Fig.5. 16-bus UKGDS with candidate locations for WTs

The feeders are supplied by two identical 30-MVA 132/33 kV transformers. Two OLTCs, allocated between
buses 1 and 2, has a target voltage of 1.05 p.u. at the secondary. A voltage regulator (VR) is located between buses 8
and 9, with the latter having a target voltage of 1.03 p.u..Voltage limits are taken to be +6% of nominal value, i.e.

Vmin= 0.94 and V= 1.06 p.u. and the power factor of WTs ranges from 0.95 leading to 0.95 lagging. In this paper,
it is assumed that buses 5, 7 and 9 are three possible WTs locations but it is notable that the selection of possible
WTs locations relies on non-technical factors such as legal requirements, space/land availability and other amenities.
Four states for loads and six states for wind power generation are considered respectively by using Normal and
Weibull PDFs. The probabilities of load and wind states are presented in Tables I and II, respectively. By
incorporating these scenarios, as explained in Section IV, 24 combined wind-load states are obtained as given in

Table III.

Table 1. Load states and corresponding probabilities

State # Load (%) o
D, 100.00 0.10
D, 75.00 0.15
D; 55.00 0.45
Dy 35.00 0.30

16



Table II. Wind states and corresponding probabilities

State # Wind (%) T
Wi 100.00 0.05
W 85.30 0.03
ws 58.50 0.60
W 40.60 025
ws 35.10 0.01
W 00.00 0.06

17




Table III. Combined wind and load states and corresponding probabilities

State # Load (%) Wind (%) s
5 100.00 100.00 0.0050
52 100.00 85.30 0.0030
55 100.00 58.50 0.0600
51 100.00 40.60 0.0250
55 100.00 35.10 0.0010
55 100.00 00.00 0.0060
57 75.00 100.00 0.0075
S5 75.00 85.30 0.0045
59 75.00 58.50 0.0900
S10 75.00 40.60 0.0375
11 75.00 35.10 0.0015
12 75.00 00.00 0.0090
513 55.00 100.00 0.0225
S1s 55.00 85.30 0.0135
S1s 55.00 58.50 0.2700
S16 55.00 40.60 0.1125
s17 55.00 35.10 0.0045
S1s 55.00 00.00 0.0270
519 35.00 100.00 0.0150
20 35.00 85.30 0.0090
521 35.00 58.50 0.1800
522 35.00 40.60 0.0750
523 35.00 35.10 0.0030
S22 35.00 00.00 0.0180

18




Three 15 MW wind farms (WFs) are installed at buses 5, 7 and 9. Each of them is composed of 5x3MW WTs. It is

assumed that maximum four WFs can be allocated at each candidate bus. For each scenario and configuration, this is
represented by four equal blocks in the WF’s offer with the same price. The planning horizon is assumed to be 5
years. The offer price at substation is assumed to be 160 £/ MWh. Moreover, it is assumed that the offer price at the
substation increases by 5% every year. Regarding the bids of loads, it is assumed that there are two blocks for each
load as presented in Table IV at maximum load and the first year of the planning horizon. Also, it is assumed that
the load growth is 5% for each year of the planning horizon. Table V presents all the possible multi-WT

configurations for the three WFs locations using (1).

Table IV. Bid Quantity and Price in Planning Year 1

Bus No. Quantity (MW) Price (£/MWh)
Block 1 Block 2 Block 1 Block 2
2 3.00 2.50 350 300
3 1.10 0.93 350 300
4 0.06 0.06 300 300
5 11.00 8.20 250 250
6 1.06 0.90 400 300
7 0.30 0.25 450 250
9 0.95 0.95 400 300
10 1.70 1.00 325 275
11 2.15 0.70 250 250
12 0.42 0.39 250 225
13 0.51 0.50 200 200
14 0.38 0.20 300 300

19



Table V. Description of Multi-WT Configurations

Multi- WT status/location
configurations
Bus 5 Bus 7 Bus 9
1 1 0 0
2 0 1 0
3 0 0 1
4 1 1 0
5 1 0 1
6 0 1 1
7 1 1 1

A. Calculation of the WTs Offer Price From the Point of View of DNOs
In order to calculate the price of WTs’ offers, financial data, i.e. WTs’ life time, installation cost, depreciation

time, interest rate, are considered as summarized in Table VI. The annual cost for WTs is calculated as follows [33-

38]:

r(l+r)"

Ann _Cost =
1+r)" -1

xInst _Cost (26)

where r is the interest rate, n is the depreciation period in years, Inst_Cost is the installation cost, and Ann_Cost is
the annual cost for depreciation. The capacity factor (CF) is evaluated according to the wind generation data and the
WTSs’ capability curves. The offer price of WTs is calculated by dividing the annual costs by the number of
equivalent hours as presented in Table VI. In order to investigate the impact of multi-WT configurations and ANM
schemes on the SW, dispatched energy of WTs and D-LMP over the planning horizon, two scenarios are taken into

account as presented in Table VII.

20



TABLE VL. Financial data for Calculating the offer price of 3-MW WT for the planning year 1

WTs size 3 MW
Installation cost (£/kW) 950
Depreciation time (years) 10
Interest rate (%) 3
Number of equivalent hours (h) 4000
Capacity factor (%) 46
Annual cost (£/kW-year) 334.10
WTs Offer Price (£/MWh) 27.84

TABLE VII. Scenarios

Scenarios | CVC | PFC | PF=0.95 lagging

A N N v

Fig.6 shows the total dispatched energy of WFs over the planning horizon for each configuration and both
scenarios. Configuration 2 (i.e. one WF at bus 7) has the lowest dispatched energy in all scenarios compared to other
configurations while configurations 1 and 3 (i.e. one WF at buses 5 and 9, respectively) have the higher dispatched
energy compared to that at bus 7. This is mainly due to the higher bid price and lower bid quantity (see Table IV)
and voltage constraints at bus 7 compared to those at buses 5 and 9 as well as the thermal limits of the lines
connecting the buses. Configuration 5 (i.e. two WFs at buses 5 and 9) has the higher dispatched energy compared to
that in configurations 4 and 6. This is because of the higher bid quantity and lower bid price at buses 5 and 9
compared to those in configurations 4 and 6. It is seen that the dispatched energy in scenario 4 and configuration 4

(i.e. two WFs at buses 5 and 7) is almost equal to that in configuration 3 (i.e. one WF at bus 9). It is evident that
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configuration 7 with three WFs installed at candidate buses has the highest dispatched energy compared to that in
other configurations. It is seen from Fig. 6 that in scenarios B considering ANM schemes, higher active power can
be dispatched by WFs compared to that in scenario 4. The total dispatched energy for all configurations over the
planning horizon at candidate buses in scenario 4 is shown in Fig.7. Assuming 5% load growth for each year over
the planning horizon, the dispatched energy proportionally increases to the load growth at all candidate buses. For
instance, at bus 9, the total dispatched energy for all configurations at the first year of the planning horizon is about

1700 MWh while it is 1900 MWh in the last year which increases about 13% compared to the first year.
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Fig.7. Dispatched energy at each bus in Scenario 4 over the planning horizon

Fig.8. shows the total SW for each configuration over the planning horizon. It is seen that configurations 2 and 7
respectively have the lowest and highest values of SW compared to others. This is mainly because of the lowest and
highest dispatched energy at these configurations respectively as WTs allocation allows increasing the SW. The D-
LMPs at candidate buses for each configuration in scenario A over the planning horizon is shown in Fig.9 (a). It is
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observed that at bus 7 and configuration 2, the D-LMP has the highest value. This is mainly because of the lowest
dispatched energy at this bus and configuration. It is seen that in scenario A4, the D-LMP in configuration 3 at bus 9
is about 1500 £/MWh while this value in configuration 4 is about 1300 £/MWh. This is due to the almost equal
dispatched energy at these configurations (see Fig.6 scenario A). Therefore, configurations 1, 3 and 5 are more
economical than configurations 2, 4 and 6. Fig. 9 (b) shows the D-LMPs at candidate buses in scenario 4 over the
planning horizon for each configuration. It is seen that bus 5 has the lowest D-LMP while bus 7 has the highest one
which is because of the highest and lowest dispatched energy at buses 5 and 9, respectively. It can also be seen that
the D-LMP proportionally decreases to load growth over the planning horizon due to the increment in the dispatched

energy over the planning horizon.

As a result, the method can be used as a useful tool for DNOs to install WTs at more advantageous locations in
terms of consumers’ benefits and cost reduction considering network constraints and reliability. Also, by adopting
ANM schemes, more wind power can be integrated into the grid compared to that in passive networks. This is

achieved through D-LMPs to provide a real-time price to the end-user customers.
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B. Computational Issues
The proposed method has been implemented in GAMS and the non-linear program (NLP) solved using [POPT
solver [39] on a PC with Core i7 CPU and 16 GB of RAM. The computational burden of the proposed method is

characterized in Table VIII.

To validate the results, the proposed method was also coded in the MATLAB environment and solved with

IPOPT solver. The results obtained by MATLAB are very close (i.e. 2% error) to those obtained in GAMS.
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Table VIII. Problem characterization

Variables 42458
Constraints 31782
Time (sec) 2442.7

VIIL Conclusions

In this paper, a stochastic method for the planning of active distribution networks within a distribution market
environment is proposed. The method considers capability curve of WTs, ANM schemes and multi-WT
configurations. MMMOPF is used to maximize SW considering uncertainties related to wind speed and load
demand. ANM is considered as an important means of increasing the capability of distribution networks to install
renewable DGs. It is revealed that the multi-WT configurations under ANM schemes could increase the potential of
wind power penetration at certain locations and consequently decreases D-LMPs throughout the network. It can be

used as a tool for DNOs to evaluate the impact of wind power penetration on a given network in terms of technical

and economic effects.
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