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ABSTRACT This article proposes a new approach to the operation of unbalanced Active Distribution Sys-
tems (ADS) using an economic dispatch optimisation model for Active Distribution Systems Management
(ADSM). The model proposes a two-level control strategy. The first one poses an optimisation problem with
the objective of minimising total active power losses in the ADS and the second one proposes an algorithm
that controls the position of the taps of three-phase on-load tap-changer (OLTC) transformers to ensure com-
pliance with the technical constraints imposed by the Distribution System Operator (DSO). The optimisation
problem is solved by MATLABr and DIgSILENT PowerFactoryr for power systems static simulations.
This paper includes a novel peer to peer communication framework between MATLABr/DIgSILENTr.
The control and optimisation strategy is validated on the IEEE 34-Node Distribution Test Feeder. This
network incorporates balanced and unbalanced three-phase loads, single-phase loads in the different phases,
and two-phase loads. In this scientific paper, photovoltaic (PV) and wind power generation (WT) have
been integrated to test feeder operation, with the support of battery energy storage systems (BESS). The
correct operation of the proposed ADSM is demonstrated using numerical simulation on five scenarios
considering several configurations of the renewable generation units and the batteries. The strategy has also
been validated in a more extensive distribution network, proving its good performance.

INDEX TERMS Distributed generation, active distribution systems, active distribution systems manage-
ment, economic dispatch.

NOMENCLATURE
ACRONYMS
ADS Active Distribution System
ADSM Active Distribution System Management
BESS Battery Energy Storage System
DER Distributed Energy Resources
DR Demand Response
DSO Distribution System Operator
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ED Economic Dispatch
ESS Energy Storage Systems
DG Distributed Generation
PV photovoltaic unit
OLTC On-Load Tap-Changer
OPF Optimal Power Flow
RES Renewable Energy Systems
WT Wind Turbine
SOC State Of Charge

197992 VOLUME 8, 2020

https://orcid.org/0000-0002-6030-9582
https://orcid.org/0000-0001-7530-9932
https://orcid.org/0000-0003-1274-566X
https://orcid.org/0000-0002-7157-9844
https://orcid.org/0000-0002-3946-9848
https://orcid.org/0000-0001-8757-547X


L. Alvarado-Barrios et al.: Two-Level Optimisation and Control Strategy for Unbalanced ADSM

PARAMETERS
CExt
t Operation and maintenance cost of external

grid at time t
CBESS
t Power generation cost of battery at time t

I kjmax Maximun current of branch kj
Pimax Maximum generation capacity of unit i
Pimin Minimum generation capacity of unit i
Pcmax Maximum charging rate of the BESS
Pdmax Maximum discharging rate of the BESS
SOC i

max Maximum state of charge of the BESS i
SOC i

min Minimum state of charge of the BESS i
ηc Battery charging efficiency
ηd Battery discharging efficiency
PDemt Power demanded at time t

VARIABLES
Pit Power given by unit i at time t
SOC i

t State of charge of the BESS i at time t
PLosst Power losses at time t
V k
t Voltage of node k at time t

I kjt Current of branch kj at time t

I. INTRODUCTION
A. MOTIVATION
In recent years, there has been a greater awareness among
the world’s population of the need for public administra-
tions to develop more sustainable economic development
models for their countries [1]. This demand is justified by
the growing demand for energy for domestic use and eco-
nomic activities related to trade, industry and transport [2],
causing an increase in greenhouse gas emissions and the
depletion of fossil fuels [3]. As a consequence of these poli-
cies, electric power systems are making a transition from a
centralised network, composed of large, controllable power
plants, which transport electric power over long distances
and downwards, to a decentralised grid based on increasing
the penetration of renewable energy systems (RES) [4], [5].
This process introduces a new paradigm in the future of the
electricity sector in favour of decarbonisation [6]. Currently,
20% of total electricity generation in the world is obtained
from non-conventional or alternative energy sources [7]. In
this context, the transformation of existing electricity grids
into the intelligent electricity grids of the future depends
to a large extent on the level of deployment of generation
and storage resources distributed within the electricity sys-
tems [8], [9]. The specialised literature recognises this new
approach to generating and transporting electrical energy,
as Distributed Generation (DG) [10]. Although the concept
of DG has been used repeatedly in different scientific publi-
cations, its definition is still a matter of discussion. It has been
described as a small-scale generation, mainly from renewable

energy sources and close to the load it feeds [8], [11]. Other
authors argue that it can include conventional generation
on a larger scale, connected to any part of the Distribu-
tion System [12]. The European Union (EU) distinguishes
between DG and Distributed Energy Resources (DERs). The
first refers to generation plants connected to the Distribution
System [13], [14] and the second comprises DG, demand
response (DR) and energy storage systems (ESS) [15]. There-
fore, due to the widespread deployment of distributed energy
resources and the liberalisation of the electricity market,
traditional distribution networks are undergoing a transition
to Active Distribution Systems (ADSs) [16]–[19]. There are
multiple benefits attributed to the presence of the DERs in the
operation of these grids, environmental benefits associated
with a reduction of greenhouse gas emissions [20], [21],
by using renewable energy sources, reduction of losses in the
grid [22], [23], if the DG is connected close to consumption,
improvement in the voltage profile [24], [25], especially in
long lines due to the contribution of active power from these
sources, among others. It should be noted that these technical
services to the network can only be obtained by selecting
the size, type of technology, volume and optimal location
of the generation and storage resources. On the other hand,
when considering the radial nature of medium voltage dis-
tribution grids, the impacts produced by the DERs are fun-
damentally due to the modification suffered by power flows,
both in magnitude and direction, causing problems of a tech-
nical and regulatory nature, associated with losses, invest-
ments, voltage profile, quality of service, stability, etc [10].
Currently, the increasing installation of renewable energy
sources, such as wind and photovoltaic energy, with energy
storage systems, makes the management of ADSs even more
complicated, due to the variable nature of renewable energy
resources, which causes increased volatility in the electricity
system [26], and therefore imposes significant technical and
regulatory challenges in the future.

Currently, the electricity sector regulation does not allow
the DSO to own or operate generation or storage resources
in the networks. However, it is clearly accepted that it is
necessary to provide the DSO with the capacity to operate
the generation and storage resources in its networks, either
through specific bilateral contracts, or through the installation
of its own resources in duly justified cases (reinforcement of
the grid), in order to maximize the penetration of RESs in the
distribution networks [27]. This paper assumes that the DSO
has control over the storage devices present in the ADS.

This paper proposes an economic dispatch (ED) optimi-
sation model for ADSMs, to achieve the integrated manage-
ment of the DERs and the control means available to the
DSO in an active unbalanced real-time network with high
penetration of RESs and BESSs. The main objective is to
minimise the losses in the unbalanced ADS making use of
the control resources available, including storage devices,
while increasing the penetration of distributed renewable
energies by enforcing compliance with operating limits [28].
Note that the objective may change to minimise the cost of
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imported energy from the main grid at the PCC (point of
common coupling) in the case of the microgrid operator.

B. RELATED WORK
Distribution System Operators (DSO) are currently paying
more attention to optimal energy management in medium and
low voltage networks [29]. ADSMs participate in the opti-
mal operation of both controllable and renewable distributed
generation sources and energy storage systems, following an
economic criterion, while satisfying the technical limitations
of the network and energy resources.

Optimal operation of the ADSs can be programmed in a
time interval, generally from one to three days ahead, depend-
ing on forecasts of the RESs, load demand and taking into
account economic and technical aspects [30]. In the approach
to the optimisation problem, minimising the total cost of
purchasing electricity is generally considered as an objec-
tive [31], [32]. Following this criterion, it can be observed
that most mathematical formulations propose tomaximise the
share of RESs in the total energy consumption, as one of the
main objectives in the operation of ADSs, [33]–[35].

However, in medium and low voltage networks, the ratio
R/X is high, which implies a greater sensitivity of voltage
fluctuations to active power injections of distributed gener-
ation resources [36]. For this reason, the mathematical for-
mulation of the problem also incorporates the objective of
minimising power losses avoiding at the same time violations
of voltage limits [37]–[39]. The fact that RESs participate
in voltage regulation and cost minimisation, causes DSOs to
alter the traditional operation of distribution networks to an
active operation approach (ADSs) [40], [41]. For this pur-
pose, objective functions are proposed to minimise, in addi-
tion to losses, the total operating costs of the ADSs [42], [43].
A different approach is proposed in [44], where a stochastic
control of the reactive power injection of the inverters of the
photovoltaic (PV) generators is proposed to help minimise
losses. To do this, it proposes an auxiliary voltage regula-
tion market, where PV owners receive financial incentives
for providing reactive power support. Other studies suggest
optimisation models based on gains in which uncertainties
are taken into account [45], [46].

Therefore, from the above comments, it can be stated that
the operation of ADSs simultaneously and optimally man-
ages active and reactive power flows in the daily schedule,
incorporating constraints (and penalties in the objective func-
tion), for the minimisation of active power losses, the cost of
electricity imported from the main grid, operating costs or the
minimisation of greenhouse gas emissions [29], [47]. Some
authors propose a two-stage programmingmethod. In the first
stage, the aim is to minimise the total cost of electricity gener-
ation in order to meet demand. In the second stage, corrective
scheduling is proposed to enforce the technical constraints of
ADS [28], [48]. This approach enables the DSO to facilitate
the participation of DG owners in the daily and intra-day
electricity market and, therefore, maximise the profits of
the distribution company [49]–[51]. In the literature review

carried out, it can be seen that the Optimal Power Flow (OPF)
and the Economic Dispatch are among the most used tools
to analyse the planning, operation and future development
of the ADSs [30]. According to [52], most of the proposed
optimisation models, due to the nonlinear characteristics of
the power flow equations and the non-linearity of the fuel cost
curves of the unconventional generation units are posed as
a mixed-integer nonlinear programming problem (MINLP).
The multiple decision variables and restrictions increase the
difficulty to solve this type of problem. To address them,
the main optimisation methods used can be divided into two
categories: numerical methods and heuristic algorithms. [52].
The most used traditional optimisation algorithms, using
numerical methods are: quadratic programming [53],
Newton Raphson [54], Interior Point Methods [33], [55].
Mathematical optimisation techniques include: Semi-definite
Programming (SDP) [56], the Second-Order Cone Program-
ming (SOCP) [57], among others. The use of numerical
method based software packages, CPLEXr, GUROBIr are
adopted in [37], [58]. Heuristic algorithms mainly include
Genetic Algorithms [32], [42], Tabu Search [59], Particle
Swarm Optimisation [39], etc.

C. CONTRIBUTIONS
The main contribution of this paper regarding previous pro-
posals is a new ED optimisation approach for ADSM based
on a two-level control strategy and its validation using differ-
ent DERs penetration scenarios.

Other contributions are:
• The goal of maximising social welfare [60] in ADSM
schemes is taken into account in several recent publi-
cations. Within this framework, this paper proposes the
use of ED with the aim of minimising the active power
losses of ADS, while maximising the power delivery of
the available DERs and therefore decreasing the contri-
bution of the external grid.

• A dynamic OLTC control algorithm is incorporated,
which means that the voltage per phase in the secondary
of the two OLTCs can be treated as a decision variable
and not as a fixed parameter.

• The ED approach for ADSM is implemented in a joint
simulation platform MATLABr-DIgSILENTr, using
Peer-to-Peer communication between them.

• Validation in the IEEE 34-Node Test Feeder Model.
RESs and BESSs are incorporated, which transform this
network into an ADS. The power system under study is
modelled in DIgSILENTr, and the optimisation algo-
rithm is implemented in MATLABr using a nonlinear
convex optimisation algorithm.

D. PAPER ORGANISATION
The rest of the paper is organised as follows: Section II
provides an explicit formulation and discussion of the opti-
misation and control strategy for ADSM, while section III
focuses on developing the electrical model considered for
each of the components of the system. Section IV provides an
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FIGURE 1. Optimal active power planning strategy flowchart.

application of the proposed method to the IEEE 34-Node Test
Feeder under different DG penetration scenarios, showing the
level of improvement obtained in each case. Conclusions are
summarised in section V.

II. OPTIMISATION AND CONTROL STRATEGY
Based on the discussions mentioned above, this article
explores optimal energy management in distribution net-
works that operate in medium voltage. The electrical power
systems generally operate radially [61] and with the presence
of imbalances in voltages and currents, caused by the uneven
distribution of load between the phases [62]. Imbalances
are worsened by the presence of DERs (RESs and EESs)
[29], [63]. Renewable energy sources are affected by weather
conditions and cause intermittent operation. The changes that
are currently taking place in Medium Voltage (MV) networks
to become ADS, make their operation even more complex.
For this reason, the DSO currently pays more attention to the
control of the MV networks.

A. MODELING APPROACH
This paper proposes a new ED approach for ADSMs based
on a two-level control and optimisation strategy. The pro-
posed model is formulated to schedule DSO load sharing
between available generation resources, external grid, RESs
and BESSs, while satisfying technical and economic con-
straints, over a 15 minutes time horizon. The flowchart of
the proposed optimal active power planning strategy is shown
in Figure 1.

The proposed two-level control scheme has been
implemented in a joint simulation platform of two Matlab-
DIgSILENT PowerFactory software applied to IEEE

34-Node Test Feeder, which is shown in Figure 2. The first,
proposes an optimisation problem to minimise ADS active
power losses by enforcing the technical constraints of the
network avoiding overloads, voltage problems, by phase. The
optimisation problem is formulated in equation (2) and is
subject to the constraints imposed by equations (7)-(15). The
equation (7) represents the power balance. The maximum and
minimum power limits of the generation units, external net-
work, BESSs, PVs and WT are represented by the equations
from (8) to (11). The maximum and minimum limits of the
state of charge of the BESSs (SOC) are imposed on (12) and
SOC is defined by (13). Additionally, in the equations (14)
and (15) the technical restrictions of network operation are
expressed, associated with the voltages at the nodes and the
currents in the lines.

The decision variables at this level are the power injected
by the external network and the BESSs. This control level
considers as input variables the most probable demand and
generation of the photovoltaic and wind generators installed
in the grid, in 15 minutes.

Hierarchically, this is the highest level. Below this, another
level of control is implemented to ensure that losses in the
network are kept to a minimum and that the phase voltages
are kept within the operating ranges acceptable to the DSO.
Control variables at this level are the on-load tap positions of
two three-phase transformers (OLTC) present in the network.
Figure 2 also shows the flow of information between the
two levels of control. The first level transfers the results to
the second level and this changes the TAPS of the two trans-
formers, based on the solution provided by the simulation of
unbalanced power flows. The first level was implemented in
MATLABr and the second level using PowerFactory DPL
language in DIgSILENTr. Peer-to-peer communication is
used between both platforms.

B. OBJECTIVE FUNCTION
Based on the proposals presented in [29] and [64], this study
formulates the optimisation problem with the aim of min-
imising the total active power losses in ADS. This objective
aims at maximising the use of RESs and BESSs, either to
satisfy local demand or to export energy from ADS [33]. The
problem is formulated with the equation expressed in (1).

min
(
PLosst

)
= min

(
PExtt + P

BESSi
t + PPVit +

+PWTt − P
Dem
t

)
∀t ∈ [1, 96] . (1)

To minimise losses, costs must be assigned to power terms,
which are control variables. In this work, the generation costs
of the external grid

(
CExt
t
)
and the operation costs of the

BESS
(
CBESS
t

)
at interval time t , are considered. In this sense,

the external grid can be a transmission network, or a higher
voltage distribution network. Neither the generation costs of
the RESs nor the operation costs of theOLTCs are considered.
Therefore, the objective function to optimise in this problem
is to minimise the costs of total active power losses. The cost
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FIGURE 2. Optimisation and control strategy.

function is defined as (2).

min CLoss
t = CExt

t + C
BESS
t (2)

Two main components are considered in this cost function:
the cost of energy associated with the external network and
the costs of battery energy storage systems (BEES).

CExt
t = CExt

(
PExtt

)
(3)

CBESS
t = CBESS

(
PBESSt

)
(4)

The cost of the energy imported from external network CExt ,
is considered proportional to the average power at the interval
time t , PExtt , and the cost of the BESSs, CBESS is assumed as
in [65]. The problem is formulated as a non-linear program-
ming problem and is solved with an Interior Point Methods
algorithm.

C. OLTC CONTROL ALGORITHM
The algorithm for changing the taps (Algorithm 1) is exe-
cuted for each transformer and each phase. The OLTC control
modifies the taps if the voltages exceed a value of Vmax or are
lower than Vmin.
The variables of the first control level are optimised with-

out considering the operational constraints. The second level
of control (OLTC) improves the optimisation by controlling
the voltages at the nodes by adjusting taps on various power
flows. This control algorithm is very fast in decision making
and has a low computation cost, and no additional resources
are used other than those of the network. This allows the
distributed implementation of the second level of control
in local controllers (PLCs, etc.). In [66], a more advanced
algorithm has been proposed, which controls the voltages,

Algorithm 1 OLTC Control Algorithm

while Vcheck=0 do
if V < Vmin then

if TAP < TAPmax then
TAP=TAP+1;
make Power Flow;

else
Vcheck=1;

if V > Vmax then
if TAP > TAPmin then

TAP=TAP-1;
make Power Flow;

else
Vcheck=1;

if V ≥ Vmin then
if V ≤ Vmax then

Vcheck=1;

by injecting reactive power from capacitors and inverters.
In that case, the authors formulated a non-convex optimi-
sation problem and generally NP-Hard with a large number
of variables, avoiding a high computational cost, by using a
DRL technique. However, in that case, additional resources
are required (capacitor banks and inverters), in addition to a
great effort of design and time, highly dependent on the nature
and configuration of each network in which it is applied.

D. PEER-TO-PEER MATLABr-POWERFACTORYr

COMMUNICATION
This article presents the Peer-to-peer (P2P) method for join-
ing MATLABr and DIgSILENTr PowerFactory, using an
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FIGURE 3. Automatic data exchange between MATLABr and DigSILENTr.

interface where each tool places and stores csv files, allowing
the exchange of data files between both. The power system
under study ismodelled in PowerFactory and the optimisation
algorithm is implemented inMATLABr, getting voltage and
current values from DIgSILENTr after power flow analysis.
The real-time optimisation is carried out by MATLABr

and DigSILENTr. Initially, MATLABr should get the ini-
tial values of voltages and currents of each bus bar. Then,
an optimisation process starts running in MATLABr, iter-
atively checking the values of voltages/currents by means of
a power flow calculation in DIgSILENTr. When the optimi-
sation process finishes, the value (calculate by MATLABr)
is given to DIgSILENTr. The process is shown in Figure 3.

III. SYSTEM MODELING
This section presents the data and characteristics of the MV
distribution network used as a case study, which does not
originally have DERs. For its use in this paper, renewable
energy sources and BESSs have been incorporated, with the
aim of giving it an ADS character. Therefore, information
is also given on the models used for each component of the
network. These models and their limitations will define the
constraints of the cost function expressed in (2).

A. CASE STUDY
The test network used in this work was the IEEE 34-Node
Test Feeder, which according to [67] can cause convergence
issues in power flow studies due to its length and load unbal-
ance. The IEEE 34-Node Test Feeder represents an actual
feeder in Arizona, and displays a wide variety of components
and topological features [68], which are representative of a
typical rural distribution network with single and three-phase
laterals and long feeders which could incorporate distributed
generation. This distribution network is operated at 24.9 kV
and has two voltage regulators, two capacitor banks and one
low voltage lateral at 4.16 kV. The substation is rated at
2500 kVA, with a 69 kV/24.9 kV transformer.

• Modeling Considerations
The network model has been implemented in
DIgSILENTr (PowerFactory), taking into account the
data of each component provided in [67]. The lines
are modelled considering their geometric configuration,
which is defined by the type of towers and the type
of conductor. In this case, there are five-line configu-

TABLE 1. Priority order of integration of RESs and BESSs.

rations that are a combination of two types of towers
(500 and 510) and three types of ACSR cables (1/0,
#2 6/1, #4 6/1). In the system there are two types of
loads, spot and distributed. The first ones are located
in the corresponding node and the second ones are
modelled as a point load located in the centre of the
line.
The network presents significant imbalances, with the
presence of balanced and unbalanced three-phase loads,
which can be connected in star or delta, as well as
single-phase loads, some connected from line to line and
others from line to ground. The representation of the
loads in the software, in addition to taking into account
their characteristics, includes the models of impedance,
current or constant power, as appropriate. The two volt-
age regulators are modelled as single-phase transformer
bank.

• IEEE 34-Node Test Feeder Model Validation
DIgSILENTr PowerFactory’s unbalanced mode load
flow tool is used to check the status of the network
at the point of operation under study. All voltages are
checked to be within the range of 0.95 pu and 1.05 pu.
The results obtained were compared with those provided
by the IEEE 34-Node Test Feeder [67]. The percentage
difference in themagnitude of voltage and angles of each
phase does not exceed 1.5% and 0.7% respectively. The
results are shown in Figure 4 and themodel is considered
validated.

• Distributed Energy Resources
This network does not contain distributed generation
sources. In order to achieve the objectives proposed in
this work, it is proposed to incorporate RESs and BESSs.
As a criterion for defining the installation priority of
DERs, the ratio between the value of the local power
demand in the different branches (PLoad,i) that make up
the network, with respect to the total network power
demand (PDem), has been taken. The units are placed
from the side with the highest power to the side with
the lowest power. Table 1 shows the results of applying
the load priority criterion. Three possible locations are
considered and the bars where the DERs are connected
(WT, PVs and BESSs) are also reported. This decision
represents a lowDGdispersion scenario, since the instal-
lation of DG in four nodes of the system represents
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FIGURE 4. Voltage and angles comparation between IEEE 34-Node Test
Feeder and DIgSILENT model. (a) Voltage, (b) Angle.

11.8% of the total nodes. Figure 5 shows IEEE 34-Node
Test Feeder with distributed generation incorporated.

B. WIND TURBINE
There exist a high number of publications dealing with the
modeling and simulation of wind turbines [69], [70]. For our
study, we will consider the sequel simplified model of the
generator:

PWTt =


0 for v < vci,

Pr
v3−v3ci
v3r−v

3
ci

for vci < v < vr ,

Pr for vr < v < vco,
0 for v > vco,

∀t, (5)

where Pr and vr represent the rated power (kW ) and
wind speed (m/s), respectively, and vci, vco and v are the
cut-in, cut-out and actual wind speed, respectively. For
a more detailed information about the model, reader is
referred to [71].

C. PHOTOVOLTAIC GENERATOR
In this work, the simplified model presented in [72] is con-
sidered, i.e.,

PPVt = PSTC
n · EM ,t
ESTC

[1+ k(TM ,t − TSTC )], ∀t, (6)

where PPVt is the output power of the PV plant at time t , EM ,t
is the solar irradiance at t and PSTC , ESTC and TSTC are the
maximum power, the irradiance and the temperature under
Standard Test Conditions (STC), respectively. Those values
correspond to a cell temperature of 25oC and an irradiance
of 1000W/m2 with an air mass 1.5. Finally, n denotes the
number of PV panels, k the power temperature coefficient
(%/oC) and TM ,t is the temperature of the module at time t ,
which can be calculated as TM ,t = Tamb + εPV

EM ,T
ESTC

, where
Tamb is the ambient temperature (oC) and εPV is a constant
module provided by the manufacturer.

D. POWER BALANCE
The power balance must be zero, that is, the power generated
at each moment must be equal to the power consumed, being
the power consumed the power demanded by the loads plus
the power lost due to the operation of the network. This is
expressed in equation (7).

As can be seen from equation (7), the 24 hours of the day
have been discretised into 15-minute intervals, giving rise to
96 calculation points. The balance equation can be rewritten
as a function of the generation units as observed in equa-
tion (7), separating in one term the decision variables of the
optimisation algorithm, which decides the power generated
or consumed by the batteries, as well as the external grid, and
in a second term the rest of the variables. This second term of
the equation is important, since depending on the sign of this
term, the objective function of the problem changes.

PExtt +P
BESS1
t + PBESS2t =PDemt +PLosst −PPV1t −P

PV2
t −P

WT
t

∀t ∈ [1, 96] (7)

E. GENERATION LIMITS
The power of the external grid can be positive, to cover the
generation defect of the renewables, or negative if the second
term of equation (7) is negative. Wind and photovoltaic gen-
eration excessively satisfy the demand of the network under
study. In this situation, the batteries must absorb the excess
of renewable generation and it would also be absorbed by
the external network (negative power), if the batteries had
reached some of their power or energy limits. Therefore,
the external grid can take any positive and negative value,
according to equation (8).

−∞ < PExtt <∞ ,∀t ∈ [1, 96] (8)

The batteries can work as generators or loads, with positive
and negative powers respectively, but without exceeding their
limits of generation power and consumption, as shown in the
equation (9), where the limits Pimax and Pimin are different
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FIGURE 5. IEEE 34-Node Test Feeder with distributed energy resources.

according to the scenario.

Pimin ≤ P
i
t ≤ P

i
max ∀t ∈ [1, 96] , ∀i ∈ [BESS1,BESS2]

(9)

photovoltaic generators have aminimum power of zero, in the
absence of solar radiation, and a maximum power equal to
the nominal power of the generator, so their limits are those
expressed in equation (10).

0 ≤ Pit ≤ P
i
max ∀t ∈ [1, 96] , ∀i ∈ [PV1,PV2] (10)

Finally, the wind generator has a maximum power and a
positive minimum power that is different from zero. The
generation limits are expressed in equation (11).

PWTmin ≤ P
WT
t ≤ P

WT
max ∀t ∈ [1, 96] (11)

F. ENERGY STORAGE SYSTEM
The batteries have a maximum and minimum energy storage
limit, which must not be exceeded to avoid damage. These
restrictions are given in equation (12).

SOC i
min ≤ SOC

i
t ≤ SOC

i
max

∀t ∈ [1, 96] , ∀i ∈ [BESS1,BESS2] (12)

The batteries can work as a generator or as a consumer,
so the stored energy levels are updated at each time sam-
ple by means of the power and the operating time through
equations (13).

SOC i
t = SOC i

t−1 −

{
1t · Pit · ηc for Pit < 0
1t·Pit
ηd

for Pit > 0,

∀t ∈ [1, 96] , ∀i ∈ [BESS1,BESS2] (13)

where ηc and ηd are respectively the charging and discharging
efficiency and 1t is the time between samples.

G. GRID OPERATION LIMITS
For correct operation of the grid, the voltages at each node (k)
must be within maximum and minimum values, which corre-
spond to±5% of the nominal voltage. Therefore, this type of
constraint is expressed as equation (14):

Vmin ≤ V k
t ≤ Vmax ∀k, ∀t ∈ [1, 96] (14)

The network under study has two three-phase transformers
with taps on each phase. As we have already seen, an OLTC
control has been implemented that acts on the transformer
taps to comply with the restrictions of the voltage levels.

Another of the network’s operating restrictions is that the
line from node (k) to node (j) do not exceed their ampac-
ity value, thus avoiding overloads. These restrictions are
expressed by equation (15):

0 ≤ I kjt ≤ I
kj
max ∀kj, ∀t ∈ [1, 96] (15)

H. DEMAND AND THE RENEWABLE ENERGY FORECASTS
The power demand changes according to the curve shown
in Figure 6. photovoltaic and wind generators provide the
power as a function of the solar power curve, and the wind
power curve (Figure 7).

IV. SIMULATION RESULTS
This section validates the ED optimisation model for ADSM
in the IEEE 34-Node Test Feeder with built-in DERs. The ED
tool is used to schedule the generation units, with a resolution
of 15 minutes. To check the effectiveness of optimisation
scheme, five scenarios with different levels of DERs penetra-
tion are proposed. The characteristics of these scenarios are
shown in Table 2. Where the percentage of DERs penetration
is the fraction of the total system load, provided by DERs
(PDERs). In this work the penetration level is considered as
the ratio of total installed power of distributed generation
resources (PDERs) to peak demand power (PLoad ) [73].
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FIGURE 6. Power demand IEEE 34-Node Test Feeder.

FIGURE 7. (a) Wind power curve, (b) Solar power curve.

A. SCENARIO 1
The base scenario shows 44.71% DERs penetration. Table 3
shows the technical characteristics of each RES (WT and
PVs) and the BESSs installed in the IEEE 34-Node Test
Feeder.

Figure 8 shows the values of power supplied by each gener-
ator, so that the economic dispatch meets the hourly demand.

TABLE 2. DERs penetration scenarios.

TABLE 3. DERs configuration. Scenario 1.

FIGURE 8. ED solution. Scenario 1.

The external grid is generating power during 24 hours, as is
wind power generation (WT), with a lower value. The pho-
tovoltaic generation, PV1 and PV2, generate from 8.45 to
16.00. The batteries, BESS1 and BESS2, only deliver power
to the grid during the first 6 intervals of time since they have
energy stored initially. The batteries do not deliver power
again because they are not charged at any time of the day since
the installed renewable generation power is approximately
46% of the peak demand power. No excess power is produced
to be recharged.

The batteries only work as generators (positive power),
delivering their maximum power in several time intervals
until they reach their minimum energy level (Figure 9). There
is no recharging and therefore the energy always remains at
the minimum level.

Figure 10(a) shows the voltages in per unit of all the
network nodes at the instant of time corresponding to the
maximum demand level, instant 81. It can be seen how all
the voltages are within the ±5% levels.

B. SCENARIO 2
In scenario 2 the network under study is exactly the same but
the power of the generators has been increased to double the
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FIGURE 9. (a) Batteries active power, (b) State of charge of batteries.
Scenario 1.

TABLE 4. DERs configuration. Scenario 2.

base case. The configuration is summarised in Table 4. The
battery energy levels have not changed.

Figure 11 shows how the power of the external grid is
reduced with respect to the base case by making a small
contribution from 2:00 to 3:15. From 3:15 there is excess
renewable generation over demand that allows the batteries
to be charged by absorbing the excess power. At 5:45 the
demand is covered in part by the contribution of the batteries
that are discharged until 7 o’clock when support from the
external grid is needed.

As in Scenario 1, there is a surplus of renewable generation
at 10:30 and 12:15 that allows the batteries to be charged and
discharged. This new process of charging the batteries is due
to the contribution of the photovoltaics.

FIGURE 10. (a) Voltage levels, (b) Tap positions. Scenario base.

FIGURE 11. ED solution. Scenario 2.

As can be seen in Figure 12(b), throughout the scenario the
batteries do not reach the maximum levels of energy storage.
Neither do they reach the limits of charge and discharge
power (Figure 12(a)).

Figure 13 shows the voltages in per unit of all the network
nodes at the instant of time corresponding to the maximum
demand level, instant 81.
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FIGURE 12. (a) Batteries active power, (b) State of charge of batteries.
Scenario 2.

FIGURE 13. Voltage levels. Scenario 2.

C. SCENARIO 3
In scenario 3, the wind generator has increased from 0.6 MW
to 0.8 MW with respect to scenario 2. The rest of the
parameters remain the same as in scenario 2 (Table 5).
Figure 14 shows the power distribution of the generation units

TABLE 5. DERs configuration. Scenario 3.

FIGURE 14. ED solution. Scenario 3.

in scenario 3. The power of the wind generator has increased
and, therefore, there is more renewable power on the grid in
the study. This implies that there are times of the day from
3:45 to 6:45 when demand is met by renewable generation,
and there is even a surplus that is absorbed first by the
batteries and then by the external grid. Therefore there are
negative power values for BESS1, BESS2 and external grid.

The excess generation is first absorbed by the batteries dur-
ing recharging, but when they reach their maximum storage
limit (Figure 15(b)) it is the external grid that absorbs the rest
of the excess. It can also be seen how the batteries are fully
used because they are discharged to their minimum energy
levels with one of them reaching its maximum charge and
discharge power (Figure 15(a)).
Figure 16 shows the voltages in per unit of all the network

nodes at the instant of time corresponding to the maximum
demand level, instant 81.

D. SCENARIO 4
In scenario 4, wind power generation has again been
increased from 0.8 MW to 1 MW. Figure 17 shows the
power contribution of each generation unit. It can be seen
that, by having more renewable power and not changing the
parameters of the batteries, there is more excess generation
that must be absorbed by the external grid for a longer period
of time.

This means that the batteries begin their work by storing
energy until they reach their maximum level (Figure 18(b))
and remain charged longer due to the increased availability
of renewable power. This can also be seen in the time interval
30 to 40 (Figure 18(b)) where in this scenario the batteries

198002 VOLUME 8, 2020



L. Alvarado-Barrios et al.: Two-Level Optimisation and Control Strategy for Unbalanced ADSM

FIGURE 15. (a) Batteries active power, (b) State of charge of batteries.
Scenario 3.

FIGURE 16. Voltage levels. Scenario 3.

are not fully discharged. Nor does it imply the use of the
maximum power of the batteries.

Figure 19 shows the voltages in per unit of all the network
nodes at the instant of time corresponding to the maximum
demand level, instant 81.

FIGURE 17. ED solution. Scenario 4.

FIGURE 18. (a) Batteries active power, (b) State of charge of batteries.
Scenario 4.

E. SCENARIO 5
In scenario 5, the elements remain the same by changing only
the maximum battery energy levels, which have doubled. The
configuration is summarised in Table 6. In scenario 4, the bat-
teries remain at maximum charge for a long time because
there is a lot of renewable power available, so in scenario 5 the
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FIGURE 19. Voltage levels. Scenario 4.

TABLE 6. DERs configuration. Scenario 5.

FIGURE 20. ED solution. Scenario 5.

storage capacity of the batteries has been increased to make
better use of the renewable power. In Figure 20 it can be seen
how the batteries’ operating time has increasedwith respect to
scenario 4 and at some points even delivering and absorbing
more power.

In this scenario there are intervals where the batteries are
running at their power limit as shown in Figure 21(a) in time
intervals 12 and 70.

Figure 20 shows how in the interval 11 the batteries are
charging by absorbing the excess power aswell as the external
network. However, in interval 12 the BESS1 battery is still
charging a very similar power to the one absorbed by the
network in interval 11. This is due to the fact that this battery
has reached its maximum power in interval 11 although it had

FIGURE 21. (a) Batteries active power, (b) State of charge of batteries.
Scenario 5.

FIGURE 22. Voltage levels. Scenario 5.

not reached its storage limit until interval 12. It can be seen
in Figure 21(a).

Figure 22 shows the voltages in per unit of all the network
nodes at the instant of time corresponding to the maximum
demand level, instant 81.
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FIGURE 23. Active power losses. IEEE 34-Node Test Feeder.

FIGURE 24. Reduction of active power losses (%). IEEE 34-Node Test
Feeder.

F. IMPACT OF DISTRIBUTED ENERGY RESOURCES ON
ACTIVE POWER LOSSES
This section analyses the impact of the incorporation of DERs
on active power losses. To this end, the different scenarios
are compared with the network without DERs (scenario 0).
Figure 23 shows the active power losses in the scenarios
analysed above. As can be seen, in all scenarios there is a
reduction in active power losses during all time intervals,
with the exception of scenario 1 at the moment of maximum
demand, where losses increase. It should be noted that the
incorporation of DERs, even if there is only a small amount
of installed power (scenario 1), already produces a significant
reduction in losses in the Distribution Network. Figure 24
shows the percentage losses reduction values of the different
scenarios with respect to scenario 0 (network without DERs).
It is observed that, as the penetration of DERs in the study
network increases, the active power losses decrease. The
reduction of losses is greater at those moments of the day
that correspond to lower demand, showing the least reduction
at the point of maximum demand. In scenario 5 there are
moments (moments 16 and 50) where there is a decrease

FIGURE 25. Energy saving for each scenario for the IEEE 34-Node Test
Feeder.

FIGURE 26. IEEE 123-Node Test Feeder.

in active power losses due to a net export of power to the
external grid.

The different scenarios present reductions in the active
power losses with fluctuations in time. Adding the reductions
of all the active power losses in the day, the energy savings
of each scenario can be known (Figure 25). It is observed
that for scenario 4 and 5 the greatest energy savings are
obtained. With these results, the distribution company will
receive income from loss-reduction incentives, which will
result in a profit.

G. EXTENSION TO A LARGER ADS
The performance of the two-level control strategy is
validated also in a larger distribution system. The unbal-
anced IEEE 123-Node Test Feeder (Figure 26) is selected
for this purpose [74]. RESs and BESSs are incorpo-
rated following the same criteria as in section III-A. The
study network is modelled and validated in DIgSILENT
PowerFactory.
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TABLE 7. DERs configuration. IEEE 123-Node Test Feeder.

FIGURE 27. ED solution for IEEE 123-Node Test Feeder, Scenario 2.

FIGURE 28. Active power losses. IEEE 123-Node Test Feeder.

Two scenarios are designed with 57.31% and 114.61%
DERs penetration respectively. Table 7 shows the loca-
tion and technical characteristics of the RESs and
BESSs.

Figure 27 shows the result of the ED in scenario 2.
It can be seen that the external network only provides power
for 5 hours, being significant the power delivery of the
DERs. The excess power from the RESs is used to charge
the BESSs (3.5 hours) and the rest of the power is delivered
to the external grid, complying with the power balance at all
times. The BESSs contribute to cover the 3.75 hours demand.

FIGURE 29. Reduction of active power losses (%). IEEE 123-Node Test
Feeder.

FIGURE 30. Energy saving for each scenario for the IEEE 123-Node Test
Feeder.

Figure 28 shows the active power losses in the grid,
scenario 0 without DERs and scenarios 1 and 2 with DERs.
Figure 29 shows the percentage reduction in active power
losses for scenarios 1 and 2 with respect to scenario 0.
A reduction of between 18% and 47% is observed
in scenario 2.

As in the IEEE 34-Node Test Feeder study, Figure 30
shows the economic benefit due to the reduction of losses,
expressed in terms of energy savings, for the IEEE 123-Node
Test Feeder.

Finally, Figure 31(a) shows the voltages in p.u. of many
busbars in the network, at the time corresponding to the
maximum energy demand (instant 81). It can be seen that
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FIGURE 31. (a) Voltage levels, (b) Tap positions. Scenario 2. IEEE
123-Node Test Feeder.

all the busbars comply with the restrictions imposed by
the DSO. This result shows the effectiveness of the control
strategy.

V. CONCLUSION
This article provides a management tool to the DSO for the
operation of the ADS. It proposes to use a new approach in
the economic dispatch optimisation model for ADSM based
on a two-level control strategy. The main objective is to
minimise active power losses in unbalanced ADS by making
use of available control resources, including storage devices,
while increasing the penetration of distributed renewable
energy systems and enforcing operational limits. The ED
is implemented in a Matlabr-DIgSILENT PowerFactoryr

joint simulation platform through peer to peer communica-
tion. The control strategy is validated in the IEEE 34-Node
Test Feeder. Five scenarios are used with different levels
of distributed generation penetration composed of renew-
able energy sources and battery energy storage systems. The
results show that an increase in the power of the RESs (PVs
and WT) installed in the network reduces the power and the
number of hours that the external network delivers power,
and therefore reduces the active power losses of the network
under study. On the other hand, an increase in the power of
the RESs must be accompanied by an increase in the energy

storage capacity of the batteries to optimise their use. Finally,
this result is possible thanks to the action of the tap control
algorithm, which manages to control reactive power flows,
keeping the voltages within the limits imposed by the DSO.
The scalability of the proposed approach has been demon-
strated by validating the effectiveness of the control algorithm
in the IEEE 123-Node Test Feeder, with satisfactory results.

In view of the benefits of the proposed approach, several
improvements are proposed as future work. First, the appli-
cation of advanced control techniques, considering the uncer-
tainties due to prediction errors, when extending the time
horizon. Besides, it is also proposed to incorporate reactive
power constraints to the problem of minimising active power
losses. Finally, it is also proposed to analyse the influence
of factors such as the energy cost or storage efficiency and
degradation on the optimal operation of the unbalanced active
distribution network and the cost of depreciation of RESs
converters and associated controllers.
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