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Abstract. This paper proposes an optimal Energy
Management System (EMS) based on Mixed Integer Linear
Programming (MILP) optimization technique for an islanded
Microgrid (MG). A local energy market (LEM) platform is
employed which attempts to obtain the best electricity market
price and to maximize the utilization of existing distributed
energy resources. Besides, a single side auction market structure
is used for the LEM which takes the offer prices from all
microsources to calculate market clearing price. Simulation and
experimental results from the proposed method over a real MG
are compared with those from a Modified Conventional EMS
(MCEMS). The proposed algorithm is flexible, extendable and
too fast to be utilized for different MG structures with various
capacities. The results demonstrate the effectiveness of the
proposed method to solve the optimal operation problem in an
isolated MG with 25% reduction in the cost of operation.
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Notations

TEAZ the supply bids by A (€/kWh)

A€ {WT, PV, ES-, and MT}

AP M MCP: Market Clearing Price (MCP) at each time t
in MCEMS and EMS-MILP, respectively (€/kWh)

P2, P'®: available power of B in MCEMS and EMS-
MILP, respectively (kW)

B € {A, ES+, EWH, TCP, and EGP}

P": uncontrollable load demand at each time step (kW)

SOC;: State of charge at time t (%)

1. Introduction

MG architectures are designed to significantly improve the
efficiency of energy production and delivery for the load
customers and to maintain the balance between power
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generation and load demand mostly at the distribution
level. It is also desired to obtain more stable electrical
infrastructure  with ~ measurable  reduction in
environmental emissions and increased power quality
through MGs [1, 2 and 3]. In order to achieve this goal,
the energy management of the generation and storage
assets within the MG is required at the distribution level
to optimize the energy utilization and to enhance energy
sustainability [4].

As mentioned in [5], the main objective of the EMS is to
make decisions regarding the best use of the electric
power generation resources and storage devices in the
MG. Such decisions will be based on the energy
requirements of the local customers, minimizing the Cost
of Energy (COE) production and the amount of the
Unmet Power (UP) which is considered as penalty cost,
utilizing the Excess Generated Power (EGP) in the
storage devices and/or useful dump load such as
Electrical Water Heat (EWH), cost of fuel, and other
technical/economical constrains.

Various configurations for the EMS with different
optimization methods and MG structures are presented in
the literature. In some studies, the proposed EMS is
implemented without optimization [3]. In many other
researches, the EMS with optimization are addressed in
order to achieve optimal scheduling [6, 7] and operating
strategy [8-15].

In [7, 16 and 17] cost minimization in the EMS is
considered using different optimization techniques. The
formulated objective function allows for autonomous or
grid connected decision-making to determine hour by
hour optimal dispatch of generators subject to system
constraints including market parameters. In these studies,
Artificial Neural Networks (ANN) and Mesh Adaptive
Direct Search (MADS) are adopted to make decisions
and determine hour-by-hour dispatch of generators with
the final goal of minimizing the global energy costs.

The economic concepts of the EMS in the MG market
and the development of strategies for achieving such
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benefits are reported in [17-22]. Heuristic methods such as
GA and Partial Swarm Optimization (PSO) are mainly
utilized in these researches.

This paper attempts to address different objectives such as
optimal scheduling and minimizing overall COE based on
several market criteria in a LEM through an efficient EMS.

2. Problem formulation

2.1.  MINLP method

In this study, mixed-integer nonlinear programming
(MINLP) is utilized in the optimization unit to solve the
MG optimization problem [23]. MINLP refers to
mathematical programming with continuous and discrete
variables and nonlinearities in the objective function and
constraints [23]. The use of MINLP is a natural approach
of formulating problems where it is necessary to
simultaneously optimize the system structure (discrete)
and parameters (continuous). The general form of a
MINLP is as follows [23]:

Min f(x,y)(l)

subject to
g(xy)=9'(xy) (2
h(xy)<h(xy)3)
xe X (4)
yeY(5)
where f(xy) is a linear/nonlinear objective function and
g(x.y) is a linear/nonlinear constraint function; X,V are
the decision variables, where Y is required to be integer

valued (e.g., the MG characteristic matrix); and X and
Y are bounding-box-type restrictions on the variables.
More detail about MINLP is given in [23]. The General
Algebraic Mathematical System (GAMS) package with
“"CONOPT" solver is used in this study to implement
MINLP technique [23].

2.2.  Formulation of the MILP-based EMS

In order to verify the effectiveness of the proposed EMS, a
stand-alone MG including Wind Turbine (WT)-
Photovoltaic (PV)-Microturbine (MT) and Energy Storage
(ES) is developed with real data. In this paper, an optimal
EMS, which is called EMS-MILP, is proposed for optimal
scheduling in a MG to minimize the COE. The whole
proposed algorithm is illustrated in Fig. 1. In this figure,
the EMS unit receives power generation data from
different generation and storage units at each time step;
then it will perform cost optimization on the provided data
to calculate the optimal solution for MG operation. The
objectives of the proposed EMS include all economic
factors and technical constraints of the MG. Since the
customer welfare is always the first priority, the main goal
of the proposed EMS is defined to supply the total load
demand with minimum COE. Therefore, an optimization
technique along with an objective function (i.e. cost
function in this case) is required. In this study, MILP
technique is applied due to the linear objective function
and equaility/inequality constraints. The optimization
problem is then defined based on the COE from different
generation assets and storage devices, given by:

Subject to:
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PtWT x TI:WT

+PPV x PV

+PtMT xMT

+PESTxmEST %At
—PtES+ x nES+
_PtEWH x pEWH

=MR

+PtUP x P (6)

- Power balance
PtWT " PtPv " PtES— i PtMT " PtUP =P+ PtES+ " PtEWH )

- Maximum/minimum renewable generation unit
pWT < pWT <pWT(8)
PPV < PPV <PV (9)

- Spinning reserve [2]

[DT{, ~TONLIX(; - X{120vit (10)
[-DT,y ~TOFFI1.[X{ - X{_;12 0vit (11)
P9 —PY <R’ 12
RJ, -R% <R (13)
where: DTti is a time period which unit i can be turned on

at time t, TON¥is minimum up-time of unit | (hours),
TOFF.iis minimum down-time of unit i (hours), x| status

of unit i at each time t (i.e. xi _jwhen the unit is on,
X{:O when it is in off state). Also, P& is power
generated by unit i at time t (kW), R'is maximum

generation level of unit i (kW) and Riis the minimum

generation level of unit i (kW).
- Energy storage [2]

ES- _ pES-
P <P (14)

F’tES+ < 5ES+ (15)

m

ES CEFS < EES (16)

- Controllable loads
PtEWH < EEWH(17)

3. The proposed algorithm

Two algorithms named EMS-MILP and MCEMS are
investigated in this study. MCEMS development is
explained in detail in [2]. EMS-MILP algorithm
encompasses the MILP and LEM units as shown in
Figure 1.
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Fig. 1. EMS-MILP algorithm
Each unit are explained in the following sub-sections.
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A. EMS-MILP unit

The main goals of the EMS-MILP unit are defined as
follows:

1- Minimizing the COE in the MG;

2- Maximizing utilization of the available renewable
resources;

3- Maximizing battery lifetime by monitoring and
controlling the charge/discharge process;

4- Maximizing the average available stored energy in the
battery (i.e., higher battery SOC), hence improving the
system reliability;

5- Maximizing utilization of excess available energy from
the WT and PV in a useful dump load (i.e., EWHSs) when
the battery is fully charged in order to increase the system
efficiency;

6- Minimizing the amount of UP employing a penalty cost
in the Objective Function

B. LEM unit

The LEM unit in the EMS-MILP algorithm is substantially
the same as the one in the MCEMS algorithm. This unit is
not explained in this paper; more detailed definition can be
found in [1, 2].

4. Application to the test grid

The single line IREC’s MG structure is shown in Fig. 2.
The IREC Testbed is also presented in Fig. 3. The details
related to the specification of the emulators are presented
in Table I [1,2, 24 and 25]. The power profile related to
renewable devices (PV and WT in this study) and the
power consumed by the non-responsive load (NRL) is also
obtained from [1]. The price offer related to the renewable
generators, non-renewable generators, non-responsive load
and the penalty resulting from UP are mentioned in Table

|
rﬁluln
L@i@r—ﬁﬁ e

Fig. 2. Schematic of the MG system under study

Communication bus

Central Controller Unit

Fig. 3. System configuration of IREC’s MG Tested
Table I. The proposed MG specifications
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Parameter | symbol | Value |

| ESsystem, Lithum-lon SYNERION 24M
Voltage (V) VtES 24
Nominal capacity (Ah) at +25°c NES 84
Fully Charged voltage (V) VFloat 26
Cut-Off discharge voltage (V) Veutoft 21
The maximum of continuous charge TES+ 34
current (A)
The maximum of continuous discharge TEs- 160
current (A)
The maximum battery power during pES+ 0.816
charging mode (kW)
The maximum battery power during pEsS- 3.84
discharging mode (kW)
The maximum delivered power by pES 4
converter (kW)
Initial state of charge (SOC) at T (%) socfs 50
The maximum SOC (%) S0C 80
The minimum SOC (%) soc 20
The initial stored energy in the battery EFS 1
(kW)
The maximum stored energy in the EES 1.600
battery (kW)
The minimum stored energy in the gES 0.403
battery (kW)
The maximum capacity of the battery E£S 2
(kw)
The charge efficiency factor (%) e 96

| PV system
Maximum instantaneous power (kW) pPv
Minimum instantaneous power (kW) pPv

| WT system
Maximum instantaneous power (kW) pwT 8
Minimum instantaneous power (kW) pwWT 0.45

| MT system
Maximum instantaneous power (kW) pMT 12
Minimum instantaneous power (KW) pMT 0.2
Start-up time of the MT (min) ™™ 10
Shut-down time of the MT (min) s 10
Ramp down limit (kW) R 6
Ramp up limit (kW) R 6

| EWH system

| Maximum EWH power (kW) EZHE

981

Table 1. The supply bids by generation units into a supply
curve [€/kWh]

WT PV MT ES- V] EWH

V4 T V4 T T g T

0.083 0.1 0.15 0.145 0.105

5. Results and discussions

Simulation studies are carried out for a typical day.
Results are provided to study the effect of the auction
settlement rules (lowest to highest pricing) as well as the
producer’s forward commitments on the producer
strategic behavior in the LEM.
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Fig. 4 shows the SOC of the battery for both MCEMS and
EMS-MILP. The initial battery SOC is assumed to be

SOC, to better show its charge/discharge pattern. As

discussed earlier, the excess available power in the
MCEMS will be stored in the battery, however in EMS-
MILP, this kind of decisions will be made in the objective
function based on the minimum COE. In other words, it is
more likely to have excess power available from
renewable energy units and running MT at the same time
in the EMS-MILP.
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Fig. 4. Battery SOC during one day of simulation

As shown in Fig. 5, the battery maximum charging and
discharging power are limited to PES*and PE5-to keep
battery in the healthy condition to achieve its maximum
possible lifetime [3]. In the MCEMS unit, when the total
available WT and PV power generation is higher than the
total load demand; the excess power will be stored in the
battery. Likewise, battery will be discharged only when the
WT and PV available power is less than the load demand.
In the rest of the time, the battery remains idle in the case
of MCEMS algorithm. However, using the MT to meet the
load demand might be an option in the case of the EMS-
MILP if it is cheaper than the battery COE. As seen in this
figure, not only the charging period in the EMS-MILP is
three hours more than the one in the MCEMS, it also
shows less discharging during 24 hours. Therefore, the
accumulative energy stored in the battery is higher in the
case of the EMS-MILP, which results in a longer battery
lifetime and less cost of battery replacement during the
lifetime of the project.

20k N -
00:00 05:00

]._P'E:»' p':ml

Battery power [KW]

10:00 20:00

Time [h]
Fig. 5. Battery power for the MCEMS and EMS-MILP in one
day simulation

05:00

00:00

15:00

Fig. 6 compares the MT output power profile for the
MCEMS and EMS-MILP. In the MCEMS, the MT
generates power whenever the available WT, PV and ES
are not sufficient to meet the demand or the battery SOC is
less than SOC . Therefore, the MT will stay off for the rest

of the time. As seen in this figure, both EMSs are
following the same pattern during at most of the time.
However, the MT operates during some hours in the EMS-

https://doi.org/10.24084/repqj12.555

982

MILP, while the MT is off during the same time in the
MCEMS.

12 5
=T

Jo e PMT
E i

The generated power [kW

20:00

05:00

0
00:00 10:00

Time [h]
Fig. 6. The hourly MT generated power in the MCEMS and
EMS-MILP algorithms during a day of simulation

15:00

The market price of the WT is significantly lower than
those of the other microsources. Therefore, the WT will
be the preferred generation unit with maximum available
generation. Fig. 7 illustrates the results of the LEM unit
which MCP is computed at each time step for both
EMSs. In the MCEMS, the offer from the WT mainly is
chosen as the MCP during before the morning. However,
the price offer from the WT is also selected as the MCP
during in the afternoon. It can be observed that the WT
unit (with minimum price offer) in EMS-MILP
participates 34% more in the MCP after midnight until
morning and 9% less in the evening, with respect to the
MCEMS.

In both EMSs, the proposed offer by the PV is accepted
as the MCP only during morning and evening periods.
The percent of PV participation during these periods in
the market are around 9% less and 9% more than the
MCEMS, respectively.

Unlike the PV, ES takes a more significant rule in the
market during before morning and in the evening. This
percentage for the MCEMS is 50% more and 8% less
during these periods compared to the EMS-MILP. It is
noteworthy to remark that he price offer by the ES is not
taken during after midnight until in the morning by the
LEM in the EMS-MILP.

S

0.5

00:00

Market clearing price (MCP) [€/KWh]|

i i i
10:00 15:00 20:00

Time [h]

Fig. 7. MCP during 24 hours of simulation for both EMSs

4
05:00

6. Conclusion

This paper presents an original EMS for stand-alone MGs
incorporating different renewable energy resources and
storage units based on two market indicators: single
ownership and LEM. The proposed algorithm, in addition
to online monitoring, control and optimization of the
overall power system performance, could be used to
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optimize energy consumption, most especially during
critical periods. Two different EMSs, including the
MCEMS and the EMS-MILP, have developed and verified
in this study. Experimental data obtained from IREC has
used to test the performance and accuracy of the proposed
EMSs. LEM has also proposed in this paper; to obtain the
best purchasing price in a day ahead market, as well as to
increase the utilization of the existing distributed energy
resources. To compensate for the UP due to unpredictable
events in MG during islanded operation mode, DR concept
has employed. The performance and accuracy of the
proposed algorithm, when tested with real life
experimental data obtained from IREC, has really
impressive. Simulation results show about 25% reduction
in cost in the EMS-MILP, in comparison with the
MCEMS.
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