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H I G H L I G H T S

• A cooperative control for reserve management of isolated microgrids is developed.

• The methodology is based on the sensitivity theory involving the Lyapunov theorem.

• It is aimed at maximizing the overall spinning reserve of an isolated microgrid.

• It is used in the real-time to alleviate the regulation burden of the master unit.

• Test results demonstrated the controller’s ability to be self-adaptive.
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A B S T R A C T

The purpose of this paper is to examine how a coordinated control strategy for managing the active power
reserve in isolated microgrids is presented. This methodology can be applied in those microgrids where a spe-
cified generator assumes the role of the isochronous generator for the overall system. The derived algorithm
evaluates control actions in the on-line environment by solving a constrained dynamic optimization problem
aimed at maximizing the overall spinning reserve and, in particular, the reserve offered by the master unit
equipped with the isochronous governor controller. The solution of this problem is obtained by adopting the
direct Lyapunov theorem applied to the Sensitivity theory, ensuring the algorithm’s stability.

Tests performed on the experimental microgrid, which has been built at the Polytechnic University of Bari,
demonstrated the ability of the proposed methodology to share the regulation burden among all sources and
storage systems, establishing adequate reserve margins of the master unit.

1. Introduction

Microgrids are becoming more and more interesting due to their
ability to alleviate consequences of sudden grid outages, ensuring a reli-
able and uninterrupted energy supply by producing the required energy
for the overall system and related ancillary services. However, due to the
absence of the main grid support, the occurrence of power disturbances
may move these systems to an insecure operating point of the stability
region. This is much more likely to occur in microgrids having low or even
null inertia. The need of real-time control strategies able to maintain the
power balance at all times, has aroused the interest of many researchers in
developing several control solutions [1–8], a minimum cost control
strategy able to share the total load demand among all energy sources has
been developed by tuning the Distributed Generators (DG) droop gra-
dients, obtaining an optimal dispatch including non-programmable re-
newable energy sources. With the same aim, papers [9–13] suggest an
optimization problem based on the mixed integer linear programming
(MILP) method, whereas in [14] a multi-period gravitational search

algorithm (MGSA) is developed. Nonetheless, it is worth noting that most
commercially available inverters are not equipped with the droop control,
therefore the adoption of droop control strategies will require the devel-
opment of ad-hoc devices as is the case of the microgrids developed in
[15–19]. At this stage in the development of microgrids, the vast majority
of them are based on the master/slave controller [20–25]. In these mi-
crogrids the real-time power balancing is much more complex than droop-
controlled ones. In fact, as outlined in [25], in these microgrids the gen-
erating unit acting as the master generator may not have sufficient gen-
eration capacity to cover all possible unbalances that could occur within
the island. Therefore, a cooperative control strategy able to alleviate the
regulation burden of the master generator is needed. To comply with this
exigency, several control strategies have been developed in the last years.
In [26–28] the centralized control strategies are able to share the total load
demand among all microsources and storage devices which are suggested.
By these approaches, control actions are evaluated by adopting an eco-
nomic dispatch algorithm, considering all programmable as well as non-
programmable sources, storage devices and loads with their uncertainties
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and disturbances. Power reserve margins are treated as constraints of the
optimization problem by taking into account the day-ahead electricity
market and reserve costs [29–31]. Focusing on the optimization of the
spinning reserve of isolated microgrids, centralized controllers developed
in [32–41] share the control burden among all microsources by adopting
the Particle Swarm Optimization (PSO) algorithm based on the Monte
Carlo method [32], the Mixed-Integer Linear Programming (MILP) [33],
and the Conservative Power Theory [34–41].

Following the same aim, in this paper a real-time coordinated
control strategy able to ensure an adequate security level in an isolated
microgrid is proposed. Control actions are evaluated by solving a con-
strained dynamic optimization problem aimed at maximizing the
overall spinning reserve and, in particular, the reserve offered by the
master unit acting as the isochronous regulator. The solution of this
optimization problem is evaluated by adopting the direct Lyapunov
theorem applied to the Sensitivity theory, ensuring the algorithm’s
stability. The developed control strategy has been tested on the
Experimental Microgrid built at the Polytechnic University of Bari.

2. Reserve classification for master-slave based microgrids

When operated in the isolated mode, master-slave controlled mi-
crogrids need a generator or a storage device which will control the
voltage and the frequency, thus recovering any disturbance occurring
on the system according to its capability curve. The required regulating
power needs to be instantaneously provided by the master unit,
otherwise the system would collapse. For microgrids having minimal or
even null inertia, this phenomenon can be reached in tens of milli-
seconds. Hence, corrective control actions need to be promptly eval-
uated and applied in order to avoid the system blackout. This exigency
cannot be supplied with slave devices with their slow reserves.
Moreover, a practical communication system has latencies which are
too large for primary control. In a sense, for master-slave controlled
microgrids, the classification of the available reserve needs to be re-
vised accordingly. The spinning reserve can be divided into the “pri-
mary reserve”, which is then able to be developed in tens of milli-
seconds by the master unit, and the “secondary reserve”, with an action
ranging from seconds up to tens of seconds. Since the primary reserve is
managed by the isochronous regulator of the master unit, a reasonably
small frequency error will be produced until the generator has in-
sufficient reserve availability. Therefore, the secondary controller will
move power set-points of dispatchable generators and storage devices
in order to restore the fixed amount of the primary reserve of the master
controller.

The “stand-by” reserve will be constituted by all generating units
and storage devices which can be available in tens of seconds up to a
few minutes. Finally, the tertiary control level is aimed at performing
the optimal dispatch of energy sources as proposed in [42]. One of the
main necessities of the dispatch optimization performed at this control
level, is to comply with inequality constraints related to adequate levels
of reserve. For this reason, the solution of the optimization process will
be power set-points of energy sources taking into account security
margins for expected as well as unexpected contingencies.

3. Mathematical formulation of the cooperative control
methodology

The aim of this section is to formulate a cooperative control meth-
odology able to ensure adequate reserve margins in master-slave con-
trolled microgrids. In this way, the derived optimization methodology
will coordinate both primary and secondary reserves by controlling
energy resources. For this purpose, let us consider a microgrid based on
a master/slave controller consisting of = + + + +N n n n n1 G RES S L

nodes, having one master unit, nG dispatchable generators, nRES non-
dispatchable renewable sources, nS storage devices and nL loads. In
order to formulate the overall optimization problem, the following

basic elements of the procedure need to be defined.

3.1. The control variables

The variables that need to be adjusted in order to ensure a reliable
and secure operation of the isolated microgrid are defined as follows:

=u P Pt t t( ) [ ( ) ( )]G S
T (1)

where

- P t( )G is the nG-dimensional vector of powers of all dispatchable
generators involved in the reserve ancillary service.

- P t( )S is the nS-dimensional vector of powers at connection points of
all storage devices involved in the reserve ancillary service.

Apex T denotes the transpose operator.

3.2. The objective function

The optimization problem will consist in a concurrent optimization
aimed at maximizing the overall spinning reserve and it will be based
on the following four error functions.

3.2.1. Primary reserve error function
During the isolated operation of the microgrid, the master generator

will be called to increase or decrease its generated power output de-
pending on unbalances occurring on the microgrid. In order to avoid
possible violations of upper and lower power limits, its power output
will be kept as close as possible to the specified set-point, restoring as
much as possible the primary reserve of the master unit. With this aim,
we define the primary reserve control error eM

pry as the following scalar
function:

= −ue t P t P t( ( )) ( ) ( )M
pry

M M
set (2)

where P t( )M is the active power produced by the selected master unit
and P t( )M

set is its desired set-point.
Note that, in the master configuration, the isochronous regulator

operates in the V-f control mode and thus it cannot comply with active
power control signals coming from the secondary controller. As a
consequence, the active power provided by the master unit can be
regulated by managing the active powers provided by all other dis-
patchable sources distributed over the microgrid through the following
relationship:
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(3)

where

- P t( )G
i is the active power supplied by the generic i-th (for = …i n1, , G)

dispatchable unit;
- P t( )RES

j is the active power injected by the generic j-th (for
= …j n1, , RES) non-dispatchable RESs;

- P t( )S
h denotes the active power absorbed or injected by the generic

h-th (for = …h n1, , S) storage system;
- P t( )L

k is the active power required by the generic k-th (for = …k n1, , L)
load.

Substituting Eq. (3) into Eq. (2), the following primary reserve
control error, eM

pry, can be derived:
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(4)

With this assumption, Eq. (4) is a scalar function of the vector u t( ).
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3.2.2. Secondary reserve error function of dispatchable generators
The aim of this cost function is to keep the reserve power offered by

each dispatchable generator to be as close as possible to the set-point
value, in order to preserve the optimal condition deriving from the
tertiary control level.

For this purpose, the following nG-dimensional error vector can be
defined:

= −e u P Pt t t( ( )) ( ) ( )G
sec

G G
set (5)

where P t( )G
set is the nG-dimensional vector of power set points of all

dispatchable generators.

3.2.3. Secondary reserve error function of storages
Contrarily, from other generators, the reserve power of storage

devices can be significantly influenced by their State of Charge (SOC).
Indeed, the more the SOC is close to admissible limits, the less the re-
serve duration is. For this reason, storage devices need to be char-
acterized by their power reserve as well as their energy reserve. From a
mathematical point of view, this condition implies that the cost func-
tion associated to storage devices needs to be split into two compo-
nents. The first one is the power-related error function which can be
defined as:

= −e u P Pt t t( ( )) ( ) ( )S P
sec

S S
set

, (6)

where P t( )S
set is the nS-dimensional column vector of the specified set-

point values of all storage devices involved in the reserve ancillary
service. In order to maximize the reserve offered by storages, the ele-
ments of this vector are settled to zero.

The power produced or injected into a storage device can differ
from the power at its connection point due to losses on interfacing
devices. As a result of this, the SOC needs to be evaluated by con-
sidering the power actually absorbed or released by the storage device.
Losses on interfacing devices of storage can be represented by a sum of
no-load losses and current dependent losses reflecting joule effects as
follows:

= + ∘P P K P Pt diag t t( ) ( ) ( ) ( )S
Loss

S S S
0 (7)

where

- P t( )S
Loss is the nS-dimensional vector of power losses of storage de-

vices;
- PS

0 is the nS-dimensional vector of no-load power losses of storage
devices;

- K is a nS-dimensional column vector whose elements are positive
loss coefficients denoting the power dependent losses due to Joule
effects;

- ∘ denotes the element-by-element product operator.

Under these assumptions, the nS-dimensional vector of power pro-
duced or injected by storage devices, P t( )B , can be expressed as:

= +P P Pt t t( ) ( ) ( )B S S
loss (8)

Then, the SOC of storage devices can be defined as follows:

∫= −SOC Pt t dt( ) ( )S t

t
B0 (9)

where SOC t( )S is the nS-dimensional vector of SOCs of storage devices.
In order to maximize the duration of the reserve provided by storage

devices, their state of charge should be kept as close as possible to 50%
of the maximum capacity allowed. Therefore, the energy-related error
function can be derived as follows:

⎜ ⎟= ⎛
⎝

− − ⎞
⎠

e u SOC SOC SOCt t( ( )) ( )
2S SOC

sec
max min

,
(10)

where SOCmax and SOCmin are nS-dimensional vectors, which have
elements that represent the maximum and minimum State Of Charge
allowed for each storage device embedded into the microgrid.

3.3. The overall objective function

Based on the above assumptions, the overall + +n n(1 2 )G S -di-
mensional column vector of control errors can be formulated as follows:
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, (11)

With the aim to contemporaneously minimize the four types of er-
rors, the following performance index V u t( ( )) is defined:

V =u e u W e ut t t t t( ( )) 1
2

( ( ), ) ( ( ), )T
(12)

where W is a + + × + +n n n n[(1 2 ) (1 2 )]G s G s -dimensional symmetric
positive definite matrix, in which the coefficients weigh individual
components of the performance index with respect to the objective.

The optimization of the global multi-objective function (12) re-
quires that the following equality and inequality constraints are sa-
tisfied.

3.4. Equality constraint

3.4.1. Microgrid power balance constraint
The supply-demand balance equation can be stated as follows:

∑ ∑ ∑ ∑+ + + − =
= = = =

P t P t P t P t P t( ) ( ) ( ) ( ) ( ) 0M
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(13)

3.5. Inequality constraints

3.5.1. Power-related operating constraints
The active power of generators and storages are subject to the fol-

lowing inequality constraints:

⩽ ⩽
⩽ ⩽ = …

⩽ ⩽ = …

P P t P
P P t P i n

P P t P h n

( )
( ) 1, ,

( ) 1, ,

M min M M max

G min
i

G
i

G max
i

G

S min
h

S
h

S max
h

S

, ,

, ,

, , (14)

where PM min, and PM max, are the minimum and the maximum power
limits of the master unit; PG min

i
, and PG max

i
, are the minimum and the

maximum power limits of the generic i-th dispatchable generator; PS min
h
,

and PS max
h
, are the minimum and the maximum power limits of the

generic h-th storage system.

3.5.2. Energy-related operating constraints
In order to guarantee the operability of storage systems as reserve

power providers, their SOCs must be constrained to acceptable ranges:

⩽ ⩽ = …SOC SOC t SOC h n( ) 1, ,S min
h

S
h

S max
h

S, , (15)

where SOCS min
h
, and SOCS max

h
, are the minimum and the maximum SOC

limits of the generic h-th storage system.

3.6. The overall optimization problem

Looking at the above assumptions, the overall optimization problem
can be stated as follows:
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V = ⎛
⎝

⎞
⎠

u e u We umin t min t t( ( )) 1
2

( ( )) ( ( ))u u
T

(16)

subject to:
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⩽ ⩽ = …SOC SOC t SOC h n( ) 1, ,S min
h

S
h

S max
h

S, , (19)

4. The on-line algorithm

An approach for solving the problem stated in (16)–(19) consists in
developing a fictitious dynamic system, with state variables which are
represented by the defined control variables. The solution of the opti-
mization problem can be obtained by finding the equilibrium point (if
any) of this dynamic system.

To set up the dynamic model, we assume the performance index
defined in Eq. (12) to be a time dependent Lyapunov function. In actual
fact, noting is a quadratic form, this is an always semi-positive definite
function. Its time derivative will be:

V ⎜ ⎟= = ⎛
⎝

∂
∂

⎞
⎠

u e u W e u e u W e u
u

ut t t t t
t

ṫ ( ( )) ( ( )) ̇ ( ( )) ( ( )) ( ( ))
( )

̇ ( )T T

(20)

According to the Lyapunov theory, if the time derivative of V u t( ( )),
V u ṫ ( ( ))can be made negative semidefinite, the existence of an equili-
brium point is guaranteed. Therefore, in order to force V u ṫ ( ( ))to be an
always-negative semidefinite function, the following artificial dynamic
system is considered:

V
⎜ ⎟ ⎜ ⎟= − ⎛
⎝

∂
∂

⎞
⎠

= − ⎛
⎝

∂
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u u
u

e u
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W e ut k t
t

k t
t

ṫ ( ) ( ( ))
( )

( ( ))
( )

( ( ))
T T

T

(21)

where R∈ +k .
Substituting (21) into (20), a quadratic form of the desired negative

semidefinite function V u t ṫ ( ( ), ) can be obtained:

V ⎜ ⎟⎜ ⎟= − ⎛
⎝
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⎞
⎠

⎛
⎝

∂
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⎞
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u e u W e u
u

e u
u

W e ut k t t
t

t
t

ṫ ( ( )) ( ( )) ( ( ))
( )

( ( ))
( )

( ( ))T
T

T

(22)

The adoption of the Lyapunov method ensures the existence of an
equilibrium point for the dynamic system (21) and this will coincide
with the minimum of the given Lyapunov function (12). Consequently,
integrating Eq. (21) in the time domain, the control laws u t( ) can be
obtained:

∫ ⎜ ⎟= − ⎛
⎝

∂
∂

⎞
⎠

u e u
u

W e ut k t
t

t dt( ) ( ( ))
( )

( ( ))
T

T

(23)

Note that, with the above assumptions, Eq. (23) gives rise to a stable
solution of the optimization problem. Following a contingency occur-
rence in the system, the autonomous dynamic system (21) produces
control laws moving the operating point in another equilibrium point
where the Lyapunov function V u t( ( )) is minimal.

The developed procedure can be implemented on the basis of the
flow chart shown in Fig. 1.

5. Test system and simulation results

The performance of the proposed approach was tested on the

experimental microgrid built at the Polytechnic University of Bari,
Italy, where a one-line diagram of this is reported in Fig. 2.

The 400V microgrid is connected to the 9 kV distribution network
through a 1250kVA transformer. The microgrid includes a 120 kWe gas-
fueled CHP system, a 30kWe natural gas fueled micro-turbine, a 50 kW
photovoltaic power generation system, a 60 kW wind turbine generator
emulator, a 60 kW–180kWh Battery Energy Storage System (BESS) along
with a 200kW by-pass inverter and 2×150kVA inverter-based program-
mable loads. Each component is interfaced to the microgrid through an in-
verter, thus obtaining an inertialess system. Details on the system can be
found in [24,25]. With the exception of the photovoltaic system, all the
microgrid devices can be programmed in order to follow a specified power
trajectory in the time domain. Even if power deriving from the photovoltaic
plant needs to be simulated, as in this case, the by-pass inverter can be used.
With this powerful facility several control methodologies can be compared
under the same test conditions.

The master generator can be chosen among the CHP, the BESS and
the microturbine. Nevertheless, none of these generators/storage have
enough regulation capacity to fulfil any unbalance occurring on the
system.

In order to verify the effectiveness of the proposed methodology, a
comparative analysis with an optimal dispatching policy was performed
in the three following cases:

Fig. 1. Flow-chart of the proposed algorithm.
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- Case 1 – One day analysis. In order to test the proposed controller
under stressed conditions, the working day of October, 6th 2016 was
chosen. This day was characterized by frequent and large power
fluctuations of PV and wind generation.

- Case 2 – Microturbine failure. This experimental test was per-
formed in order to check the controller’s ability to recover a con-
tingency occurring on the system and to restore adequate margins of
the primary reserve.

- Case 3 – Annual analysis. This simulation test was aimed at
checking the controller’s performance on a longer time frame than
on the single day.

For all the tests, the microgrid was operated in isolation with the
CHP system acting as the master generator. Moreover, the specified set-
point deriving from the tertiary control level for the master unit was

assumed equal to 50% of its rated power =P( 60 kW)CHP
set .

5.1. Case 1 – One day analysis

This test aimed at investigating algorithm’s performance on the
working day of October, 6th 2016 in Bari. For these purposes, we
compared results obtained from the developed algorithm with those
deriving from the system operated by means of an economic dispatch.
In doing this, a day-ahead operation planning of the microgrid was
preliminarily performed. As in common practice, reserve margins were
taken into account by limiting the power output of generating units
equipped with primary controllers as a percentage of the forecasted
uninterrupted load. Thus, in the case of this test, the reserve margins for
each planning period (15min) were set to 15% of the forecasted un-
interrupted load for the same period. The uninterrupted load was as-
sumed to be equal to 100% of the total load supplied by the experi-
mental microgrid. The economic dispatch determined the quarter-hour
production plan of the CHP generator, the microturbine and the BESS
on the basis of the day-ahead forecast of the load demand, the fore-
casted wind and photovoltaic power outputs. Recorded data of a typical
residential area characterized by about 330 houses, were used to si-
mulate the day-ahead load forecast by sampling the data for each
quarter-hour and by adding white noise representing a load forecast
error equal to 10% of the critical load. The same procedure on data
recorded at a real wind farm located in the Southern Italy was adopted
in order to obtain the day-ahead wind power production forecast. In
this case we assumed a forecasting error equal to± 30% for each
quarter-hour. The day-ahead PV forecasted power was obtained by
means of available meteorological data at the microgrid site. Fig. 3
shows the day-ahead forecast, sampled at each quarter-hour, of the load
demand, the wind power and the photovoltaic power.

Starting from this data, the day-ahead economic dispatch was per-
formed. Particularly, we assumed nonprogrammable renewable sources
to be operated under the priority dispatch policy. The following
quadratic fuel cost functions for the CHP and the microturbine were
assumed:

Fig. 2. The one-line diagram of the experimental microgrid.

Fig. 3. The day-ahead forecast of the load demand, wind and photovoltaic.
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= + +
= + +

C P P P
C P P P

( ) 0.000178 0.233564 2.288581 [€/h]
( ) 0.0005 0.2135 1.4406 [€/h]

CHP CHP CHP CHP

MT MT MT MT

2

2 (24)

The day-ahead charge/discharge schedule of the BESS was de-
termined based on the energy price at each quarter-hour. In particular,
the BESS was charged/discharged during the lower/higher price hours.
Limits on the maximum and the minimum charge/discharge power as
well as on the SOC were included. The resulting schedule of the BESS is
shown in Fig. 4.

The obtained quarter-hour day-ahead operation plan for the CHP
and the microturbine is shown in Fig. 5.

As can be noted, due to the lower operating costs, the microturbine
was scheduled to its maximum active power (30 kW) for the whole day.

In order to always preserve the established reserve margins, a pre-
ventive control based on the load/generation shedding technique was
implemented. Every 15min, the preventive controller verified that the
system operating point planned for the next period was compatible with
the adopted reserve margins in order to cover any possible forecasting
error and variability of the load and the photovoltaic as well as wind
productions. If the production plan threatened the scheduled reserve,
the preventive controller evaluated the minimum amount of the load or
generation to be shed. In this paper, following suggestions in
[26,43–46], the reserve margins were set to 15% of the forecasted
uninterrupted load.

The real time operation was tested on the experimental microgrid
by adopting recorded data having a sampling time equal to 1min. Fig. 6
shows the load profile as well as the PV and wind power productions.
As can be noted, due to the excessive power production of renewable
energy sources, a generation shedding was implemented for two hours
of the day.

Fig. 7 shows the actual operation of the CHP. As can be noted, the
actual operation of the CHP significantly deviated from the scheduled
one (Fig. 5). In particular, during midday hours and at 21:00, the re-
serve limits were violated. In these operating points, the CHP was op-
erated close to the setting values of its protective relays.

The proposed methodology was experimentally tested under the
same conditions giving rise to the generation daily profile shown in
Fig. 8.
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Fig. 5. Quarter-hour production plan of the CHP engine (solid line) and the Microturbine
(dotted line).
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Fig. 6. Daily profiles of load, PV and wind generation.
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Fig. 7. Daily profile of the CHP system: produced power (solid line) and reserve margins
(dashed-dotted line).
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Fig. 4. Planned operation of the BESS.

A. Cagnano et al. Applied Energy 218 (2018) 256–265

261

Utente
Casella di testo

Utente
Casella di testo



As you can see, the proposed methodology has efficiently managed
the primary, as well as the secondary reserve, thus allowing the CHP to
be distant from its limits. Furthermore, in order to recover as much as
possible of the down reserve in the first hours of the day, the algorithm
forced the microturbine’s power output to be zero. In the other hours of
the day, the algorithm coordinated the microturbine and the BESS in
order to maximize as much as possible the available reserve offered by
the CHP. Depending on the individual contributions to the objective
function, each source of the secondary reserve was “called” to furnish a
different amount of the active power. However, the active power of the
BESS was conditioned by the cost function related to the energy stored
or delivered by the BESS system over time aimed at minimizing de-
viations from the desired SOC.

5.2. Case 2 – Microturbine failure

This test was aimed at investigating the controller’s ability to
react suddenly to some troublesome events. For this purpose, starting
from the previous condition, an unplanned microturbine trip was
simulated at the time t = 20:00. Fig. 9 shows the time domain be-
havior of the active power generated by the CHP, the microturbine
and the BESS. As a consequence of the microturbine fault, the iso-
chronous controller of the master unit reacted suddenly taking
complete control of the burden previously assigned to the micro-
turbine. Then, the BESS was called up by the on-line controller to
discharge the stored energy in order to restore as much as possible
the primary reserve of the CHP.
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Fig. 8. Time domain behavior of the active power generated by the CHP system, the microturbine and the BESS.
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The same conditions were used on the experimental microgrid
managed on the basis of the economic dispatch. In Fig. 10, the time
domain behaviors of the CHP and the microturbine are shown. As can
be noted, following the microturbine tripping, the isochronous con-
troller promptly forced the CHP to increase its active power produc-
tion in order to recover the unbalance occurred to the system. At time
t= 21:00, the system experienced a general blackout given by the
intervention of the overcurrent relay (ANSI 50) due to trip settings

which were set to be equal to 110% of the maximum active power of
the CHP.

The greater degree of reliability achieved with the proposed con-
troller is mainly given by its ability to automatically share the control
burden of the CHP among all the remaining generators. By doing this,
the proposed controller is able to guarantee more adequate reserve
margins without requiring corrective control actions.

5.3. Case 3 – Annual analysis

The performances of the proposed methodology were tested on a
longer time frame than the single day. With this purpose, data collected
from 1st January–31st December 2016 were processed in computer
simulations adopting a detailed mathematical model of the experi-
mental microgrid. Specifically, the two following conditions were
tested:

• Scenario 1 – Base Case

• Scenario 2 – N− 1 contingency analysis

Scenario 1 –Base Case.

Results obtained with the proposed controller were compared to
those achieved with the economic dispatch method. For this purpose,
we adopted indices based on the Expected Energy Not Supplied (ENS),
on the Expected Energy for Loss of Generation to be shed (EELG), on the
Expected Energy of Load to be Shed (EELS), and on the Expected
Duration of Interruptions (EDI). Table 1 summarizes the obtained re-
sults.
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Fig. 9. Time domain behavior of the active power generated by the CHP, the microturbine and the BESS under the proposed controller.
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Fig. 10. Time domain behavior of the active power generated by the CHP and the
Microturbine.
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If the microgrid is operated under the economic dispatch policy, the
preventive control based on the load/generation shedding technique will
shed 23.6MWh of renewable generation, which correspond to 35% of the
total energy production from renewables. Also the load will be curtailed for
an amount of 0.16MWh. Although the adoption of these preventive control
actions could lead to the preservation of the established reserve margins, the
reliability of the microgrid cannot be ensured. In fact, the real-time simula-
tions revealed that the microgrid operated according to economic dispatch
policies could experience about 10h of energy interruption in a year, whereas
the proposed controller is able to decrease the total expected duration of
energy interruptions from 10 to 7h/year without requiring any a-priori load/
generation shedding. As a consequence, the comparison of the expected total
costs, including the costs for the generation/load shedding, privileges the
proposed methodology.

Scenario 2 – N− 1 contingency analysis.

An N− 1 contingency analysis was performed on the system in
order to analyze the performances of both management methods under
the loss of a generating unit or the storage device. For this purpose we
assumed the following operational availabilities (see Table 2).

The main results of the analysis are reported in Table 3.
Also in the N− 1 contingency test, the adoption of the proposed

controller improves economic performance with regard to the

management under the economic dispatching policy.

6. Conclusions

The aim of this paper was to carry out a real-time coordinated
control strategy able to ensure an adequate security level in islanded
microgrids. The methodology can be applied to microgrids adopting the
master-slave control architecture, where a specified generator takes the
role of the isochronous generator for the overall system. The derived
algorithm is able to regulate in the on-line environment active powers
of microsources and energy storage systems of the isolated microgrid in
accordance with their reserve margins and their technical limits.
Control actions have been evaluated by solving a constrained dynamic
optimization problem aimed at simultaneously maximizing the spin-
ning reserve of the master unit and the duration of the regulation
function of each energy storage system. The solution of this problem
has been obtained by adopting an iterative algorithm involving a fic-
titious dynamic system in which the state variables are the active
powers of microgrid sources and storage devices. The solution has been
attained by adopting the direct Lyapunov theorem applied to the sen-
sitivity theory, giving rise to an ever stable algorithm. Essentially, the
adoption of the Lyapunov theorem ensured the convergence of the
dynamic system to an equilibrium point corresponding to the minimum
of the given multi-objective function.

Tests performed on the experimental microgrid demonstrated the
ability of the proposed methodology to share the regulation burden
among all sources providing the secondary reserve, thus, re-establishing
reserve margins of the primary reserve offered by the selected master
unit.

To sum up, the proposed methodology exhibited better results in
terms of technical and economic performance compared to those ob-
tained with the economic dispatching policy. However, test results
demonstrate that some blackouts can still occur for systems with a high
penetration level of nonprogrammable renewable sources. Therefore,

Table 1
Comparison between the Economic dispatch and the proposed controller.

Economic dispatch Proposed controller

Total generated energy [MWh/yr] 654.31 655.90
Total energy consumption [MWh/yr] 653.31 653.48
Total energy produced/absorbed by the BESS [MWh/yr] −3.96/2.96 −8.56/6.15
Total duration of interruptions [h] 10 7
Expected Energy Not Supplied (EENS) for generation shedding [MWh/yr] 23.6 –
Expected Energy Not Supplied (EENS) for interruptions [MWh/yr] 0.74 0.52
Expected Energy of Load to be Shed (EELS) [MWh/yr] 0.16 –
Average hourly production cost for kWh [€/kWh] 0.27 0.26
Expected total production costs [€/yr] 176.670,00 170.530,00
Expected costs for loss of generation [€/yr] 6.292,80 –
Expected total costs [€] 182.962,80 170.530,00

Table 2
Availability of the devices.

Device Operational availability [%]

Microturbine 95,5
Photovoltaic plant 96,0
Wind Turbine 97,2
BESS 84,1

Table 3
Comparison between the Economic dispatch and the proposed controller.

Contingency MT PV Wind Turbine BESS

Economic
Dispatch

On-line
Controller

Economic
Dispatch

On-line
Controller

Economic
Dispatch

On-line
Controller

Economic
Dispatch

On-line
Controller

Duration of interruptionsa 3 6 0 0 0 0 2 0
EENS for Gen Shed [MWh/yr] 3.19 10.27 925.94 23.36
EELS for Load Shed [MWh/yr] 6.10 0.14 0.18 0.21
Expected average production

hourly cost for kWh [€/kWh]
0.27 0.26 0.28 0.27 0.27 0.27 0.26 0.26

Expected total production costs
[€/yr]

173.970,30 172.090,20 183.080,10 180.490,80 179.470,10 178.900,60 171.130,00 172.880,00

Expected cost for generation
shedding [€/yr]

857.40 – 2.876,60 – 253.90 – 6.112,60 –

Expected Total Costs [€/yr] 174.827,70 172.090,20 185.956,70 180.490,80 179.724,00 178.900,60 177.243,10 172.880,00

a The duration of the interruptions have been weighted with the unavailability of the device.

A. Cagnano et al. Applied Energy 218 (2018) 256–265

264

Utente
Casella di testo

Utente
Casella di testo



further developments of the methodology would require the integration
in the developed controller of a preventive/corrective controller in
order to increase even more the system security.
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