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a b s t r a c t

MicroGrids represent a new paradigm for the operation of distribution systems and there are several
advantages as well as challenges regarding their development. One of the advantages is related with the
participation of MicroGrid agents in electricity markets and in the provision of ancillary services. This
paper describes two optimization models to allocate three ancillary services among MicroGrid agents
– reactive power/voltage control, active loss balancing and demand interruption. These models assume
that MicroGrid agents participate in the day-ahead market sending their bids to the MicroGrid Central
Controller, MGCC, that acts as an interface with the Market Operator. Once the Market Operator returns
the economic dispatch of the MicroGrid agents, the MGCC checks its technical feasibility (namely voltage
magnitude and branch flow limits) and activates an adjustment market to change the initial schedule and
to allocate these three ancillary services. One of the models has crisp nature considering that voltage and
branch flow limits are rigid while the second one admits that voltage and branch flow limits are modeled
in a soft way using Fuzzy Set concepts. Finally, the paper illustrates the application of these models with
a Case Study using a 55 node MV/LV network.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

MicroGrids emerged in recent years as a very promising con-
cept to allow wide spreading small generation sources namely in
low voltage networks together with the incorporation of control
devices associated both to small generation sources and low volt-
age loads [1–4]. This means that a MicroGrid can be seen as an
association of a low voltage network with a number of components,
as illustrated in Fig. 1. These components include loads, small scale
generation devices (as small turbines, fuel cells, PV panels and wind
turbines), storage devices (as flywheels, capacitors and batteries)
and control devices. These control devices are associated with the
micro-sources – MC controllers, with the controllable loads – LC
controllers as well as with the MicroGrid Central Controller – MGCC,
located in the beginning of the LV feeder [5]. According to this
architecture, the MGCC acts as an interface both with the upstream
Distribution Management System, DMS, of the Distribution Net-
work Operator, DNO, and with the downstream Micro-source and
Load Controllers – MC and LC.

As mentioned above, MicroGrids are contributing to change
the still dominant paradigms associated with distribution network
operation and with distributed generation. Distribution networks,
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namely LV networks, will no longer be passive ones but will incor-
porate a number of small sources getting generation closer to the
demand and so contributing to turn the demand more aware of
generation issues. On the other hand, the incorporation of control
devices allows these small sources to provide a number of services
upon request of the MGCC or of the upstream DMS system. This
means that networks will have a larger amount of resources, not
only in terms of providing energy but also in terms of different types
of ancillary services. Regarding the demand, the incorporation of
control devices can induce its participation in electricity markets,
contributing to create more efficient mechanisms to profit from
some demand elasticity as well as to enlarge the use of interrupt-
ible loads, provided that they receive an adequate remuneration.
This means that the association of an LV network with small gen-
eration sources, loads and control devices can prove to be very
powerful and effective in modernizing distribution networks and
in integrating small scale distributed generation in a more natural
way in power systems. Ultimately, MicroGrids can contribute to
pass from the connection of large amounts of volatile DG paid in
several countries according to subsidized feed-in tariffs to a more
reasonable and natural way of integration while creating the condi-
tions for their participation in markets and contributing to provide
several services.

According to several authors [5,6], the development of Micro-
Grids brings several advantages to power systems namely the
ones related with operation and investment issues, environmental
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Fig. 1. Illustrative scheme of a MicroGrid.

issues, power quality improvement (namely reducing interruptions
if operation in an isolated mode is considered [5,7,8]) and market
issues (enabling the participation of MicroGrid agents in markets
to provide electricity and services).

Although these advantages were identified in early publications
on MicroGrids, their development and widespread still face a num-
ber of challenges related with the cost of generation technologies,
with the development of control devices and new applications and
models to allow the efficient and integrated operation of the Micro-
Grid and the upper stream networks, the absence of standards and,
finally, the absence or still under developed legal and/or regulatory
provisions to frame their installation and operation.

Given the advantages of MicroGrids and the new paradigm asso-
ciated with their development, INESC Porto participated in two EU
financed projects (MICROGRIDS and MORE MICROGRIDS projects)
aiming at making new advances in several aspects associated with
MicroGrid modeling. This paper describes part of the research
developed in INESC Porto to allow increasing the participation of
MicroGrid agents, namely small generation sources and loads, in
the provision of some ancillary services. In this paper we will focus
on the allocation of reactive power, on the allocation of active
power generation to contribute to balance active losses and on the
allocation of load interruption capability. Apart from this introduc-
tory section, this paper is structured as follows. Section 2 describes
some approaches available to allow the participation of MicroGrid
agents in markets and Section 3 describes the two developed math-
ematical, one of them corresponding to a crisp formulation and the
second one using Fuzzy Set concepts to model soft constraints. Sec-
tion 4 describes the solution algorithm implemented to solve these
optimization problems and Section 5 illustrates the application of
these models with a Case Study based on a 55 node MicroGrid.
Finally, Section 6 draws the most relevant conclusions.

2. Overview of approaches to allocate ancillary services in
MicroGrids

Among other advantages of MicroGrids, the creation of condi-
tions to increase the participation of small generation sources and
loads in electricity markets and the provision of some ancillary ser-
vices are considered as most desirable in early publications on this
subject, as [4,5], although several problems turn this integration
difficult. Apart from other considerations, increasing the participa-
tion of small generation sources in MicroGrids will allow treating
these generation facilities in a more natural way, substituting feed-
in tariffs that, in several countries, represent increasing percentages
of the final end user tariffs.

On the other hand, demand should be also more integrated in
electricity markets [4,5] because it typically shows a very passive

and inelastic behaviour so that current market implementations
are, in practice, very asymmetrical. Introducing control devices
namely in the MicroGrid loads and innovating in terms of remu-
nerating the demand if it admits interruptions can correspond to a
breakthrough to change its behaviour and to turn electricity mar-
kets more symmetric. This fact, together with the larger number of
generation agents, will contribute to reduce the market power that
today large generation companies still have.

In line with these concerns, reference [9] proposes an overall
procedure to allow the participation of MicroGrid agents in electric-
ity markets. This procedure corresponds to a symmetric assignment
problem and once this auction ends all MicroGrid agents adjusted
their positions in order to maximize their profits. The main grid is
also considered a buying or selling agent so that it is possible to buy
power from it to supply the MicroGrid demand, as well as selling
power to the upward voltage network.

Afterwards, reference [10] describes an Energy Management
System, EMS, based on the use of neural networks to implement
a number of functions to autonomously adopt decisions regarding
the dispatch of the generators in the MicroGrid aiming at minimiz-
ing the global energy cost. References [11,12] describe agent-based
approaches to model MicroGrids. As an example, the agent-based
platform detailed in [11] includes agents to model the MicroGrid
Central Controller, the Micro-source Controllers and the Load Con-
trollers. This agent platform was implemented on a laboratory
micro grid using different storage schemes. Finally, [13] addresses
the provision of some ancillary services. This reference focuses on
the provision of primary reserve, although the authors indicate
that the developed models and techniques can be extended to the
secondary and tertiary reserves.

3. Allocation of reactive power, loss balancing and
interruption services

3.1. General architecture and market cycle

In this paper we adopted a MicroGrid architecture similar to
the one described in [5]. In this approach, the MicroGrid genera-
tion and load agents send selling and buying bids to the MicroGrid
Central Controller, MGCC, that aggregates and communicates them
to the Market Operator. In this sense, and apart from other func-
tions, the MGCC acts as an interface between the MicroGrid agents
and the Market Operator. The Market Operator runs an auction
for the entire power system and determines the next day hourly
economic schedule. Similarly to what occurs in transmission net-
works, the entity in charge of the MicroGrid operation checks the
technical feasibility of these economic schedules, namely voltage
magnitude and branch flow limits. In the MicroGrid, these functions
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are assigned to the MGCC that, in this sense, acts as the Micro-
Grid System Operator. The MGCC should also assign some ancillary
services as, for instance, reactive power/voltage control, balanc-
ing active losses and load curtailment resources. This scheme is
implemented according to the following main steps:

- once the MGCC receives the economic schedule from the Market
Operator, it runs an AC Power Flow to check for the technical
feasibility of that schedule. This study is also used to obtain a
complete first operation point of the MicroGrid that will be used
in subsequent steps;

- then, the MGCC runs an adjustment market based on adjust-
ment generator and load bids in order to compute the changes
in this economic schedule to turn the operation point technically
feasible, namely if there are voltage magnitude or branch flow
violations. Even if such violations did not occur, this study is run to
allocate generation to balance active losses and to assign reactive
power;

- this study is done minimizing the adjustment cost resulting from
accepting generator or load adjustment bids and the problem
is subjected to a number of constraints, some them having a
non-linear nature. This non-linear optimization problem was
solved using a Sequential Linear Programming, SLP, algorithm
that starts at the operation point previously identified, linearizes
the non-linear constraints around this operation point, solves the
linearized optimization problem, updates the injected powers
and runs a new AC Power Flow study to update the operation
point and to check for convergence;

- when the above iterative procedure converges, one gets the final
schedule of the MicroGrid sources and loads, the nodal voltages
and the active, reactive and apparent branch flows.

In the next paragraphs we will detail the modelization of the
capability diagram of synchronous generators, since this informa-
tion is used in the mentioned optimization problems, the generator
and demand adjustment bids and the two developed optimization
models, one of them having crisp nature and the other modeling
voltage magnitude and branch flow limits as soft constraints using
Fuzzy Set Theory concepts.

3.2. Synchronous generator capability diagram

The operation area of synchronous generators is delimited by
several curves leading to a diagram as the one illustrated in Fig. 2.
This means that active and reactive powers are coupled, that is,

Fig. 2. Capability diagram of a synchronous generator.

individual P and Q limit constraints are insufficient to represent
accurately the operation of synchronous generators.

The diagram sketched in Fig. 2 was modeled considering the
following three curves:

- Curve 1, between (0, Qgmax
i

) and (Pgmax
i

, Qga
i
), represents the rotor

field current limit;
- Curve 2, from S1 to S2, is the armature limit. It can be represented

by a vertical line often associated with the maximum output
power of the primary machine;

- Curve 3, the arc between (0, Qgmin
i

) and (Pgmax
i

, Qgb
i
), represents

the stability limit.

Admitting that Pgmax
i

, Qgmax
i

, Qgmin
i

, Qga
i

and Qgb
i

are known, it is
possible to obtain linear expressions to model these curves. These
constraints will then be integrated in the optimization model used
to check the feasibility of the economic dispatch because the P and
Q outputs are not independent.

3.3. Generator and demand adjustment bids

As mentioned above, adjustment bids are used by MicroGrid
generators and loads to transmit information about the changes on
the active power scheduled by the Market Operator that they admit,
together with the price they want to receive for these changes.
Changes on the generation schedule may be due to the enforce-
ment of operation constraints or to allow a reactive power output
given that the P and Q values are coupled via the capability diagram.
From a mathematical point of view these changes are represented
by �PgA

i
variables that can assume both positive or negative val-

ues, implying in both cases the payment of an adjustment price,
CgA

i
. Apart from this adjustment price, these bids can also include

an indication regarding the maximum variation, vgtol
i

, it is admitted
regarding the base amount scheduled by the Market Operator.

The initial schedule of micro-sources can also change in order to
allocate active power to balance active losses. These changes, all of
them non negative, are represented by �PgL

i
variables. This means

that the final schedule of generator i is given by (1), admitting that
Pgo

i
represents the active power scheduled by the Market Operator.

Pgfinal
i = Pgo

i + �PgA
i + �PgL

i (1)

Regarding the loads, they can play an important role in alleviat-
ing some constraints provided that they accept being interrupted if
they are adequately remunerated for this service. Load adjustment
bids include an adjustment price, CdA

j
, together with the amount of

load scheduled in the day-ahead market that one admits to curtail.
This capability can be interpreted as an ancillary service provided
to the MGCC turning the operation of the MicroGrid, and in fact
of the whole system, more flexible. Mathematically, this is mod-
eled by �PdA

j
variables, all of them non-positive. As a result, once

the mentioned optimization problem is solved, the final scheduled
loads are given by (2) assuming that Pdo

j
represents the demand

initially scheduled by the Market Operator.

Pdfinal
j = Pdo

j + �PdA
j (2)

3.4. Model 1 – crisp optimization model

The initial optimization problem used to evaluate the technical
feasibility of the Market Operator schedule was originally described
in [14]. In this paper, this model is enhanced in order to allow
computing the contribution of each generator to balance active
losses, in the first place, and then to model voltage magnitude and
branch flow limit constraints in a soft way, using Fuzzy Set The-
ory concepts. Regarding the first aspect, the linearized optimization
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problem to be solved in each iteration of the market cycle detailed
in Section 3.1 is given by (3)–(16) admitting that the network under
analysis has Ng generators, Nd loads and Nb branches.

Min Z = �MO ×
Ng∑
i=1

�PgL
i +

Ng∑
i=1

∣∣�PgA
i

∣∣ × CgA
i +

Nd∑
j=1

∣∣�PdA
j

∣∣
× CdA

j (3)

Subject to : �Vmin
i ≤ �Vi ≤ �Vmax

i (4)

��min
ij ≤ ��ij ≤ ��max

ij (5)

0 ≤ �PgL
i ≤ �PgL max

i (6)

− vgtol
i

100
× Pgo

i ≤ �PgA
i ≤ vgtol

i

100
× Pgo

i (7)

0 ≤ �PgA
i ≤ vgtol

i

100
× Pgmax

i (8)

�Pgmin
i ≤ �PgA

i + �PgL
i ≤ �Pgmax

i (9)

−Pdo
j ≤ �PdA

j ≤ 0 (10)

Qgo
i + �Qgi ≥ Qgmin

i + Qgb
i

− Qgmin
i

Pgmax
i

× (Pgo
i + �PgA

i + �PgL
i ) (11)

Qgo
i + �Qgi ≤ Qgmax

i − Qgmax
i

− Qga
i

Pgmax
i

× (Pgo
i + �PgA

i + �PgL
i ) (12)

Nb∑
k=1

�Ploss
k (�V, ��) =

Ng∑
i=1

�PgL
i (13)

�Pinj
i

(�V, ��) = (�PgA
i + �PgL

i ) − �PdA
i (14)

�Q inj
i

(�V, ��) = �Qgi − �Qdi (15)

�Smin
ij ≤ �Sij(�V, ��) ≤ �Smax

ij (16)

The objective function (3) incorporates the following three
terms:

- the first term corresponds to the cost of generating power to
balance active losses in the MicroGrid. This cost is obtained mul-
tiplying the addition of the �PgL

i
variables by the market energy

price, �MO, obtained by the Market Operator in the auction con-
ducted to obtain the initial economic schedule;

- the second term represents the cost of using generator adjust-
ment bids and it corresponds to the multiplication of the
generation adjustment variables �PgA

i
by the respective adjust-

ment cost CgA
i

;
- similarly, the third term represents the demand adjustment cost

and it is obtained multiplying the load adjustment variables,
�PdA

j
, by the corresponding adjustment cost CdA

j
.

This objective function is subjected to the following constraints:

- constraints (4) and (5) impose the minimum and maximum lim-
its on the nodal voltage magnitude variations and on the phase
difference between pairs of nodes;

- constraints (6)–(9) represent the ranges of the �PgL
i

and �PgA
i

adjustment variables. Constraint (6) limits the contribution of
each generator to balance active losses and (7) and (8) impose

Fig. 3. Membership function of the maximum limit of a variable x.

limits on the generation adjustments required to enforce techni-
cal or operational constraints. Constraint (9) establishes the limits
for the addition of �PgL

i
and �PgA

i
;

- constraint (10) defines the range of active power demand adjust-
ments, all of them non-positive;

- constraints (11) and (12) model the lower and the upper curves
in Fig. 2 representing the synchronous generator capability dia-
gram;

- constraint (13) balances the branch active power losses com-
puted using voltage magnitude and phase variations with the
active power losses assigned to each generator, modeled by the
�PgL

i
variables. The branch active power loss deviations are com-

puted using a linearized expression that is obtained using the
linear terms of the Taylor Series of the exact active power losses
expression. The values of the partial derivatives regarding voltage
magnitudes and phases are computed using the operation point
obtained by the AC Power Flow study, in the scope of the SLP
iterative process;

- constraints (14) and (15) represent linearized versions of the
active and reactive injected power equations. These linearized
expressions also correspond to the linear terms of the Taylor
Series of the full AC injected power expressions;

- finally, constraint (16) imposes the range of the apparent power
in each branch ij. Once again, they are established using the linear
terms of the Taylor Series of the full AC apparent power flow in
branch ij.

3.5. Fuzzy Linear Programming model

3.5.1. Soft limits
Some operation limits allow some degree of violation without

placing immediate problems for system operation. Some grid codes
establishing the rules for system operation already admit larger
than normal branch flow limits provided that these operation sit-
uations are limited in time. This suggests representing voltage and
branch flow constraints using Fuzzy Sets [15] as detailed below.
A Fuzzy Set can be interpreted as a generalization of a traditional
crisp set in the sense that in crisp sets an element fully belongs or
completely does not belong to a set, that is, we only admit the 1
and the 0 logic values. In Fuzzy Sets we can assign to each element
a degree of membership in the interval [0,1] expressing the com-
patibility of that element to the definition of the set. This means
that a Fuzzy Set Ã can be seen as a set of ordered pairs (17) in which
the first element in each pair is an element x of the universe X under
analysis and the second, �Ã(x), is the degree of membership of x to
Ã.

Ã = {(x, �Ã(x)), x ∈ X} (17)

Using these concepts, the limit of a branch flow is modeled in
terms of a crisp value x1 together with a tolerance ıx as illustrated
in Fig. 3. According to this figure, the membership function of the
flow x is 1 if it is not larger than x1. From x1 to xmax the membership
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Fig. 4. Membership function of the voltage magnitude in node i.

level decreases to 0. This function is modeled by (18).

�(x) =

⎧⎪⎨⎪⎩
1 if x ≤ x1

[0; 1[ if x1 < x ≤ xmax

0 if x ≥ xmax

(18)

In a similar way, Fig. 4 represents the membership function of
the voltage in node i. Voltages from Vi1 to Vi2 have the maximum
membership degree, 1. Voltages lower than Vi1 or higher than Vi2
can be still accepted but their membership values decrease from 1
to 0. Expression (19) models this fuzzy membership function.

�(Vi) =

⎧⎪⎨⎪⎩
1 if Vi1 ≤ Vi ≤ Vi2

[0; 1[ if Vmin
i

≤ Vi < Vi1 or Vi2 < Vi ≤ Vmax
i

0 if Vi < Vmin
i

or Vi > Vmax
i

(19)

3.5.2. Model 2 – Fuzzy Linear Programming model
Once the Market Operator initial purely economic schedule

is obtained, the MGCC acting as the MicroGrid system operator
solves the problem (20)–(35) aiming at maximizing the satisfac-
tion degree � related with the membership function of the soft
constraints and with the objective function of the original crisp
problem given by (3). Using a formulation similar to the one
detailed for the soft constraints, the objective function (3) of the
original crisp problem is converted in constraint (21) in which FOdes

is the largest value that the objective function of the original prob-
lem can assume still having the satisfaction degree of 1 and ıFO is the
admitted tolerance. This means that when the value of FO increases
from FOdes to FOdes + ıFO, its membership degree decreases from 1
to 0, which is in line with the graphical representation in Fig. 3.

Max Z = � (20)

Subject to : FO + � × ıFO ≤ FOdes + ıFO (21)

�Vi − � × ıV min ≥ �Vmin
i − ıV min (22)

�Vi + � × ıV max ≥ �Vmax
i + ıV max (23)

��min
ij ≤ ��ij ≤ ��max

ij (24)

�Pgmin
i ≤ �PgA

i + �PgL
i ≤ �Pgmax

i (25)

− vgtol
i

100
× Pgo

i ≤ �PgA
i ≤ vgtol

i

100
× Pgo

i (26)

0 ≤ �PgA
i ≤ vgtol

i

100
× Pgmax

i (27)

−Pdo
j ≤ �PdA

j ≤ 0 (28)

Qgo
i + �Qgi ≥ Qgmin

i + Qgb
i

− Qgmin
i

Pgmax
i

× (Pgo
i + �PgA

i + �PgL
i ) (29)

Qgo
i + �Qgi ≤ Qgmax

i − Qgmax
i

− Qga
i

Pgmax
i

× (Pgo
i + �PgA

i + �PgL
i ) (30)

Nb∑
k=1

�Ploss
k (�V, ��) =

Ng∑
i=1

�PgL
i (31)

Fig. 5. Fuzzy membership function of the apparent power in branch ij.

�Pinj
i

(�V, ��) = (�PgA
i + �PgL

i ) − �PdA
i (32)

�Q inj
i

(�V, ��) = �Qgi − �Qdi (33)

�Sij(�V, ��) + � × ıSij
ij

≤ �Smax
ij + ıSij

ij
(34)

0 ≤ � ≤ 1 (35)

In this formulation constraints (22) and (23) represent the min-
imum and maximum limits of the voltage magnitudes admitting
tolerances ıVmin and ıVmax, constraint (24) imposes limits to the
phase differences and (25)–(27) impose the limits for the gener-
ator �PgL

i
and �PgA

i
variables. Constraint (28) imposes the limits

on load curtailment and constraints (29) and (30) correspond to
the linearized lower and upper curves of the capability diagram
sketched in Fig. 2. Constraints (31)–(33) have the same meaning
already detailed for Model 1 described in Section 3.4. Constraint
(34) represents the fuzzified version of the maximum limit of the
apparent power flow in branch ij admitting the tolerance ıSij

ij
, as

sketched in Fig. 5. Finally, constraint (35) specifies the range of the
membership degree � in the interval [0,1].

4. Solution algorithm – Sequential Linear Programming,
SLP, approach

The operation cycle starts with the communication to the MGCC
of the buying and selling bids by all demand and generation agents
in the MicroGrid. The MGCC aggregates all these bids and conveys
this information to the Market Operator. Once the Market Operator
runs the auction for each trading period of the next day, it com-
municates to the MGCC the accepted buying and selling bids of the
MicroGrid agents. Then the MGCC uses this information to check for
the technical feasibility of this economic schedule namely running
an AC Power Flow. Based on the operation point identified with this
study, the AC Power Flow equations and the branch apparent power
flow limit constraints are linearized and it is run the optimization
problem (3)–(16), in case of the crisp optimization formulation, and
the problem (20)–(35) regarding the fuzzy approach.

Taking the fuzzy approach as an example, the iterative solu-
tion algorithm proceeds as follows. After solving the optimization
problem, one obtains the deviations of the active and reactive
generations and demands as well as the deviations of the volt-
age magnitudes. This allows running a new AC Power Flow study
to update the operation point, linearizing again the non-linear
constraints and running again the optimization problem. The con-
vergence of this iterative process is evaluated comparing the
absolute value of the deviations of voltage magnitudes, phases and
active and reactive powers at the end of each iteration with spec-
ified tolerances. When the absolute value of all these deviations is
smaller than specified tolerances, we get the solution for the non-
linear problem. If convergence was not yet reached, the process gets
back in order to run a new power flow, to linearize again the non-
linear constraints and to solve again the linearized optimization
problem.
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Fig. 6. Scheme of the 55 node MV/LV test network.

5. Case study

5.1. System data

The developed models and the described solution algorithm
were tested using the 55 node MV/LV network presented in Fig. 6
[16]. This MV/LV network is connected through node 55 to an upper
level voltage network that is modeled by an equivalent genera-
tor, so that one can still consider situations in which part of the
demand of this MV/LV network is supplied by the rest of the sys-
tem. This network has small generation sources connected to nodes
13, 43 and 46–53. Tables 1 and 2 detail the data of this network.
Table 1 includes generator selling bids, namely the maximum avail-
able power, the bid power and the generation bid price and the
data to model the capability diagram of each generator, using the
model described in Section 3.2, together with the generator adjust-
ment price, CgA

i
, and the maximum power each generator admits

to change its initial schedule, vgtol
i

. Table 2 details the load buying

bids and the corresponding adjustment price, CdA
j
. The branch data

[16] can be obtained on request from the authors.
This network includes three capacitor banks connected to nodes

1, 5 and 43. The capacitor in node 1 has 2.0 Mvar, the one in node
5 has 0.5 Mvar, and the capacitor bank in node 43 has 0.5 Mvar.
Finally, the voltage magnitude limits were set at 0.97 and 1.03 pu.

5.2. Initial Market Operator schedule

As indicated in the operation cycle detailed in Section 3.1, the
buying and selling bids are sent to the Market Operator that runs
an uniform price auction, ordering the selling bids by the ascending
order of the bid price and the buying bids by the descending order
of the bid price. Using this auction, it is obtained the market clearing
price and the accepted buying and selling bids. Let us admit that the
generation and demand purely economic schedule corresponds to
the powers indicated in Table 3 and that the market price, �MO, is
40.8 D /MWh.

Table 1
Generator selling bids, data to model the capability diagram of the generators and adjustment bids.

bus i Pgbid
i

Cgbid
i

Pgmax
i

Qgmax
i

Qga
i

Qgb
i

Qgmin
i

vgtol
i

CgA
i

MW D /MWh MW Mvar Mvar Mvar Mvar % D /MWh

13 0.40 16.0 0.40 0.50 0.50 −0.50 −0.50 100 160.0
43 1.50 16.0 1.50 1.00 1.00 −0.50 −0.50 100 160.0
46 0.70 16.0 0.70 0.50 0.50 −0.50 −0.50 100 120.0
47 0.10 60.0 0.10 0.01 0.01 −0.01 −0.01 100 144.0
48 0.80 24.0 0.80 0.30 0.30 −0.30 −0.30 100 80.0
49 0.25 32.0 0.25 0.10 0.10 −0.10 −0.10 100 80.0
50 0.25 24.0 0.25 0.10 0.10 −0.10 −0.10 100 80.0
51 0.25 28.0 0.25 0.10 0.10 −0.10 −0.10 100 80.0
52 0.25 32.0 0.25 0.10 0.10 −0.10 −0.10 100 80.0
53 0.25 16.0 0.25 0.10 0.10 −0.10 −0.10 100 80.0
55 7.00 40.8 7.00 2.50 2.50 −2.50 −2.50 20 80.0
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Table 2
Buying and adjustment bids of loads.

bus i Pdbid
i

Qdi Cdbid
j

CdA
j

MW Mvar D /MWh D /MWh

13 0.900 0.436 48.0 304.0
14 0.838 0.275 41.6 312.0
15 0.838 0.275 44.0 336.0
16 0.419 0.138 42.4 320.0
17 0.419 0.138 43.2 352.0
18 0.838 0.275 48.0 368.0
19 0.838 0.275 64.0 352.0
20 0.419 0.138 56.0 328.0
36 0.216 0.105 48.0 312.0
37 0.135 0.065 43.2 304.0
38 0.135 0.065 41.6 344.0
39 0.086 0.042 48.0 368.0
40 0.216 0.105 44.0 432.0
41 0.135 0.065 48.0 408.0
42 0.086 0.042 44.8 312.0
44 0.135 0.065 48.0 320.0
45 0.086 0.042 56.0 336.0

5.3. Case 1 – base demand – crisp approach

In the first place, we used Model 1 considering the demand indi-
cated in Table 2 and the schedule obtained by the Market Operator
in Table 3. In one simulation we considered that the breaker in
branch 11–12 of Fig. 6 was opened and in other one that it was
closed, namely to simulate an MV network in an urban area. In
both cases, the network is operating well below its limits, namely
in terms of voltage magnitudes and branch flows. This means that
in both cases the �PgA

i
and the �PdA

j
variables are zero meaning

that it not necessary to change the initial Market Operator schedule
due to operation or security reasons. Regarding the �PgL

i
variables

representing the contribution of each generator to balance branch
losses, these variables are all zero except for node 47. When the
breaker is opened this variable takes the value of 0.028 MW and
when it is closed it assumes the value of 0.026 MW. This means that,
in both cases, branch losses are balanced in a single node, node 47.

Table 3
Initial Market Operator schedule.

bus i Pgi Pdi

MW MW

13 0.40 0.900
14 – 0.838
15 – 0.838
16 – 0.419
17 – 0.419
18 – 0.838
19 – 0.838
20 – 0.419
36 – 0.216
37 – 0.135
38 – 0.135
39 – 0.086
40 – 0.216
41 – 0.135
42 – 0.086
43 1.50 –
44 – 0.135
45 – 0.086
46 0.70 –
47 0 –
48 0.80 –
49 0.25 –
50 0.25 –
51 0.25 –
52 0.25 –
53 0.25 –
55 2.089 –

When the breaker is opened, the objective function has the value
of 1.142 D /h and it is only due to the value of the generated power
required to balance branch losses. This means that in terms of the
objective function (3), the second and the third terms are zero and
the value just mentioned results from multiplying the amount of
losses (0.028 MW) by the market price, �MO, that is by 40.8 D /MWh.

If Model 2 was used, we would have obtained the same opera-
tion point since for this load level there are no violations of voltage
magnitude or branch flow crisp limits. This means that the tol-
erances admitted in the scope of the Fuzzy Linear Programming
model would not be used.

5.4. Case 2 – results with demand increased by 30%

5.4.1. Results using model 1 – crisp approach
In this case, the two models were tested admitting that the load

in all nodes was increased by 30% to get a more stressed operation
situation. Fig. 7 and Table 4 detail the final solution obtained with
Model 1 regarding voltage magnitudes and the final dispatch.

As indicated in Table 4 and differently from what occurred in
Case 1, in this case the �PgA

i
variables for generators in nodes 46, 48,

52, 53 and 55 have negative values in the final dispatch. This means
that the final dispatched powers of the generators in these nodes
are more reduced regarding the initially scheduled values. Regard-
ing the loads, the value obtained for the �PdA

j
variable in node 13 is

−0.342 MW indicating there was load curtailment. This curtailment
is explained because the apparent power flow in branch 1–2 rose in
this case to 3.5 MVA (3.450 MW and 0.587 Mvar) due to the increase
of the loads by 30% and this value corresponds to the limit specified
for this flow. This prevents transmitting more power to the feeder
supplying nodes 2–6, 12 and 13 so that the load connected to node
13 is curtailed by 0.342 MW.

In this case, branch losses are 0.035 MW and their compensation
is distributed by nodes 47 and 55 as indicated in Table 4, regard-
ing the values obtained for the �PgL

i
variables. Part of the power

required to balance active losses internal to the MicroGrid is sup-
plied by the upper level voltage network through node 55. On the
other hand, the capacitors connected to nodes 1 and 5 generate
1.959 and 0.5 MVar, respectively.

The final value of the objective function is 133.76 D /h. This value
is much larger than the values obtained for Case 1. This is explained
by the use of adjustment bids both for the load in bus 13 and for
the five generators mentioned above. This means that in the objec-
tive function (3) the three terms are now non-zero. The first one
is associated with the power required to balance branch losses
and it takes the value of 0.035 MW multiplied by the market price.
The second term is associated with generation adjustments and it
results from the multiplication of the values of the �PgA

i
variables

obtained for nodes 46, 48, 52, 53 and 55 by the adjustment prices
CgA

i
in Table 1 for each of these nodes. The third term is associated

with load curtailments and, in this case, it comes from multiplying
the load curtailment in node 13, 0.342 MW, by the adjustment price
for this node, that is by 304.0 D /MWh, as indicated in Table 2. The
contribution of this third term in (3) is dominant since it assumes
the value of 103.97 D /h out of the 133.76 D /h which means that the
curtailment of load in node 13 is responsible for about 77% of the
final value of the objective function.

Finally, Fig. 7 shows the voltage profile obtained for Case 2 –
Model 1 indicating that voltages are constrained by the rigid limit of
1.03 pu. This graph shows that this crisp limit is reached for several
nodes, namely for buses 33, 46 and 48–55.

5.4.2. Results using Model 2 – Fuzzy approach
Finally, we used Model 2 admitting the mentioned 30% load

increase and using the following parameters:
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Fig. 7. Case 2 – voltage profiles obtained with Models 1 and 2.

- FOdes = 104.0 D /h and ıFO = 56.0 D /h;
- ıVmin = 0.02 pu and ıVmax = 0.02 pu;
- ıSij

ij
= 10%.

Taking the case of branch 1–2 as an example and using a mem-
bership function as the one illustrated in Fig. 3, if the apparent
power flow in branch 1–2 is not larger than 3.5 MVA the corre-
sponding membership function is 1.0, meaning that the crisp limit
is not exceeded. However, it is admitted a tolerance of 10% on this
crisp limit, meaning that the apparent power flow in this branch
can go till 3.85 MVA but the corresponding membership degree
decreases from 1 to 0 when going from 3.5 to 3.85 MVA. Having
this in mind, Fig. 7 and Table 5 present the results obtained for this
case using Model 2, namely the voltage magnitudes and the final
generation and load dispatch. The capacitors connected to nodes 1
and 5 generate 2.0 and 0.5 Mvar.

These results deserve the following comments:

- in the first place, it should be mentioned that �PgA
i

variables
related with nodes 52 and 53 are negative meaning that the ini-
tial generation values in these two buses are decreased in the final
dispatch. In any case, the global generation reduction obtained in
this simulation is 0.290 MW while using Model 1 the global gen-
eration reduction in buses 46, 48, 42, 53 and 55 was 0.342 MW.
These values correspond to the addition of the values of the �PgA

i
in Tables 4 and 5, respectively;

- secondly, it should be mentioned that there is still load cur-
tailment in node 13. The load in this node is now curtailed by
0.290 MW and this amount matches the generation reduction
indicated above. The load curtailment obtained with this simula-
tion is more reduced when compared with the load curtailment
obtained with Model 1, 0.342 MW;

Table 4
Case 2 – Model 1 – final generation and load dispatch.

bus i �PgL
i

�PgA
i

Pgi Qgi �PdA
i

Pdi Qdi

MW MW MW Mvar MW MW Mvar

13 0 0 0.4 0.5 −0.342 0.828 0.401
14 – – – – 0 1.089 0.358
15 – – – – 0 1.089 0.358
16 – – – – 0 0.545 0.179
17 – – – – 0 0.545 0.179
18 – – – – 0 1.089 0.358
19 – – – – 0 1.089 0.358
20 – – – – 0 0.545 0.179
36 – – – – 0 0.281 0.136
37 – – – – 0 0.176 0.085
38 – – – – 0 0.176 0.085
39 – – – – 0 0.112 0.054
40 – – – – 0 0.281 0.136
41 – – – – 0 0.176 0.085
42 – – – – 0 0.112 0.054
43 0 0 1.5 −0.422 – – –
44 – – – – 0 0.176 0.085
45 – – – – 0 0.112 0.054
46 0 −0.025 0.675 0.124 – – –
47 0.034 0 0.034 −0.004 – – –
48 0 −0.002 0.798 0.262 – – –
49 0 0 0.25 0.04 – – –
50 0 0 0.25 0.034 – – –
51 0 0 0.25 0.034 – – –
52 0 −0.069 0.181 0.049 – – –
53 0 −0.240 0.01 0.043 – – –
55 0.001 −0.005 4.109 0.449 – – –
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Table 5
Case 2 – Model 2 – final generation and load dispatch.

bus i �PgL
i

�PgA
i

Pgi Qgi �PdA
i

Pdi Qdi

MW MW MW Mvar MW MW Mvar

13 0 0 0.4 0.5 −0.290 0.88 0.426
14 – – – – 0 1.089 0.358
15 – – – – 0 1.089 0.358
16 – – – – 0 0.545 0.179
17 – – – – 0 0.545 0.179
18 – – – – 0 1.089 0.358
19 – – – – 0 1.089 0.358
20 – – – – 0 0.545 0.179
36 – – – – 0 0.281 0.136
37 – – – – 0 0.176 0.085
38 – – – – 0 0.176 0.085
39 – – – – 0 0.112 0.054
40 – – – – 0 0.281 0.136
41 – – – – 0 0.176 0.085
42 – – – – 0 0.112 0.054
43 0 0 1.5 −0.468 – – –
44 – – – – 0 0.176 0.085
45 – – – – 0 0.112 0.054
46 0 0 0.7 0.115 – – –
47 0.037 0 0.037 0.01 – – –
48 0 0 0.8 0.275 – – –
49 0 0 0.25 0.038 – – –
50 0 0 0.25 0.033 – – –
51 0 0 0.25 0.033 – – –
52 0 −0.040 0.21 0.048 – – –
53 0 −0.250 0 0.045 – – –
55 0 0 4.113 0.464 – – –

- the reduction of load curtailment by about 15% is due to the
more flexible operation implicit to the Fuzzy model, namely when
using soft constraints to model branch flow limits. In fact, we are
now admitting that the apparent flow in branch 1–2 can exceed
the crisp limit adopted in Model 1 (3.5 MW) by 10%. This allows
increasing the apparent flow in branch 1–2, so that more power
is transmitted to the feeder on the left of the scheme in Fig. 6,
increasing the power supplied to node 13 and reducing load cur-
tailment;

- branch losses marginally increase to 0.037 MW regarding the
value obtained with Model 1. This is explained by the increase in
the supplied demand and also given the corresponding increase
of generated power inside the network. In this case, the power
required to balance branch losses is balanced in node 47, accord-
ing to the value of the �PgL

i
variables indicated in Table 5;

- it should be mentioned that the objective function of the Fuzzy
Linear Programming problem (20), the global satisfaction degree,
takes the value 0.840. This value is strongly determined by
the apparent power flow limit constraint for branch 1–2. The
final value of the apparent power in this branch is 3.56 MVA
(3.502 MW and 0.615 Mvar). The membership value associated to
3.56 MVA is read in the membership function of this flow and it is
0.840;

- this means that it is not fully used the tolerance of 10% admitted
for this apparent power flow. The more extensive use of this tol-
erance is prevented by other constraints in Model 2, namely the
voltage limit constraints. Looking at Fig. 7, there are a number
of nodes in which the voltage magnitude is larger than the crisp
limit of 1.03 pu used in Model 1. In this case, we admitted a toler-
ance of 0.02 pu meaning that voltages could go till 1.05 pu. From
Fig. 7, the voltage magnitudes in nodes 1, 33 and 46–55 partially
use this tolerance;

- finally, the reduction by 15% of the load curtailment already men-
tioned is the main responsible for the reduction of the FO value
in constraint (21) corresponding to the objective function (3) of
the original crisp problem. This value is now 112.96 D /h which
represents a reduction of 15% regarding the value of 133.76 D /h
obtained with Model 1.

6. Conclusions

MicroGrids correspond to a new paradigm of distribution net-
works but they still face a large number of challenges. This paper
was prepared as a result of the research developed in INESC Porto
in the framework of a EU financed project in which some of these
difficulties are addressed. The models described in this paper are
able to include micro-sources and MicroGrid demand in a more
natural way in electricity markets, admitting that the MicroGrid
Central Controller has large responsibilities both regarding market
issues (when interfacing with the Market Operator) and technical
issues (when acting as the MicroGrid operator and interfacing with
the DMS system of the upwards network). The described models
enable MicroGrid agents to participate more actively in the elec-
tricity market, transmitting their bids to the day-ahead market and
inducing their participation in a secondary adjustment market to
assign ancillary services as reactive power/voltage control, active
power to balance branch losses and demand curtailment. The provi-
sion of these services by MicroGrid agents will create a new flow of
money and will eventually make it possible to eliminate the feed-in
tariffs currently existing in several countries to pay renewable gen-
eration, given that they are responsible for an increasing share of
the final end user tariffs. As a whole, these models were designed to
give a further step to reach the objective initially stated – contribute
to the development of the MicroGrid concept and to its widespread
in the next years.
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