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In  this  paper,  a  proposal  for  an  ancillary  services  (AS)  market  framework  addressing  voltage  control
in multi-microgrid  systems  is presented.  This  var market  proposal  for MV  distribution  systems  can  be
adopted  to involve  Distributed  Generation  (DG)  units  and microgrids  in  AS  provision.  In the  approach
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that  was  developed  each  player  is  given  the  opportunity  to submit  its bid  to the  var  market  and  the
market  settlement  is  performed  using  an  Optimal  Power  Flow  (OPF)  formulation  in  order  to  minimize
the  price  of reactive  power  purchased  by  the  Distribution  System  Operator  (DSO).  This  market  is based
on  var  capacity  use  and  runs  daily  after  the scheduling  of  the  generation  units  for  a  period  of operation
of  one  day.
icrogrids

. Introduction

During the last decades, the restructuring of the electric power
ndustry has caused a shift in paradigm in terms of operation
hilosophy and control strategies. Certain activities that were pre-
iously considered part of the integrated electricity supply (such
s voltage control and frequency control) are now regarded as sep-
rate services and often independently managed and accounted
or [1].  These services are called AS and are essential in order
o support the transmission of electric power from generation to
onsumption while meeting safety, security and reliability require-
ents. In the future AS provision should involve also the DSO and

he distribution system, namely to deal with local AS, in addi-
ion to the Transmission System Operator and the transmission
nfrastructure.

On the other hand, electricity supply is expected to become
ncreasingly dependent on DG and, particularly, on RES. Presently,

ost DG units are limited to injecting power into the distribution
ystem and are not involved in network operation, especially those
ased on intermittent sources such as Photo-Voltaic (PV) and wind
eneration. The main drawbacks usually pointed out for rejecting
G participation in network operation are its relatively small size,

nreliability and costly operation although some recent studies
end to contradict these views [2].  However, by aggregating some
f these resources, it is possible to create larger market players,
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which can help mitigating many of their apparent disadvantages
[3]. Through the Virtual Power Plant (VPP) concept, aggregated DG
units and loads may  be able to participate in electricity markets
and provide AS. In this context, the microgrid and multi-microgrid
concepts may  be exploited.

In this context, competitive markets opened to DER participa-
tion for providing both energy and AS should be encouraged since
they may  contribute to improve overall efficiency and facilitate
competition between all players in the electrical power system.
In particular, AS markets are regarded as a great opportunity for
both DG and microgrids, especially for voltage control and reserve
provision [3,4].

Under a competitive framework, a market proposal for reactive
power use is presented in the following sections, based on a day-
ahead market following the dispatch of generation units.

2. Multi-microgrid control and management architecture

The new operation paradigm in electrical power systems
involves a growing penetration of microgeneration in LV networks
based on the development and extension of the microgrid concept
[5]. Furthermore, MV  distribution grids of the future will include a
massive penetration of DG and microgrids (which can operate as
active cells) that should be managed under a coordinated and hier-
archical control approach. This new type of system will be referred
to in this paper as the multi-microgrid system.
Therefore, the concept of multi-microgrids consists of a high-
level structure, formed at the MV  level, consisting of LV microgrids
and DG units directly connected to the MV level on several adja-
cent feeders [6].  For the purpose of grid control and management,

dx.doi.org/10.1016/j.epsr.2011.12.016
http://www.sciencedirect.com/science/journal/03787796
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ket settlement, the bids from the several var sources are sorted in
Fig. 1. Control and management a

icrogrids, DG units and MV  loads under active Demand Side
anagement control can be considered as active cells in this new

ype of power system.
An effective management of this type of system requires the

evelopment of a hierarchical control architecture, where inter-
ediary control will be exercised by a new controller – the Central
utonomous Management Controller (CAMC) – to be installed at

he MV bus level of a HV/MV substation, under the responsibility
f the DSO, which will be in charge of each multi-microgrid system
6]. The CAMC will behave like a small Distribution Management
ystem (DMS) able to tackle the scheduling problem of generating
nits (namely DG sources) and other control devices. The architec-
ure of this type of system is presented in Fig. 1. This approach was
roposed within the framework of EU project More MicroGrids [7].

In this context, the deployment and exploitation of a commu-
ication infrastructure as a means of achieving full observability of
he distribution network is crucial. This may  be achieved by exploit-
ng a smart metering infrastructure, which will allow coordinated
nd integrated management of individual active cells for managing
he distribution network efficiently.
Consequently, from the multi-microgrid system perspective, the
oordination of multiple microgrids and other DG sources and loads
t the MV  level can be attained by exploiting the VPP concept: by
ggregating components and operating as VPPs, microgrids are able
cture of a multi-microgrid system.

to bid and offer not only energy but also AS to the external power
system through the corresponding MicroGrid Central Controller
(MGCC) [6].

3. Market proposal for voltage control

For the model proposed in this paper, the main product of the AS
market for voltage control is var utilization. In this case the DSO will
run an AS market for voltage control for the distribution system that
accommodates the var bids from the several players and distributes
the var needs among them in order to satisfy the reactive power
requirements in normal operation conditions. The proposal is based
on a day-ahead AS market for voltage control. This market should
run after the scheduling of the main generation units and be based
on forecast data for RES production and load consumption for the
next period of operation.

In this model, the DSO will act as the sole buyer of var and is
responsible for the market settlement. In order to achieve the mar-
order to meet the requirements for reactive power demand for each
hour of the period of operation considered (which should be set by
the DSO), subject to several technical and operational constraints.
This procedure is illustrated in Fig. 2.
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Fig. 2. Day-ahead market structure for voltage control for each hour.

.1. Mathematical formulation

The proposed procedure for achieving the market settlement
s based on an OPF-like routine that defines the cleared bids from

arket players, according to the formulation shown below.

in

M∑

j=1

pbid
j (3-1)

ubject to

G
i − PL

i =
N∑

k=1

Vi · Vk · (Gik · cos �ik + Bik · sin �ik) (3-2)

G
i − Q L

i =
N∑

k=1

Vi · Vk · (Gik · sin �ik − Bik · cos �ik) (3-3)

G
i =

M∑

j=1

Q bid
ij +

M∑

j=1

Qij (3-4)

ik ≤ Smax
ik (3-5)

min
i ≤ Vi ≤ Vmax

i (3-6)

min
i ≤ Q G

i ≤ Q max
i (3-7)

here pbid
j

is the price of the reactive power bid from unit j; PG
i

,
L
i

is the active power generation/consumption at bus i, respec-
ively; Vi is the voltage at bus i; Gik is the real part of the element
n the Admittance Matrix (Ybus) corresponding to the ith row and
th column; Bik is the imaginary part of the element in the Ybus cor-
esponding to the ith row and kth column; �ik is the difference in
oltage angle between the ith and kth buses; Q G

i
, Q L

i
is the reactive

ower generation/consumption at bus i, respectively; Q bid
ij

is the
eactive power generation corresponding to the bid of unit j at bus
; Qij is the reactive power generation of unit j at bus i not offered to
he var market; Sik is the apparent power flow in branch ik; Smax

ik
is

he maximum apparent power flows in branch ik; Vi is the voltage
t bus i; Vmin

i
, Vmax

i
is the minimum and maximum voltage at bus

, respectively; Q G
i

is the reactive power generation at bus i; Q min
i

,
max
i

is the minimum and maximum reactive power generation at
us i, respectively.

The main goal from the DSO perspective is to minimize the pur-

hases of var capacity, considering certain operational and security
riteria. The main equality constraints considered in Eqs. (3-2)–(3-
) are related to the non-linear active power balance equations and
eactive power balance equations. The inequality constraint shown
Power Systems Research 86 (2012) 1– 7 3

in Eq. (3-5) is related to apparent power flow limits of branches and
the constraints in Eqs. (3-6) and (3-7) concern other technical and
operational limits such as bus voltage limits and reactive power
generation limits.

3.2. Market players

Several different players may  wish to access the var market.
DG units directly connected to the MV  level of the distribution
system may  wish to bid their reactive power generation capac-
ity or, alternatively, some of the reactive power required by the
DSO may  be bought from the upstream HV distribution network.
Microgrids may  also bid to this market through the corresponding
MGCC, which acts as an aggregator of microsource capacities and
collects the offers from the several microgeneration units within
the microgrid.

Therefore, the main var supplying sources, which can be con-
sidered as control variables in this formulation, are:

• HV network (if available);
• MV-connected DG units;
• Microgrids.

The several players that wish to participate in the AS market
for voltage control must provide their bids to the DSO, which is
in charge of market settlement. The players willing to enter the
var market can organize their bids in blocks: each pre-determined
amount of reactive power (in Mvar) at a rated price for each of the
24 h of the next day.

4. Development of the approach

A general overview of the proposal developed in this thesis is
shown in Fig. 3. First of all, the var sources participating in the mar-
ket (var suppliers in Fig. 3) should be identified and present their
bids (var bids in Fig. 3) to the DSO, which is in charge of the var mar-
ket settlement. The DSO is also responsible for establishing the var
demand. Consequently, the scenarios for the day-ahead AS market
are defined based on load and RES forecasts and on the generation
scheduling. Prior to the AS market, all generators should have com-
municated their availability and active power generation levels to
the DSO, regardless of them participating in the market or having
feed-in tariffs. Considering all var bids presented by the market
players and the var demand set by the DSO enables the market set-
tlement by running the OPF-like algorithm presented in Section 3.1
for the 24-h of the next day.

If for any reason the generation scheduling from the previous
day is not feasible, it is assumed that an intra-day corrective market
mechanism be activated in order to compensate the deviations that
have occurred.

The result of the market settlement (through the OPF-like rou-
tine) is a set of cleared bids for the selected market players and a
market price defined as the value of the bid corresponding to the
marginal unit. This market price is the uniform price that is due for
all market players.

The AS market for voltage control as proposed here is assumed
to be a functionality to be included in the CAMC, which is in charge
of the multi-microgrid system as seen in Section 2.

4.1. Microgrid policies

As previously seen, a microgrid may participate in both energy

and ancillary services market through the corresponding MGCC,
which will serve as an aggregator of the bids from the DER  (includ-
ing responsive loads, microgenerators and storage devices) located
in the LV network.
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In [8],  Saraiva and Ribeiro present an approach to schedule
icrogeneration and validate the dispatch from a technical point

f view using a linearized optimization problem. In this paper, the
uthors propose three possible approaches for economic schedul-
ng: (1) legal enforcement, where it is legally imposed that all power
rom microsources must be accepted by the distribution system and
emunerated according to a pre-specified tariff (feed-in tariff); (2)
ignal approach, where there is an initial dispatch by the wholesale
arket operator without microgeneration contribution (validated

y the DSO) and afterwards the MGCCs proposes to replace some
eneration from traditional power stations adjusting the day-ahead
ispatch; (3) the MGCC is considered as a market agent that collects
C and LC bids and receives information about the market clearing

rice and dispatched quantities.
According to the latter approach, the microgrid operates sim-

larly to a VPP and the MGCC acts as an aggregator that collects
ids and offers from the several microgenerators and loads under

ts control.
Market participation of microgrids exploits the hierarchical

ontrol structure inherent to the microgrid concept. In order to
etermine the possible contribution to the requested service by
icrogrids, two microgrid market policies may  be envisioned [9]:

“Good-citizen” – the microgrid serves only its own  consumers,
requesting zero reactive power from the grid.
“Ideal-citizen” – the microgrid participates in the market by buy-
ing and selling active and reactive power from/to the grid.

Considering the “good-citizen” policy, the MGCC tries to meet
he active power demand according to market prices and produc-
ion costs. High market prices usually mean that there is peak
emand at the whole grid. Due to the high prices, it is beneficial for
icrosources to produce energy in order to minimize the overall

ost of microgrid operation. On the other hand, the microgrid tries
o maintain zero reactive power demand from the grid, if possible.
The term “good-citizen” is used because the distribution grid is
ot burdened by the reactive power demand of the microgrid and at
he time of the peak demand and high prices, the microgrid relieves
ossible network congestion by supplying some of its own  energy
r market proposal.

needs. This means that, according to this policy, the microgrid is
able to behave like a controllable load.

The “ideal-citizen” policy assumes that the microgrid serves its
own needs, but it is also able to participate in the market by pre-
senting bids through an aggregator. The MGCC tries to maximize
the value of the microgrid by maximizing the gains from the power
exchange with the grid. Consequently, the ideal-citizen policy fully
enables the provision of ancillary services to the main distribution
system.

5. Test network

A study-case MV  test network, using real data, developed within
the framework of the More MicroGrids project was used in this
paper [10]. This test network is shown in Fig. 4 and contains
several MV-connected DG sources namely a Diesel generator, a
Doubly-Fed Induction Generator based (DFIG) wind farm, a Hydro
asynchronous unit and a Combined Heat and Power (CHP) syn-
chronous unit.

Several LV networks are connected to this MV network including
five “active” networks – microgrids. The microgrids were mod-
elled as an equivalent load (corresponding to the sum of all LV
loads) and an equivalent generator (corresponding to the sum of
all microgeneration units), as can be seen in Fig. 4. It is assumed
that these microgrids have a combination of different types of
microgenerators, both controllable (such as microturbines) and
non-controllable (such as PV), in order to ensure that some reac-
tive power can be injected into the main MV  network. The data
regarding the test system used can be provided upon request.

6. Results

The market simulator for ancillary services addressing voltage
control has been developed in the MATLAB© environment using the
base OPF solver from MATPOWER© [11] with some modifications.

Several simulations have been performed using the test network
presented. In this section, a scenario for the peak hour (correspond-
ing to the highest demand for energy) is presented for illustrating
the performance of the ancillary services market simulator.
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Tables 4 and 5 show the var bids and prices after the market
settlement considering the “good-citizen” and the “ideal-citizen”
policies, respectively.
Fig. 4. MV

In this case the var suppliers bidding to the market are the 4
V-connected DG sources (the CHP unit, the DFIG unit, the Diesel

nit and the Hydro unit) and the 5 microgrids, as shown in Fig. 4.
espite the fact that the prices used for the var bids from the several
nits are not real prices, the price paid for reactive power supply
or DG units in Portugal was considered as reference, which was
round 16D/Mvar h for the year of 2009 [12]. Hence, the prices of the
ids were defined with values around this reference by introducing
ome variations according to the type of generator and the amount
f reactive energy required.

In this case, all generators have already provided their expected
ctive power generation levels to the DSO and the scheduling for
ctive power is assumed to have been defined by the DSO with
uccess for all generating units (including RES, based on the results
rom forecast modules) for the following operating period. The gen-
ration scheduling results are presented in Table 1.
The reactive power bids from the several participants in the
ncillary services market for voltage control considering both the
good-citizen” and “ideal-citizen” microgrid policies are presented
n Tables 2 and 3, respectively.

able 1
eneration scheduling for the peak hour.

Generation unit P [MW]

CHP 1.839
Hydro 0.425
DFIG 1.313
Diesel 1.288
HV network 0.628
Microgrid 1 0.250
Microgrid 2 0.250
Microgrid 3 0.250
Microgrid 4 0.250
Microgrid 5 0.250

Total 6.743
network.

Figs. 5 and 6 show the evolution of the cleared bids towards
market settlement considering the “good-citizen” and the “ideal-
citizen” policies, respectively. It can be observed that there were
different closing prices for the market settlement concerning the
microgrid policy used. In this case, the “ideal-citizen” policy corre-
sponded to a lower price (19D/Mvar h in opposition to 21D/Mvar h
for the “good-citizen” policy) for the DSO in order to ensure the
required var demand.

The selected var bids per technology are presented in Fig. 7, com-
paring the “good-citizen” and the “ideal-citizen” policies. As can be
observed, considering the “ideal-citizen” policy, the microgrids are
able to bid reactive power to the market and, consequently, there
is no need to import reactive power from the upstream network.
Table 2
Reactive power bids for the var market (“good-citizen”) for the peak hour.

Generation unit Block number Quantity [Mvar h] Price [D/Mvar h]

CHP 1 0.19 16.00
2  0.27 17.00
3  0.27 18.00

Hydro 1  0.02 18.00
2 0.03 19.00
3  0.03 20.00

DFIG 1  0.06 17.00
2  0.10 18.00
3  0.10 19.00

Diesel 1  0.10 16.00
2  0.20 17.00
3  0.20 18.00

HV  network 1 2.00 21.00
2  2.00 21.00
3 2.00 21.00
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Table  3
Reactive power bids for the var market (“ideal-citizen”) for the peak hour.

Generation unit Block number Quantity [Mvar h] Price [D/Mvar h]

CHP 1 0.19 16.00
2 0.27 17.00
3 0.27 18.00

Hydro 1  0.02 18.00
2  0.03 19.00
3  0.03 20.00

DFIG 1  0.06 17.00
2 0.10 18.00
3 0.10 19.00

Diesel 1  0.10 16.00
2  0.20 17.00
3  0.20 18.00

HV  network 1 2.00 21.00
2 2.00 21.00
3  2.00 21.00

Microgrid 1 1 0.05 15.00
Microgrid 2 1 0.05 15.00
Microgrid 3 1 0.05 15.00
Microgrid 4 1 0.05 15.00
Microgrid 5 1 0.05 15.00
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Fig. 5. Results from the market settlement (“good-citizen” policy) for the peak hour.
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Fig. 6. Results from the market settlement (“ideal-citizen” policy) for the peak hour.

Table 4
Bids and prices (“good-citizen”) for the peak hour.

Generation unit Q [Mvar] Price [D/Mvar h] Cost [D]

CHP 0.730 21.00 15.330
Hydro 0.080 21.00 1.680
DFIG 0.260 21.00 5.460
Diesel 0.500 21.00 10.500
HV  network 0.114 21.00 2.384

Total 1.684 – 35.354
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Fig. 7. Selected bids (“good-citizen” policy vs. “ideal-citizen” policy) for the peak
hour.

Table 5
Bids and prices (“ideal-citizen”) for the peak hour.

Generation unit Q [Mvar] Price [D/Mvar h] Cost [D]

CHP 0.730 19.00 13.870
Hydro 0.033 19.00 0.628
DFIG 0.170 19.00 3.237
Diesel 0.500 19.00 9.500
Microgrid 1 0.05 19.00 0.950
Microgrid 2 0.05 19.00 0.950
Microgrid 3 0.05 19.00 0.950
Microgrid 4 0.05 19.00 0.950
Microgrid 5 0.05 19.00 0.950
Total 1.683 – 31.984

From the previous tables it can be seen that there is a small
advantage in terms of costs for the DSO in terms of price of the
reactive power bids submitted by the DG units and microgrids for
the “ideal-citizen” policy compared to the “good-citizen” policy.

7. Conclusions

The participation of DG in network operation, especially by pro-
viding ancillary services such as voltage support, will be one of
the key drivers for fostering the integration of DER in electrical
distribution systems.

A proposal for a local ancillary services market for voltage con-
trol has been developed based on a daily market for var capacity
use. An innovative contribution of this research is that the main
providers of the service can be both DG units and microgrids.

Considering the architecture of multi-microgrid systems pre-
sented, a microgrid can be operated similarly to a VPP from the MV
distribution system point of view, where the MGCC will act as an
aggregator collecting bids from several DER connected to the LV
network.

Regarding ancillary services provision for voltage control, an
optimization formulation is used to select efficiently the reactive
power bids based on an OPF-like routine. The main objective of
this optimization problem is to minimize costs associated with the
purchase of reactive power capacity by the DSO subject to technical
and operational constraints. The results from the OPF provide the
market settlement and define the cleared bids and corresponding
market price.

Two policies for microgrid market participation can be envi-

sioned: “good-citizen” and “ideal-citizen”. From the results
obtained, it was seen that the “ideal-citizen” policy for microgrids
is able to increase efficiency by avoiding the need for importing
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eactive power from the upstream HV network and take full profit
f the resources available locally.

The implementation of this proposal in a real environment will
equire operational changes regarding the coordination of protec-
ion systems as well as the development of new tools for DMS
nvironments. Furthermore, regulatory and commercial issues
ust also be effectively tackled.
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