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A Micro-Grid Battery Storage Management

Pukar Mahat, Member, IEEE, Jorge Escribano Jiménez, Eloy Rodriguez Moldes, Sandra Iren Haug,
Ireneusz Grzegorz Szczesny, Karl Eide Pollestad, Luminita Cristiana Totu

Abstract—An increase in number of distributed generation
(DG) units in power system allows the possibility of setting-up
and operating micro-grids. In addition to a number of technical
advantages, micro-grid operation can also reduce running costs
by optimally scheduling the generation and/or storage systems
under its administration. This paper presents an optimized
scheduling of a micro-grid battery storage system that takes into
account the next-day forecasted load and generation profiles and
spot electricity prices. Simulation results show that the battery
system can be scheduled close to optimal even with forecast
errors. ICLOCS software has been used for the numerical
implementation.

Index Terms—Battery Storage, Distributed Generation,
Forecasting, ICLOCS, Micro-grid, Optimization, Spot Price

I. INTRODUCTION

OR a number of years, motivated by economics,

decentralization policies and sustainability concerns, the
trend in the power industry worldwide is to reduce investment
and operation costs and to become environmentally friendly.
This has resulted in an increased share of renewable energy
(such as wind and solar) in the total generation capacity, and
an increased number of small and medium sized
geographically distributed power plants (such as wind turbines
and district combined heat and power plants). The Danish
power system is a forerunner example. This topological
change in the power system landscape is opening up
possibilities to form micro-grids: localized groups of DGs,
storages and loads that act as autonomous power systems with
a single point of common coupling to the main electricity
network. Micro-grids meet the power quality and reliability
requirements of the local customers [1], and also shield itself
from issues such as voltage distortion, voltage sag, flicker, and
lightning transients [2]. Apart from the technical benefits,
micro-grids have also economic advantages [3] if appropriate
control and management systems are implemented.

In [4], an agent based micro-grid management scheme is
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proposed that only focus on balancing load and generation. A
token based approach is presented in [5] for loss reduction and
voltage support. A day-ahead power scheduling for the
conventional and PV generators for micro-grid management is
presented in [6]. A micro-grid management system to
minimize fuel consumption by adjusting generators droop is
presented in [7]. Another microgrid management strategies for
multiple DG units to minimize the power import from the grid
is presented in [8]. In [9], Bacterial Foraging Algorithm has
been used to minimizing the cost function of the overall
system while meeting the customer demand and safety of the
system. It tries to find the best combination of micro turbine
and fuel cell with change in load. This requires real time
information on load, fast communication, fast algorithms and
fast generations. An energy management scheme to share the
power flow among the energy storages units is presented in
[10]. In [11], Integer Programming optimization has been used
to solve the optimal scheduling problem of the micro-grid. A
fuzzy control is proposed for storage unit in micro-grid to
maximize the profit of the micro-grid in [12]. Ant colony
optimization (ACO) method for micro-grid dispatch control is
presented in [13]. This multi-objective micro-grid
management does not consider the load and generation
forecast into consideration.

The present work proposes an optimal scheduling of the
battery storage system in a manner similar to [14] and [15] but
in addition takes into account the load and generation
forecasts together with day-ahead electricity spot prices.

II. MICRO-GRID MANAGEMENT

In Denmark, the hourly spot prices of the electricity are
settled a day-ahead in the Nord Pool market. In this paper, it is
assumed that the electricity tariffs for small and medium
consumers and producers such as micro-grids are based on the
spot prices, although they do not participate directly in the
market system.

The micro-grid management schedules the battery for the
day-ahead by taking into account the hourly electricity tariffs
and the load and generation forecasts. The objective is to
minimize the micro-grid operation cost or equivalently
maximize the profit, and the decision variables are the
charging and discharging power of the battery storage system
for each time interval of the day.

A. Load and generation forecast

The load and the generations, like wind generation, are
stochastic in nature. It is important to forecast them so as to
schedule the energy storage unit optimally. A load and wind



generation data set covering a period of 3 months, with 15
minute time resolution, is used when making the day-ahead
forecasts.

Various methods can be used to predict the wind speed or
wind power [16]. In this work, the forecast uses only the past
wind power generation data set. A non-differenced and non-
transformed ARMA model is identified. The ARMA (2, 0)
structure gave the best accuracy among a number of tested
alternatives. Because of the large variability of wind
generation in general, but also because of the highly simplified
modeling and no weather forecast, the prediction error is as
high as 38.41%. However, the method is a good balance
between complexity and performance.

The load is forecasted similar to the wind power
generation, based only on the past load profiles data set.
Among a number of tested alternatives, the ARMA (1, 1)
model was found best fit with a prediction error of maximum
5.85%. The low prediction error is in great part due to the
highly periodic nature of the consumption profile from day to
day. Generation and load forecast for the micro-gird for the

day of simulation is shown in Fig. 1 and Fig. 2, respectively.
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Fig. 2. Load forecast

B. Optimization of the battery storage daily operation

Considering a time horizon of N time samples, the
objective of the battery storage optimization can be defined as

N
minu(-) Z Egrid (k)C(k)'
k=1

Where k is the time step index, C (k) is the energy price in
units of [€/kWh] for a time period with index k, assumed to be
equal for both buying and selling, and Eg,;4(k) is the energy
exchanged with the external power grid with positive values
for energy import and negative values for energy export from
the micro-grid. Furthermore, Eg,;4(k) can be decomposed in
the contributions of the forecasted local generation, forecasted
local load, and the battery charging/discharging energy for the
time period k:

Egrid(k) = Egen(k) = Ejpaa (k) + u(k).

The decision variables are the energy contributions of the
battery, u(k), k € {1,2,..N}.

A time integrator model with no losses is used for the
battery storage. There are constraints on the minimum and
maximum energy level stored in the battery, and for the
charge and discharge rates. This is written as:

Epare(k +1) = Epgee (k) + u(k),
Esafe < E(k) < Emax:
IRl X Ts = lu(k),

where T is the sample time, Ejq.: (k) is energy stored in
the battery at the beginning of time step k, u(k) is the
scheduled charged (+) or discharged (-) energy of the battery
in a time sample, and R is the maximum rate for both charging
(+) and discharging (-).

The above equations, written for each step k of the time
horizon, represent constraints for the optimization problem. It
can be seen that both the objective and the constraints are
linear in the decision variables, and the optimization of the
battery storage system has thus been expressed as a linear
optimization or linear programming.

C. Implementation of the numerical optimization

As discussed in the previous section, to find the battery
schedule in the current formulation, a linear optimization
problem needs to be solved. Linear programming is a well-
studied and both efficient algorithms and established software
packages exist.

In this work, numerical simulations are carried out in the
MATLAB-based optimal control software package ICLOCS
[18]. ICLCOS can handle problems that are significantly
broader in scope than the current linear formulation, making it
possible to easily extend the dynamic model of the battery, the
constraints, and the forecast models in the numerical
simulation as future work.
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Fig. 3. Block diagram of ICLOCS



One of the main advantages of using ICLOCS is that it
takes care of transcribing the user-defined optimal control
problem into a static optimization. The dynamical model in
the problem, in this case the battery model, can be given in
either the form of ordinary differential equations (continuous
time) or difference equations (discrete time) and the associated
equality constraints are generated automatically. To solve the
static optimization problem, ICLOCS interfaces to a
MATLAB built-in solvers or externally installed packages,
linear, non-linear, convex or non-convex. This process flow is
shown in Fig. 3.

III. TEST MICRO-GRID

A shopping center in Aalborg, Denmark is considered for
the micro-grid setup. The data set consists of real consumption
measurements and the power generation data from a 2 MW
near-by wind turbine. A 2 MWh battery is added for this
study. This will allow the micro-grid to run in island mode, for
at least an hour without any wind power.

The safe level of the battery is 400 kWh and the
charging/discharging rate is 1600 kW. The time interval is 15
minutes and, hence, there are 96 time intervals in the day. The
state of charge of battery at the beginning and the end of the
simulation period is 400 kWh.

The hourly electricity spot price, for the simulation day, is
shown in Fig. 4. The historical data on load and generation is
presented in Fig. 5.
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Fig. 4. Spot price of the electricity
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Fig. 5. Load and generation of micro-grid for 3 months

IV. RESULTS AND DISCUSSIONS

The simulation has been conducted for three different
cases. The first case uses the real measured data for the day. It
corresponds to a case with no forecast errors, and it is used as
benchmark reference for evaluating the other cases, as it
produces the actual minimal cost for operation of micro-grid.
The second optimization uses forecasted generation and load
data and this gives the schedule of the battery and the
forecasted operation cost of the micro-grid. The third case is
the actual case, where the charge/discharge-cycle is based on
the results of the optimization using the forecasted data, but
the final settlement in price is based on the actual power
exchange.

A. Case 1

The optimal scheduling of the battery is based on the actual
wind generation and load consumption data of the simulation
day. The optimal use of battery is obtained for every 15
minutes period and it is shown in Fig. 6. Positive values
correspond to battery charging periods and negative values
refer to battery discharging periods. The battery’s state of the
charge is shown in Fig. 7.
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Fig. 6. Optimal use of batteries in Case 1
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Fig. 7. Battery state of charge in Case 1

Fig . 8 shows the electricity exchange between the micro-
grid and the utility. A positive value indicates that the micro-
grid imports power while a negative value indicates export of



power to the utility grid. Without battery, Fig. 8a, the micro-
grid is exporting power almost all the time and the profit is
€361.38. With the battery, Fig. 8b, power is imported during
low price and sold during high price. The profit is increased to
€441.28.

It would be ideal if all the loads and generations are known
in advance and the micro-grid can be run optimally. However,
generally they are not known in the advance. Thus, the battery
must be scheduled based on the forecasted data as discussed in
Case 2.
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Fig . 8. Power exchange between micro-grid and grid in case 1 (a) without
battery and (b) with battery

B. Case 2

In this case, the optimization is based on the predicted wind
power generation and predicted load consumption. The
optimal use of battery is shown in Fig . 9.

The state of charge of the battery is shown in Fig. 10.
Similarly, the forecasted power exchange with the grid is
shown in Fig. 11. The forecasted income of the micro-grid is
€358.96. However, the actual settlement is based actual power
production and consumption and battery uses. This is
discussed in Case 3.

2000

Power flow from battery (kW)
= =
= = £
e
}

g
g

Time (h)

Fig. 9. Optimal use of batteries in Case 2

WVU\
0 4 19 0

9 14
Time (h)

2000

1600

1200

800

Power flow from battery (kW)

400

Fig. 10. Battery state of charge in Case 2

—_
LS

3000

2000

1000

Power exchange with grid (kW)
=)

-2000

-3000

Time (h)
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Case 2

C. Case 3

In this scenario, battery is running according to the
optimized schedule obtained at Case 2 and shown Fig. 9,
which is based on the forecasted load and generation. But in
Case 3, the load and generation are the actual ones, see also
Fig. 2. In these conditions, the power exchange with the grid is
shown in Fig. 12 and the income of the micro-grid is €438.24.
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Fig. 12. Power exchange between micro-grid and main grid in Case 3

There is only a small difference in this final result
compared to Case 1. Even with errors in the forecasting, the
algorithm has obtained a near optimal. Also, it can be seen
from Fig. 8, Fig. 11 and Fig. 12, that the micro-grid imports
power from the main grid during the low price period even
though the generation has covered the load demand. This is as
expected as the extra energy is used to charge the battery
making it possible to sell during high price hours. Thus the
micro-grid makes more profit by optimizing the battery
schedule using forecasts.

V. CONCLUSIONS

As the power system strives to become more efficient and
environment friendly, the number of distributed generation,
especially renewable energy based, is increasing thus resulting
in the possibility of operating as micro-grids. Micro-grids can
shield the local loads from various problems in the main grid
by operating in island mode. However, this requires storage
units when the DGs are based on intermitted sources, such as
wind. While connected to the grid, the micro-grid can
maximize its revenue or minimize its operating cost by
optimally scheduling the battery. An optimization method and
numerical simulations using the ICLOCS software have been
presented in this paper. The load and generation forecast are
taken into account to find the optimal schedule of the battery.
The battery imports power during the cheap hours and exports
it during expensive hours. Results show that micro-grid profits
can be increased by optimally scheduling the battery. The
method can be further improved by including the cost of the
battery charging cycles as batteries have limited charging
cycles.
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