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1 Introduction
This report is a part of the European project “micro to Mega – Grid” (m2M-GRID) funded by the ERA–
Net Smart Grid Plus Initiative. The overall goal of the project is to coordinate the operation of physical
and commercial micro-grids (MGs) and distribution systems. This is expected to enhance the MG integration to the distribution network and facilitate interaction between grid-connected entities increasing
the benefits for the customers and the distribution system operators (DSOs). The definitions for the
physical and commercial MGs and the requirements for MG integration have been provided in the reports for Task 2.2 and Task 5.1.
A part of the m2M-GRID project, specifically work package 4 (WP4), focused on micro-grid physical
interfaces for interoperability with connected energy resources and control devices as well as network
structures (other micro-grids, main grid). The aim of this report (Task 4.3) is to propose physical microgrid interfaces for the integration of the micro-grids to the upstream connected distribution network.

1.1 Background
The EU member states try to comply with the 2020 target for renewables integration and the 2050 target
for CO2 emission reductions by large-scale deployment of renewables. This has resulted in a lack of
regulations and policies to promote small-scale integration through the development of MGs [1]. Despite this, significant small-scale integration of renewables has been achieved with residential photovoltaics (PVs) due to the feed-in tariffs. With the latest decrease in battery cost, the installation of behindthe-meter energy storage can be combined with PVs to increase the self-supply level of end-users during
the day.
This will increase the share of distributed energy resources (DERs) at the distribution level and could give
rise to grid-connected MGs. As the integration of non-dispatchable renewable energy sources (RES),
battery energy storage systems (BESSs) and plug-in electric vehicles (PEV) increases at the distribution
system, many grid control operating decisions are required to be more frequently to account for uncertainties. The response of the system should be very close to real time and therefore, the tasks of the
DSO are becoming more complex. Moreover, in the unbundled structure of distribution system operation, the DER, which include many controllable resources that can be dispatched at a fast time scale, are
not owned by DSO.
For this reason, there is a requirement to develop an interface which sets the framework for the interaction and coordination between the DSO and these flexible resources. The grid-connected micro-grids
(MGs), which represent clusters of producing and consuming units including many flexible DER and
flexible loads, can also be seen as dispatchable resources by the DSO.
The future paradigm of the distribution management system (DMS) integrates the micro-grid controller
(MC) [2] to enable the interaction with the tertiary level of MG control [3]. The integration of the microgrid energy management system (MG-EMS) in particular, which is a part of the MC, facilitates the coordination between grid operation and economic optimization of the MG resources. Many benefits of the
MG integration to the distribution system, such as resiliency, reliability, and improved power quality,
have been extensively discussed in recent literature [4]. The main pursuit of this report is the interface
between the DMS and MG-EMS with the aim to explore the links between MG economics and grid
economics and operation.

1.2 Aim and structure of the report
This report aims to present the integration of the MG-EMS to the distribution system and investigate
challenges and benefits for the MG operators and the DSO. For this purpose, it presents the mathematical models that have been developed to describe the service layer of the interface that maps the MGEMS functionalities to the functionalities of the DMS.
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These models are first used to obtain the solution of the individual optimization problems for the two
separately operated entities: the grid-connected micro-grid and the distribution network. The impact of
the individual optimization on the operation and cost of the other entities is evaluated in a case study
applied for the electrical distribution network of the Chalmers University of Technology campus, which
is located in Gothenburg, Sweden.
Afterwards, a coordination procedure is presented for interaction between the MG-EMS and the DMS.
The proposed MG-EMS to DMS interface allows the DSO to dispatch MGs i.e., to modify the active power
exchange between MGs and the connected network. This interaction ensures the real-time technical
feasibility of the resource scheduling and power exchange both for MGs and the distribution system.
Moreover, it sets the framework for MGs coordination with the aim to assist in ancillary services that the
DSO offers to the transmission system operator (TSO), such as congestion management and frequency
control. The proposed solution methodology for the coordinated operation of multiple MG-EMS and
DMS is tested on a 33-bus network.
Finally, the interfacing communication and control coordination of an emulated MG-EMS has been validated at a demonstration site, prepared at Chalmers campus. The demonstration site integrates the
emulated MG-EMS with on-site DERs and controllers. Results are presented from the emulated MGEMS, which externally controls the battery power output with a twofold aim: to optimize the MG cost
and to provide active power flexibility upon DSO requests.
The remainder of this report is structured as follows:


Section 2 introduces the MG-EMS, discusses the operational strategies of MG
energy scheduling, and presents the MG-EMS communication infrastructure.



Section3 presents the model for a MG-EMS, which is used to solve the problem
of optimal energy scheduling of MGs in uncoordinated and coordinated
schemes.



Section 4 focuses on the interface between the MG-EMS and the DSO.



Section 5 presents demonstration results of an emulated MG-EMS.



Section 6 concludes and discusses future work.

Deliverable No. 4.3 | Report on physical micro-grid interface with real test-site validation
8

2 MG-EMS
The MG-EMS is the hardware monitoring and control equipment, communication infrastructure and
software that facilitates the implementation of different control and operation strategies [5]-[6]. These
strategies are based on the objectives of the MG operator. It is a part of the MC, the key component of
the MG, which manages the resources (DERs, flexible loads) that are clustered together to form the MG.
The MG-EMS can be found at the tertiary level of hierarchical MG control and its main task is to optimally
balance load and supply both in the planning phase and in the delivery phase.

2.1 Operational strategies
The objective functions for the grid-connected MGs are mostly economic objectives, i.e. associated with
the cost of supplying the load [7]-[8] and/or the cost of operation [8]. To reduce the total MG cost, the
cost of the imported energy and the generation cost (operation cost, fuel cost) must be considered.
Alternatively, the MG operator may aim to maximize the profit, where multiple value streams can be
considered for the MG’s income, e.g. income from energy trading, energy arbitrage (when energy storage is considered), and participation in ancillary services market. Energy and power network tariffs can
also be considered [9], e.g. the objective may also include a cost for the peak imported power [10].
Environmental aspects can be taken into consideration as well by including cost of CO 2 emissions [11].
The cost of importing from the grid or the fuel cost, although directly linked to the supply and the
operation cost of the MG, respectively, are also linked with environmental objectives. When these costs
are minimized, the MG’s operation is often considered environmentally friendly; however, it is difficult
to quantify the part of the imported energy, which is generated by fossil-based sources.
In any case, the grid-connected MG focuses on economic optimization, whereas the islanded micro-grid
may also focus on improving the reliability, which is a critical issue for islanded operation. The gridconnected MG can always import energy from the grid, and therefore energy balancing strategies that
are considered in the islanded operation (e.g., load shedding) are non-critical for the grid-connected
operation.
Objectives such as the minimization of imported energy or the minimization of energy exchange with
the upstream distribution network, have been less explored by the recent literature. The grid partitioning
in self-supplying MGs [12] is an emergent research topic, which investigates the optimal operation of
each MG in order to minimize the energy exchange between interconnected entities. Therefore, the
operational objectives that aim to minimize the interaction with the connected network can help the MG
operator to investigate the operational cost of increasing the level of autonomy of the MG considering
the presently owned DER.
The minimization of the imported energy is equivalent to maximizing the use of own resources, while
the minimization of exported energy is equivalent to maximizing the self-consumption of the MG. The
energy exchange minimization is the strategy, which helps the MG operator to evaluate the self-supplying capability of the micro-grid, which is the first requirement for islanded operation (grid-forming control capability being the second requirement). Moreover, it could help as a study for the business case
of grid defection. If generation curtailment needs to take place, then the MG should either invest in
storage or opt for grid-connected operation and investigate possible income from excess generation.

2.2 Communication infrastructure
The communication infrastructure is a key component of the MG-EMS as it establishes the connection
with the MG resources and the advanced metering infrastructure (AMI) system. This facilitates the seamless operation of the MG-EMS, a procedure which requires that the data acquisition, the execution of
energy scheduling algorithms and the dispatch of set-points are performed in an automatic way. Reliable
communications are critical for the MG-EMS as they can maximize the benefits of implementing optimal
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energy scheduling strategies. The MG-EMS receives and processes high-resolution data with the aim to
respond promptly to any rapid variations in demand or generation and adjust the DERs’ operation to
comply with the operational targets.
The MGs also communicate with the DMS that needs to receive real-time data at the points of common
coupling (PCC) to support grid operation under normal or fault conditions [2]. The interface between
the MG-EMS and the DMS enables the exchange of information (e.g., MG schedules) so that the two
connected entities can agree on voltage levels and active/reactive power exchange. The communication
links of the MG-EMS are shown in Figure 1.

Figure 1: The communication infrastructure of the MG-EMS.

3 Optimal energy scheduling of multiple grid-connected microgrids
This section defines the model formulations for the optimal micro-grid energy scheduling problem both
in uncoordinated and coordinated schemes. In the uncoordinated scheme, MG operators seek to optimally
schedule the available DERs, while satisfying energy balance within the MG and the operational constraints of the resources. Considered DERs include: dispatchable distributed generation provided by a
bio-fuel based micro-combined heat and power (mCHP) plant, non-dispatchable distributed generation
(DG) of photovoltaics (PVs), distributed BESSs and demand response resources (DRRs). In the coordinated
scheme, MG operators empower the DSO to schedule the MG resources to optimize the cost of the
distribution network (global optimization).
First, the operational objectives that have been applied with the micro-grid energy scheduling model
are introduced. The rest of the model includes the operational constraints for the micro-grids and the
distribution network as well as the mathematical models of the DER, which can be combined with different strategies (operational objectives). The optimization problems for uncoordinated and coordinated
energy scheduling are then defined. Finally, the developed models are implemented in a case study that
uses the electricity distribution network of Chalmers University of Technology campus. This case study
evaluates the cost and operation performance of two grid-connected MGs and the distribution network
when different energy scheduling strategies are tested.
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3.1 Model formulations
3.1.1

Micro-grid objectives

The optimization problem for uncoordinated MG energy scheduling is defined for two different objective
functions: the profit maximization and the energy exchange minimization. These objective functions are
generic in their formulation, as they consider both imported and exported energy, and thus they can be
used with different MG-EMS strategies, which can be related e.g., with cost, income or level of interaction
with the main grid.
The objective function for profit maximization is

(𝑐

𝑚𝑎𝑥

+ 𝑐 ) 𝑃 , − (𝑐

+ 𝑐 )𝑃 , − 𝑐

𝑃 − 𝑅 , ∀𝑖 ∈ ℳ𝒢

(1)

∈

where the first term is the income from selling energy and the other terms correspond to the total cost,
which consists of the imported energy cost, the generation cost, as well as the network charges that
include energy transmission (grid utilization) cost and peak imported power cost. These charges are paid
to the DSO.
In (1), ℳ𝒢 is the set of the MGs’ PCC with the distribution network and 𝑇 is the simulation horizon, which
is 24 hours with hourly time steps (therefore the time step is omitted from the mathematical formulation). The positive variables 𝑃 , /𝑃 , denote the MG imported/exported power from/to the upstream
network through the PCC at bus 𝑖. The heating output of the mCHP is treated as a parameter and is
denoted by 𝑃 . Moreover, 𝑐
refers to the fuel cost of the mCHP, 𝑐
is the spot price, 𝑐 is the grid
charge for energy transmission, when the micro-grid imports energy, 𝑐 is the reimbursement paid to
the MG by the DSO (as an incentive to reduce network losses), when the MG exports energy, and 𝑅 is
the cost for the peak power drawn from the main grid (measured on an hourly basis), which must be
constrained by

𝑅 ≥𝐶

where 𝐶

𝑃 , , ∀𝑖 ∈ ℳ𝒢, 𝑡 ∈ 𝑇

(2)

is the power-based grid tariff.

The objective function for the case of energy exchange minimization is:
𝑚𝑖𝑛

𝑃 , + 𝑃 , , ∀𝑖 ∈ 𝑀𝐺

(3)

∈

3.1.2

Objective of the DSO

The DSO can achieve economic operation by minimizing the charges (energy transmission and peak
power charges) paid to the upstream network (i.e., TSO):
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min

,

𝑃, 𝑐 + 𝑅

,

∀i ∈ 𝒟𝓈 , t ∈ 𝒯

(4)

∈𝒯

In (4), 𝒟𝓈 ⊆ 𝒟 is the subset of substation buses (connection to the upstream network), which belong to
the set of distribution network buses 𝒟 (which also includes the MG buses), 𝑃 , is the active power at
the substation, and 𝑐 is the energy transmission charge. The cost of the peak power measured at the
,
substation is denoted by 𝑅 , which is constrained by

,

𝑅

where C
3.1.3

≥𝐶

𝑃, ,

(5)

∀𝑖 ∈ 𝒟𝓈 , 𝑡 ∈ 𝒯

is the power-based grid tariff.
Micro-grid energy balance

The active and reactive power balance of the MGs are given by

𝑃 , + 𝑃 , + 𝑃,

,

,

+ 𝑃 , − 𝑃 , − 𝑃,

+ 𝑃 , − 𝑃 , = 0, ∀𝑖 ∈ 𝑀ℳ𝒢, 𝑡 ∈ 𝑇

(6)

∈𝒩

𝑄

,

+𝑄

−𝑄

,

,

+ 𝑄 , = 0, ∀𝑖 ∈ ℳ𝒢, 𝑡 ∈ 𝑇

(7)

∈𝒩

where 𝒩 denotes the set of MG buses (including the PCC bus). Constraint (6) defines the active power
balance, where 𝑃 , , 𝑃 , , 𝑃 , , 𝑃 , , /𝑃 , , , and 𝑃 , refer to dispatchable generation (mCHP), non-dispatchable generation (PV), load, charging/discharging power from distributed BESS and curtailed (or
increased) power from DRR, respectively. Similarly, constraint (7) defines the reactive power balance,
where constant power factor is considered for generation and load (flexible and inflexible).
3.1.4

Distribution network power flow constraints

The linearized Branch Flow Model [13], where the power losses are assumed to be negligible, is used for
the network power flow
𝑃 , + 𝑃 , + 𝑃 , + 𝑃 , + 𝑃,

,

− 𝑃 , − 𝑃,

,

=

𝑃

−

,

: ~

𝑄

,

+𝑄

,

+𝑄

,

−𝑄

,

=

𝑄
: ~

,

−

𝑃

,

, ∀𝑗 ∈ 𝐷, 𝑡 ∈ 𝑇

(8)

:~

𝑄

,

, ∀𝑗 ∈ 𝐷, 𝑡 ∈ 𝑇

:~
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(9)

𝑣, =𝑣, −2 𝑅 𝑃

where 𝑣 , = 𝑉 ,

+𝑋 𝑄

,

,

,

∀(𝑖, 𝑗): 𝑖~𝑗, ∀𝑖, 𝑗 ∈ 𝐷, 𝑡 ∈ 𝑇

(10)

∀𝑖 ∈ 𝐷, 𝑡 ∈ 𝑇

(11)

( 𝑉 , is the voltage magnitude).

Voltage must lie within statutory limits:

𝑉

3.1.5

≤ 𝑉, ≤ 𝑉

,

Battery energy storage systems (BESS)

The BESS must satisfy

𝑆𝑂𝐶 , = 𝑆𝑂𝐶 ,

𝑆𝑂𝐶 ,

0 ≤ 𝑃,

𝑃,

,

,

+η

,

𝐸

𝑃,

, 0 ≤ 𝑃,

,

≤ 𝑧 , 𝑀,

,

,

𝑃,

−

η

≤ 𝑆𝑂𝐶 , ≤ 𝑆𝑂𝐶 ,

≤κ 𝐸

≤ 𝑧 , 𝑀,

𝑃,

𝐸

,

≤κ 𝐸

,

𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

,

𝑧 , + 𝑧 , ≤ 1,

(12)

(13)

𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

(14)

𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

(15)

The power to energy ratio, which depends on the energy storage technology and limits the maximum
charging or discharging power is denoted by κ , while η /η is the charging/discharging efficiency,
E
is the installed capacity and SOC , is the state-of-charge (SOC), which must lie between the lower
and upper limit (SOC ,
and SOC , ), respectively. The binary variables z , / z , indicate if the BESS is
charging/discharging and 𝑀 is a very large number, which is used to linearize the BESS model. The
linearization technique used in this case is called the big-M approach [14].
3.1.6

Demand response (DR)

The model for load flexibility is equivalent to the energy storage model and is described by the constraints on the energy that is available for DR:
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𝐸, =𝐸,

+𝑃, ,

0 ≤ 𝐸 , ≤ ν𝑃 , ,

−κ

ν𝑃 , ≤ 𝑃 ,

≤κ

𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

ν𝑃 , ,

𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

(16)

(17)

(18)

In these formulas, E , is the energy that has already been curtailed at time t. The value of the maximum
energy capacity of DRR is given as a percentage ν of the load P , at MG bus j and κ is the power to
energy ratio, which depends on the technology of the DRR [15].
3.1.7

Micro-combined heat and power (mCHP) plant

The electric output of the mCHP plant is constrained by

𝑃

≤ 𝑃, ≤ 𝑃 𝑟

, ∀𝑗 ∈ 𝒩, 𝑡 ∈ 𝒯

(19)

where P is the minimum electric power output and r
is the ratio of electric power to heating power
output, which depends on the type of fuel and the operating point of the electric generator.
3.1.8

Optimization problems

The formulation of the optimal scheduling problem for the MG profit maximization is given by (1)–(2),
(6)–(7), and (12)–(19), while the optimal scheduling problem for the minimization of the MG's energy
exchange is (3), (6)–(7) and (12)–(19). Both models define mixed-integer linear programming (MILP)
problems. Since no interaction is considered with the DSO, these models solve the uncoordinated MG
energy scheduling problem.
The coordinated MG energy scheduling is formulated as an AC optimal power flow (OPF) problem, since
the purpose is to find the energy scheduling of the MG resources that minimizes the cost for the DSO.
The problem is defined by (4)–(5) and (8)–(19).

3.2 Case study: Electrical distribution system of Chalmers University of Technology
The electrical distribution network of Chalmers (Figure 2), which has a peak load of about 6 MW (Figure
3), was used to evaluate energy scheduling strategies of grid-connected MGs. The load demand is supplied by importing energy from the upstream distribution grid and, in addition, by electricity generated
by a mCHP plant and solar panels that have been installed on the rooftops and walls of campus' buildings. The mCHP plant has heating power capacity of 9000 kW and its boilers are primarily scheduled for
heating energy production. The mCHP plant is out of operation between April-September.
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Figure 2 : The distribution network of Chalmers and the interconnection layout of the two MGs (shown with the sections
in dashed and dotted lines).

Figure 3 : Load and PV generation profile of the distribution network of Chalmers campus for the year of 2016.

The assumptions of this case study are that the mCHP plant has a fixed electric power output efficiency
𝑟
= 0.25 and operates under a constant leading power factor of 0.96, while the load (both flexible
and inflexible) has a constant lagging power factor of 0.98. Moreover, 𝜅 = 0.5, 𝜅 = 0.5, and 𝜈 =
20%. The SOC ranges between 20% to 90% and 𝜂 = 0.95, a value typically chosen for these studies [16].
Two network areas have been considered as MGs i.e., MGA and MGB. MGA, which is shown with blue
dotted lines in Figure 2, can produce excess energy when the mCHP is operating and has a PV penetration level of 23% (as a percentage of the MG's peak load). MGB, which is shown with the dashed red
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lines in Figure 2, only has PVs (5%) as local generation and must continuously import power from the
main grid. The MGs are the only areas, where flexible load is available.
The case study uses the network data, resource topology and capacity data as well as historical data of
electricity price, electricity and heating demand, temperature, and irradiation for 358 days of year 2016
(see Figure 3 for the load and PV generation values that were used in the study). The day-ahead energy
scheduling problem is solved repeatedly for each day. The load data were acquired from smart meters
at campus' buildings and were aggregated to be used as input to the OPF of the network. The PV generation was calculated according to [17]. The load and PV generation data are treated as "perfect forecasts".
The Nord Pool spot market price [18] is used for the energy trade of the MGs, when they purchase or
sell electricity. Moreover, when the MG operator sells generated electricity, a reimbursement of 30
SEK/MWh is received from the connected DSO [19]. The energy and power grid tariffs that have been
used can be seen in Table 1.
Table 1 : Peak imported power and energy transmission cost [19].

MG company
Energy transmission cost

68 SEK/MWh

Peak power tariff

44 SEK/kW/month
10 kV distribution grid

Energy transmission cost

31 SEK/MWh

Peak power tariff

37.1 SEK/kW/month

The energy scheduling strategies are summarized in Table 2. Strategy 0 is the business as usual (BAU)
scenario, where the dispatch of the BESS follows a rule-based algorithm that triggers charging and discharging based on peak and low load thresholds. No DR is considered in BAU. Strategies 1-3 (S1-S3)
use the uncoordinated energy scheduling models (local optimization) and as it can be seen, the MGs
might even have different objectives. Coordinated energy scheduling (global optimization) is considered
in Strategy 4 (S4).
Table 2 : Energy scheduling strategies.

MGA

MGB

DSO

Strategy 0 (BAU)

no MG-EMS

no MG-EMS

–

Strategy 1 (S1)

max. profit

min. cost

–

Strategy 2 (S2)

min. energy exchange

min. cost

–

Strategy 3 (S3)

min. import

min. import

–

Strategy 4 (S4)

–

–

min. cost
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The solution approach can be seen in Figure 4. The day-ahead energy scheduling problem is solved for
the optimization problems that were defined in section 3.1.8, which represent the strategies of uncoordinated and coordinated energy scheduling. The results provide the hourly set-points of operation of
the resources (active power of BESS, DRR, mCHP) for the next day. The status of the resources (e.g.,
battery SOC level) at the end of the day is given as input (initial operating status) for the next day-ahead
simulation. The rest of the input data are the same across all tested problems, so it is the different
operation set-points that provide a different solution for each strategy.

Figure 4 : The solution approach of the energy scheduling strategies.

3.2.1

Simulation results

The optimization models described in section 3.1.8 were developed in GAMS [20], where the Cplex solver
was used for the MILP problems. The metrics associated with the MGs and the main grid operation and
cost are presented in Table 3. The cost is given in SEK (the exchange rate of SEK to € is approximately
1:0.094). The generation cost of the mCHP is not included in the results because the boilers are primarily
dispatched to supply heating demand and the additional cost for co-generating electricity is considered
negligible.
It can be seen that S1 reduces the cost of all three entities (MGA, MGB, DSO), compared to BAU, which
means that all interconnected systems benefit from the deployment of two MG-EMS that seek to locally
optimize the MG costs. The cost reduction is 2% for MGB and DSO and 4% for MGA. If S2 is applied, the
cost of MGA is increased by 7% compared to BAU; however, the self-supply level of the MG is significantly improved. Specifically, the MG can operate as a virtual island and supply its customers with its
own resources for 3211 hours (about 4.5 months) throughout the year.
The coordinated energy scheduling (S4), which yields the most economic operation for the DSO, results
in costs similar or slightly reduced compared to BAU for both MGs; however, it is not the optimal solution
for the MGs, which shows a conflict between the solutions of local and global optimization.
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Table 3: Annual cost and performance metrics.
BAU

S1

S2

S3

S4

MGA
Annual cost (MSEK)

0.90

0.86

0.96

0.91

0.90

Imported energy (GWh)

2.99

2.95

2.95

2.95

2.99

Exported energy (MWh)

337

296

0

295

329

Zero exchange hours

0

601

3 211

725

0

MGB
Annual cost (MSEK)

2.11

2.08

2.08

2.14

2.11

Imported energy (GWh)

6.95

6.95

6.95

6.95

6.95

DSO
Annual cost (MSEK)

2.71

2.66

2.70

2.73

2.64

Imported energy (GWh)

28.72

28.72

29.02

28.72

28.72

Peak power (MW)

5.66

5.47

5.61

5.70

5.44

As an example, Figure 5 shows the variation in the BESS and DRR scheduling pattern of MGA (positive
values indicate discharging and load curtailment), when S1 and S4 are applied during an autumn day
(the mCHP is out of operation). In S4, the BESS will only be scheduled to contribute to the system's peak
reduction (in Figure 5 the batteries are not used for this day). Unlike S4, the scheduling in S1 is affected
by the spot price and follows its fluctuation e.g., the BESS is discharged, and load is curtailed from 13:0014:00 at high PV production because of the high spot price at that hour.
The peak load consumption of the whole distribution system is kept at its lowest points with S1 and S4,
whereas S2 and S3 result in an increase of 3-5% compared to S4 because with these strategies MGA
interacts less with the upstream network. Therefore, MGA does not contribute to reducing the peak
consumption of neighbouring areas in the grid. Considering the low peak as well as the reduced cost
for the DSO it is clear that the best strategy is S1, which is optimal for both MGs. The results showed
that, even without coordination, the implementation of multiple MG-EMS aiming to minimize their individual cost also reduces the cost of the DSO. However, with additional MGs it is possible that the need
for coordinated MG operation will increase.
After the day-ahead simulations power flow calculations were performed to validate that the uncoordinated energy scheduling solutions satisfy the network constraints (voltage limits, feeder constraints). All
simulations resulted in operation within technical limits. It should be noted, though, that the modeled
network has sufficient feeder capacity and relatively low PV penetration level (14%). A minimum interaction between MGs and the DSO could be applied (e.g., the DSO could approve or reject a MG schedule)
to ensure that the MG operation does not undermine the operation of the distribution system. This
interaction is described in section 4, where the MG interface with the DSO is introduced.
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Figure 5: The DER output of MGA for an autumn day (comparison between S1 and S4).

3.2.2

Cycle-based battery degradation

The link between the BESS scheduling of each strategy and the expected battery lifetime was investigated using the piecewise linear relationship of cycle life and depth-of-discharge (DoD) given in [21].
The rainflow algorithm [22], which is an electrochemically accurate model, was used to calculate the
number of battery half-cycles, the cycle range, and an average SOC. From these, the number of full cycles
was calculated and an average DoD (DoD = 1 − SOC) was estimated.
The results showed that the proposed strategies are unsuitable for batteries with small cycle life (e.g.,
lead-acid batteries), since the battery capacity could not be guaranteed for more than 5 years. They also
showed that energy arbitrage and cost minimization, whether performed locally (S1) or for the whole
system (S4), increase the number of cycles resulting in faster battery degradation. Therefore, these strategies should only be considered with high cycle life batteries (e.g., Li-ion or NaS batteries). Table 4
summarizes the results and presents the estimated expected lifetime for Li-ion batteries.
Table 4: Battery utilization

BAU

S1

S2

S3

S4

MGA
Battery cycles

67

403

153

144

317

Average DoD (%)

78.5

80

80

80

80

Lifetime in year

>15

11

>15

>15

14

MGB
Battery cycles

200

400

400

0

317

Average DoD (%)

79

80

80

–

80

Lifetime in years

>15

11

11

–

14
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4 Micro-grid interface with the distribution system operator
The physical interface of the MG with the distribution network is the PCC. By controlling the active
(and/or reactive) power exchange at the PCCs the operation between multiple grid-connected MGs and
the distribution network can be coordinated. This can ensure the satisfaction of grid technical constraints, contribute to an economical operation of the interconnected systems and assist in ancillary
services.
This section describes the development of a microgrid interface, which is an add-on DMS functionality
to integrate the MG energy scheduling (presented in the previous section) with network OPF (a functionality already available at the DMS). The interface proposed here allows MGs and DSO to exchange
information such as: desired micro-grid schedule, the voltage at PCC and flexibility requests.
The problem of coordinated energy management of grid-connected MGs has been addressed in recent
literature with the application of stochastic [23]-[25] or deterministic [16], [26]-[28] bilevel optimization.
The bilevel optimization is a hierarchical two-level decision-making process with an upper level, which
is usually related to an aggregator or the DSO (as the owner of the knowledge of the grid technical
constraints) and a lower level, which is usually related to the MG operators.
The authors in [23] solve an equivalent single-level mathematical problem with complementarity constraints (MPCC) with scenario reduction for the stochastic optimization for the single-period energy
scheduling of multiple MGs. A decentralized solution for the same problem is proposed in [24]. There,
the MGs share information only about the power exchange at the PCC and iteratively increasing penalties are introduced to incorporate the coupling of the different entities and ensure convergence of the
solution. Multi-period energy scheduling with inter-temporal constraints for generators and energy storage is considered in [16], where the MGs can also exchange energy with each other. In this case, the
DSO first sends the energy schedule to the MGs and then receives information from them to update it
iteratively until the optimal decision is reached. The network power flow constraints within the MGs are
only considered in [28], where an equivalent single-level problem is solved, which allows the DSO to
have full information of the MG configuration to ensure that the global grid constraints are satisfied with
the application of the individual optimal solution.
The next section introduces a solution approach, which decomposes the bilevel problem into two optimization problems that exchange information to update their parameters. The DMS does not have any
knowledge of the MG network and capacity configuration, which is aligned with the guidelines provided
in [2]. Quadratic programming (QCP) and mixed-integer quadratic programming (MIQCP) models are
used for the DMS and the MG-EMS problem, respectively, to solve the OPF problem in both entities
separately. Information exchange ensures the technical feasibility of the solutions both on MG level and
on distribution network level.

4.1 Model formulations
The mathematical models for individual MG and distribution network optimization (described in section
3) are used with some slight modifications to formulate the two levels of the problem. All the MG constraints that were introduced in section 3 are also used in this model and, in addition, the network power
flow inside the MG is considered:
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𝑃

,
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:~

,

∀(𝑖, 𝑗): 𝑖~𝑗, ∀𝑖, 𝑗 ∈ 𝑁, 𝑡 ∈ 𝑇

(22)

, ∀(𝑖, 𝑗): 𝑖 ∼ 𝑗, ∀𝑖, 𝑗 ∈ 𝒩, ∀𝑡 ∈ 𝒯

(23)

, ∀(𝑖, 𝑗): 𝑖 ∼ 𝑗, ∀𝑖, 𝑗 ∈ 𝒩, ∀𝑡 ∈ 𝒯

(24)

where constraint (24) introduces the thermal limits of the MG lines (𝑆
(𝑖, 𝑗) in MVA).

,

represents the capacity of line

The optimal scheduling problem for the MGs is defined by the objective function

(𝑐

𝑚𝑖𝑛

+ 𝑐 )𝑃 , 𝛥𝑡 − (𝑐

+ 𝑐 )𝑃 , 𝛥𝑡 , ∀𝑖 ∈ ℳ𝒢

(25)

∈

which is to minimize the energy cost and energy transmission cost and is subject to (12)-(24).
The DSO aims to minimize the deviation from the amount of power requested from TSO after having
received the MGs’ desired schedule for the next time-step i.e., the active and reactive power exchange
at the PCC. The DSO’s problem can be presented in (26)-(31):

𝑚𝑖𝑛 𝑃

−

𝑃

+ Δ𝑃 + γ, ∀𝑖 ∈ ℳ𝒢

(26)
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(27)
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(28)

𝑣 = 𝑣 −2 𝑅 𝑃 +𝑋 𝑄

𝑉

≤ |𝑉 | ≤ 𝑉

𝑃 +𝑄 ≤ 𝑆

,

∀𝑖, 𝑗 ∈ (𝒟 ∪ ℳ𝒢) ∖ 𝒩

, ∀𝑖, 𝑗 ∈ (𝒟 ∪ ℳ𝒢) ∖ 𝒩

,

∀𝑖, 𝑗 ∈ (𝒟 ∪ ℳ𝒢) ∖ 𝒩

(29)

(30)

(31)

In (26), the 𝑃
is the balancing power request from TSO, 𝑃
is the MGs’ desired active power exchange, which is entered as a parameter to the DSO’s problem and Δ𝑃 is the optimal flexibility amount
that the DSO asks from the MGs. Similarly, 𝑄
defines the reactive power exchange, also entered as
parameter. A penalty γ is introduced in the objective function to avoid solutions, where the flexibility
requests are unevenly distributed among the MGs. Equations (27)-(31) model the network power flow
constraints and are defined for all distribution network buses except for MG buses (only PCC buses are
included). The DSO does not perform a multi-period optimization (like MGs). Instead, the DSO solves
the optimization problem defined by (26)-(31) per time-step, upon receiving the TSO’s signal.

4.2 Simulation results
The heuristic approach for the coordinated energy management of multiple MGs was applied on the
12.6 kV 33-bus network first presented in [29]. The network and the MG configuration layout can be
seen in Figure 6. Two 1000 kW PVs are located at buses 18 and 33, two BESSs of 1.2 MWh capacity are
located at buses 14 and 29, while 200 kW of responsive load is considered for buses 13 and 31. The
charging/discharging efficiency values η /η are set to 98% and 95%, respectively. Figure 7-Figure 10
show the MGs’ load consumption and PV generation over two hours with 5-minute time resolution. The
electricity prices that are considered for the same time horizon can be seen in Table 5. At the beginning
of the simulations both BESS have a 70% SOC (with a SOC range of 30%-80%) and it is assumed that no
load had been curtailed before.
Three cases are presented next, where the MGs apply optimal energy scheduling of their resources after
interacting with the DMS. The time horizon is one hour, and the time discretization step is 𝛥𝑡 = 5
minutes, which means that each case yields the 5-minute set-points of the battery charging/discharging
power and the amount of power curtailment/increase of the curtailable load for the next hour. The first
case is an hour-ahead energy scheduling, while the second case shows the results of the MG energy
scheduling for the same hour using a rolling horizon (RH) approach. In these cases, the interaction with
the DMS seeks to ensure technical feasibility of the set-points in both connected entities.
In the third case, the DSO considers MGs as flexible resources, which can provide flexibility by altering
the injection or absorption of active or reactive power at the PCC. In other words, the DSO seeks to
indirectly dispatch MGs’ resources to achieve optimal operation. The DSO’ s aim is to utilize MGs’ flexibility in minimizing the deviation between the aggregated power exchange at MGs’ PCCs and the requested power amount from the TSO. The TSO’s request is an intra-hour power balancing requirement.
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Thus, the coordinated energy management of the MGs assists in transmission system ancillary services
such as congestion management and frequency control.

Figure 6 : The 33-bus 12.6 kV distribution network and the MG configuration layout.

Figure 7 : Load consumption for the buses that belong to micro-grid MG1.
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Figure 8 : Load consumption for the buses that belong to micro-grid MG2.

Figure 9 : PV generation for the PVs installed at micro-grid MG1.

Figure 10 : PV generation for the PVs installed at micro-grid MG2.
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Table 5 : Real-time electricity prices

Time
(5 min)
Price
(SEK/MWh)
Time
(5 min)
Price
(SEK/MWh)
Time
(5 min)
Price
(SEK/MWh)

4.2.1

1

2

3

4

5

6

7

8

186.61

145.82

140.58

151.70

166.47

187.12

190.46

195.91

9

10

11

12

13

14

15

16

175.71

164.02

190.41

271.29

251.81

263.66

261.47

208.83

17

18

19

20

21

22

23

24

248.32

175.68

255.91

154.78

191.54

156.93

164.57

273.52

Hour-ahead coordinated energy scheduling of multiple MG-EMS

An hour-ahead forecast of the 5-minute values for PV generation and load is entered as input to the MG
energy scheduling problem presented by (6)-(7), (12)-(25). After the MGs send the hour-ahead schedule
to the DMS, the DMS calculates the voltage at MG PCC and transmits it back to the MGs together with
the confirmation that the MGs can proceed with their desired schedule. The MGs then check the validity
of the previous solution with the expected voltage profile that was sent from the DMS. The hour-ahead
energy scheduling of the MGs results in set-points, which do not violate network constraints. MG1 estimated a profit of 45.6 SEK, while MG2 estimated a profit of 142.6 SEK from selling the energy they export
to the grid.
The dispatched set-points are transmitted only once at the beginning of the hourly control horizon and
therefore, rapid changes in PV generation and load affect the actual cost/income of the MGs within this
hour. In the end, both MGs have a decreased profit than the initial estimation i.e., 23.4 SEK and 69.7 SEK
for MG1 and MG2, respectively.
The imported active power at the substation is given in Figure 11. The peak imported power was 2.33
MW at time-step 3. The energy scheduling of the MG resources can be seen in Figure 12 and Figure 13,
respectively.

Figure 11: Imported active power at the substation, when the MG-EMS apply their optimal set-points after performing
an hour-ahead energy scheduling.
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Figure 12: Energy scheduling of the MG1 resources, when MG1 applies the hour-ahead optimal set-points.

Figure 13: Energy scheduling of the MG2 resources, when MG2 applies the hour-ahead optimal set-points.

4.2.2

Coordinated energy scheduling of multiple MG-EMS with a RH approach

The energy scheduling of the MG-EMS follows a rolling horizon approach (Figure 14). Each simulation
has a time horizon of one hour (12 time-steps of 5 minutes), which is shifted forward by 5 minutes
compared to the previous simulation. Moreover, the load and PV forecast input is updated in every
simulation. Only the next time step set-point is applied after each simulation, which means that 12 simulations are needed to obtain the 5-minute set-points of the next hour. In other words, the MG energy
scheduling problem of (6)-(7), (12)-(25) is solved repeatedly 12 times. The benefit of the rolling horizon
approach is that the set-points of the energy scheduling are dynamically adjusted and thus, less affected
by PV and load forecasting error.
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The obtained optimal MG-EMS set-points are applied after coordination with the DMS to ensure that
they do not violate the network bus voltage and line current limits. The interaction is the same as it was
described in section 4.3.1; however, the information exchange and coordination now happen every 5
minutes (after each simulation). The imported active power at the substation is given in Figure 15. The
peak imported power was 2.82 MW at time-step 10. The energy scheduling of the MG resources can be
seen in Figure 16 and Figure 17, respectively. The hourly cost of MG1 is 1.3 SEK, while MG2 has an income
of 79.2 SEK.

Figure 14: The rolling-horizon approach (each simulation shifts forward in time).

Figure 15: Imported active power at the substation, when the MG-EMS apply their optimal set-points obtained with
rolling horizon approach.
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Figure 16: Energy scheduling of the MG1 resources, when MG1 applies the optimal set-points obtained with rolling
horizon approach.

Figure 17: Energy scheduling of the MG2 resources, when MG2 applies the optimal set-points obtained with rolling
horizon approach.

It can be observed that the battery scheduling does not have the deep discharges of the hour-ahead
energy scheduling. The RH approach looks forward in time with every simulation and re-adjusts the
expected hourly cost. At the end of the one-hour time horizon in RH approach, the battery in MG1 has
a SOC level of 49% and the battery in MG2 a SOC level of 55%. On the contrary, with the hour-ahead
energy scheduling of the previous section, the batteries in both MGs have reached their lower SOC limit
at that same time. This limits their scheduling options for the next hour, which could result in increased
costs. As the MGs export less power to the grid in the RH approach, higher peaks are observed in the
imported power at the distribution system’s substation.
Deliverable No. 4.3 | Report on physical micro-grid interface with real test-site validation
28

4.2.3

Coordinated energy scheduling of multiple MG-EMS with a RH approach and flexibility
dispatch

In this case, the MGs submit their desired schedule (active and reactive power exchange at the PCC) for
the next time-step to the DSO, after having solved the MG optimal energy scheduling problem of (6)(7), (12)-(25). Then, the DSO treats active power exchange as a parameter and solves its individual optimization problem defined by (26)-(31) to decide on the flexibility requests, which will minimize the deviation from the TSO imbalance signal. Since there are two MGs, the penalty is defined as γ =
|Δ𝑃
− Δ𝑃 |.
The flexibility requests are then transmitted to the MGs, which reply to the DMS to inform whether they
can provide or not the requested power at PCC. If the MGs can satisfy the requests, then the coordination
procedure terminates, and the interaction described in the previous sections finalizes the schedule i.e.,
the DMS calculates and sends the voltages at the MGs’ PCC and the MGs validate their energy scheduling
solution. If one MG cannot satisfy the flexibility request, the DMS asks the other MG to provide the
remaining power amount. If one or both MGs reject the request, the DMS asks for the maximum adjustment in the MG PCC power injection (or absorption) to minimize the deviation from the TSO’s request
and then terminates the coordination to finalize the schedule. The solution methodology can be seen in
Figure 18.

Figure 18 : The solution methodology of the proposed MG-EMS and DMS interaction, which aligns the MG energy
scheduling with the flexibility requirements.

The results showed the feasibility of the proposed solution in applying coordinated MG-EMS energy
scheduling with response to flexibility requests. In fact, all flexibility requests were met by the proposed
coordination by re-scheduling the MG resources (as obtained by the RH approach) in every time-step.
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The MGs responded positively to the DMS requests at the first interaction and no MG provides less
flexibility (or additional to compensate for the other MG’s inability to respond) during the simulation.
The initially scheduled active power exchange and the re-scheduled exchange to satisfy the PCC setpoints sent by the DSO to the MGs is presented in Figure 19, where positive values show an aggregated
export towards the upstream network.
The imported active power at the substation is given in Figure 20. The peak imported power was 3.24
MW at time-step 10. The peak power in this case is increased compared to the previous cases, because
of TSO’s balancing request that causes MGs to import more power from the upstream grid. The energy
scheduling of the MG resources can be seen in Figure 21 and Figure 22, respectively.
It should be noted that with this methodology, there might be areas of the feasibility region of the bilevel
problem that are not searched. That is because the aim here is to fully satisfy the DSO’s objective and
only compare the solution to the optimal MG resource optimization. Future research will explore heuristic methodologies that could yield a compromised solution between DSO’s and MGs’ optimization.

Figure 19: Active power exchange at MGs’ PCC (initial schedule and re-scheduled amount after coordination with the
DMS).
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Figure 20: Imported active power at the substation, when the MG-EMS apply their optimal set-points after agreement
with the DSO to provide flexibility.

Figure 21: Energy scheduling of MG1 resources, when MG1 applies the optimal set-points after agreement with the
DSO to provide flexibility.
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Figure 22: Energy scheduling of MG2 resources, when MG2 applies the optimal set-points after agreement with the
DSO to provide flexibility.

5 Emulated micro-grid energy management system for remote battery control
This section presents the control and communication set-up for an emulated MG-EMS that integrates
remote battery control. The demonstration shows how the power exchange at the physical micro-grid
interface can be controlled upon power request signals from the DSO. The MG-EMS processes these
signals and adjusts the energy scheduling of the next hour accordingly if the request can be met without violating MG constraints. The grid-connected MG that is considered for the tests is the HSB Living
Lab (HSB LL) building, located in Chalmers campus.

5.1 HSB Living Lab
Inside the Chalmers campus area, there is a residential building called HSB Living Lab (HSB LL), which
was constructed primarily to support research as well as to accommodate students. The building comprises 29 apartments. The 18 kWp PV system consists of solar panels installed on the facade and the
roof of HSB LL and it is coupled with a 7.2 kWh battery, which can be charged both from the PVs and
the AC grid. The PV and BESS system is connected to the AC grid via a converter provided by Ferroamp
[30], which is called Energyhub (Figure 23).

Deliverable No. 4.3 | Report on physical micro-grid interface with real test-site validation
32

Figure 23 : The PV and BESS system of HSB LL consisting of the Energyhub converter (upper right corner), the battery
and the DC/DC converter of the battery (down right corner) and the eight DC/DC converters of the solar panels.

The converter is coupled with sensors that monitor the DC/DC converters of the solar panels and the
battery as well as building consumption and power at the point of grid connection. These measurements
are collected with a time resolution of 1 sec. The same data are provided by the Ferroamp web portal
with a one-minute time resolution.
In 2018, the solar panels installed on the facade and the roof of HSB LL, produced 10.82 MWh of energy
in total, while the annual electricity consumption of the building was 70.7 MWh (the daily demand
ranged between 61 kWh and 259 kWh). The lowest power consumption that was recorded was 4.11 kW
and the highest was 27.47 kW, while the peak PV power output was 13.58 kW.

5.2 Problem formulation
5.2.1

Modified BESS model

The BESS models used in the optimal micro-grid scheduling problems ignore the non-linear dependency
between the charging power and the state of the energy of the battery. Ignoring this dependency, the
MG optimal energy scheduling problem can remain linear and thus can be easily solved using linear
programming solvers. However, after some preliminary tests performed at the battery installed at the
HSB LL, it was found that the non-linearity of the charging curve could not be neglected.
Figure 24 shows the charging curves that were obtained from the preliminary tests. Each curve corresponds to a different charging power command between 3.5-6 kW. A piecewise linearization of the nonlinear fitted curve (Figure 25) was then used for the BESS model to increase its accuracy. The piecewise
linear model of the BESS uses the Special Order Sets 2 (SOS2), which can be found in [31].
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Figure 24 : The obtained charging curves of the HSB LL battery under different constant charging power commands.

Figure 25 : The non-linear fitted curve, which is used as the charging energy characteristic of the battery.

5.2.2

Optimization problem

The objective function of the micro-grid is to maximize the profit
(𝑐

𝑚𝑎𝑥

+ 𝑐 ) 𝑃 ∆𝑡 − (𝑐

+ 𝑐 )𝑃 ∆𝑡 − 𝑅

∈

and it is subject to active power balance
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(32)

𝑃

+𝑃

,

−𝑃 −𝑃

,

+𝑃

−𝑃

= 0, 𝑡 ∈ 𝑇

(33)

and SOS2 constraints, which model the BESS. The network power flow constraints are ignored due to
the very close proximity of MG resources and consumption points. The reactive power balancing constraints are also ignored because only the active power of the micro-grid is scheduled, and the reactive
requirements of the loads are satisfied by importing reactive power from the grid. The time discretization
step is 𝛥𝑡 = 5 minutes.

5.3 Communication set-up
The emulated MG-EMS of the HSB LL synchronizes its operation with the measurement and control
system of the E-HUB converter by using the message queuing telemetry transport (MQTT) protocol and
backend services. Specifically, an SQL-database stores the high-resolution (1 sec) measurements of the
previous week and the historical data can be retrieved with the help of a web REST API that reads JSON
formatted data. The MG-EMS can then make various Web API requests to obtain these stored values
(e.g., building consumption, PV power output, power at PCC) or processed data (e.g. 5-minute average
value of building consumption and PV generation). The MG-EMS can also request real-time measurements directly from the MQTT broker of the Energyhub system.

Figure 26: Communication interface set-up for the emulated MG-EMS of the HSB LL building.

For the remote control, an MQTT client is created for the MG-EMS, which must be connected to the
MQTT broker provided by the Energyhub system. The MQTT broker continuously transmits messages
with the measurements encoded in JSON format and a data refresh rate of 1 sec. The MQTT client of the
MG-EMS must be subscribed to the relevant topics to read the available measurements. The algorithm
of the MG-EMS reads, decodes and processes the data and then decides on the power charging/discharging request. The MQTT client publishes the battery request (encoded in JSON) to the topic associated with the battery control. The application of the MQTT protocol, which facilitates this communication, is realised using the MQTT toolbox in MATLAB.
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5.4

Demonstration results

5.4.1

Rule-based MG-EMS

To integrate the remote battery dispatch with an emulated MG-EMS preliminary tests were conducted,
where the MG-EMS implemented a rule-based algorithm. The algorithm tries to constrain the power
exchange with the grid between a peak and a low load threshold (𝑃
and 𝑃 , respectively), which
can be externally set by the user/operator. The purpose of this test is to flatten the aggregated power
profile as seen by the DSO at the PCC. The algorithm updates the battery output set-point per iteration
𝑖 based on the average PCC power exchange (𝑃 ) of the previous iteration loop (each loop lasts one
minute).
The calculation of the discharging power output request 𝑃 is based on the linear BESS model with a
constant discharging power limit 𝑃 , whereas the charging power output 𝑃 is calculated with the use
of the modified BESS model described in section 5.2.1, where the charging power limit 𝑃
depends on
the battery 𝑆𝑂𝐶. To avoid deep discharges/charges of the battery, the 𝑆𝑂𝐶 limits are considered
(𝑆𝑂𝐶 , 𝑆𝑂𝐶
). Algorithm 1 presented in Figure 27 describes the interaction between the MG-EMS
and the controlled system via the MQTT protocol and the proposed methodology.

Algorithm 1: Rule-based battery dispatch algorithm
1 Connect to the MQTT broker.
2 Subscribe to the available topics.
3 while 𝑖 ≤ 𝑖𝑡𝑒𝑟

do

4

Read 𝑃

and SOC ;

5

Calculate 𝑃 /𝑃

so that 𝑃

6

if

/𝑃

𝑃 /𝑃 > 𝑃

7

𝑃 /𝑃 = 𝑃

8

end

9

if (𝑆𝑂𝐶

10

Reduce 𝑃 /𝑃

11

end

12

Publish 𝑃 /𝑃

/𝑃

≤𝑃

;

≤𝑃

then
;

) ∨ (𝑆𝑂𝐶

< 𝑆𝑂𝐶

)

so that 𝑆𝑂𝐶

≤ 𝑆𝑂𝐶

≤ 𝑆𝑂𝐶

> 𝑆𝑂𝐶

;

;

13 end
Figure 27 : The battery dispatch algorithm for the rule-based MG-EMS.
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Figure 28: The set-points and real-time measurements of the battery power (rule-based MG-EMS).

The response of the battery to the requests (power set-points) can be seen in Figure 28. The data exchange with MQTT is very fast and the set-point has been received by the broker in 1 sec. The process
of the command by the Energyhub system takes 10 sec. After that, the command is transmitted to the
battery DC/DC converter through power line communication (PLC), which adds a small delay to the
transmission of the set-point. Once the battery management system (BMS) is actuated the set-point is
reached in about 10 sec depending on the battery status and the amount of requested power.
The test results clearly showed that the battery power output matches exactly the dispatched set-points,
which is very important for the integration of remote battery control with the MG-EMS. The results validate that the operational objective of the MG-EMS can be met. The results also showed a total delay of
maximum 30 sec, which was taken into consideration during the application of the optimization-based
energy MG-EMS, presented in the next section. To account for this delay, the transmission of the battery
output power set-point starts 30 sec before the next time-step (of the 5-minute control horizon) begins.
5.4.2

Optimization-based MG-EMS

The emulated MG-EMS runs consecutive hour-ahead battery dispatch simulations with a rolling horizon
approach. The MG-EMS solves the optimization problem presented in section 5.2.2 every 5 minutes and
the result of each simulation is the battery charging/discharging power set-point that will be applied
during the next 5-minute time-step.
The rolling horizon approach adjusts the battery schedule dynamically so that any updates in the PV and
load forecast can be taken into consideration. Adjustments might also occur if the MG receives a DSO
signal i.e., a PCC active power set-point that the MG should follow. These signals are assumed to be sent
by the DSO with the aim to utilize the MG’s flexibility in distribution system’s congestion management.
Before the desired battery dispatch is implemented, the MG-EMS checks if there are any DSO requests.
In this occasion, the MG-EMS always responds and re-adjusts the battery charging/discharging to align
its operation with the requested set-point, as long as MG’s technical constraints are not violated. Otherwise, it informs the DSO that the requested set-point cannot be followed. The impact on the MG’s cost
due to the service it provided to the DSO is also assessed.
In this demo case, the MG-EMS was tested for one hour i.e., 12 hour-ahead simulations. The energy and
power grid tariffs that have been used are those given in Table 1. The SOC limits are set to 30% and
80%. The MG is considered to purchase/sell energy using the electricity price data given in Table 5. The
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average 5-minute values of load and PV generation of a previous day with similar weather are used as
input to serve the purpose of this demonstration.
During the demonstration, the MG-EMS receives and evaluates DSO signals four times, as it can be seen
in Table 6; in all four occasions, the MG-EMS responded successfully to these requests and re-adjusted
the battery schedule. The communication between the DSO and the MG-EMS is simulated; however, the
response of the MG-EMS after it receives the signal at the beginning of the optimization horizon is realtime. Table 6 also shows the difference in the expected cost of the next hour of MG’s operation, when
the MG applies the DSO request at the next time step instead of the set-point that was obtained from
the MG’s optimal energy scheduling.
Table 6 : The response of the MG-EMS to the DSO signals.
Time-step

1

2

3

4

5

6

7

8

9

10

11

12

PCC set-point (kW)
MG-EMS response
Cost difference (%)

-

-

-

4
✓
+3.5

-

-

-

-

5
✓
+2.9

-

6.3
✓
+2.2

6.5
✓
+1.9

The results proved the feasibility of the applied remote control to respond to DSO requests within the
5-minute time frame and provide active power flexibility. The response of the battery to the dispatched
optimal set-points is shown in Figure 29, which proves that the battery dispatch is almost exactly according to the dispatched charging/discharging set-point of the MG-EMS. A few sudden dips that can
be noticed in the battery power output are due to measurement errors. In future tests, the optimization
algorithm will use forecasted values instead of pseudo-measurements to improve the results of the application of the MG-EMS in dispatching the desired power exchange at the PCC.

Figure 29: The dispatched battery power (optimization-based MG-EMS).

Deliverable No. 4.3 | Report on physical micro-grid interface with real test-site validation
38

6 Conclusions and future work
This report introduced mathematical models for optimal energy scheduling of MG resources. These
models can be employed by the MG-EMS to schedule the MG resources in an uncoordinated way (only
considering local constraints/targets) or coordinate with the DSO to ensure technical feasibility of MG
resource optimization.
The MG energy scheduling models were first applied under different operational strategies in a case
study on the distribution network of Chalmers University. The study considers the energy sources that
supply the university including a mCHP plant, PV systems, and BESS to evaluate the benefits of integrating MG-EMS to an existing network. The simulation results showed that, even without coordination, the
distribution system can benefit from the implementation of multiple MG-EMS that locally optimize their
day-ahead resource scheduling.
A solution approach was then introduced for close to real-time MG resource scheduling and interaction
between the MG-EMS and the DMS. It was observed that the RH approach utilizes the DER in a more
effective way because the MG-EMS have the potential to respond to rapid changes due to PV and load
fluctuations. The RH approach in MG energy scheduling was also used in a coordination procedure between the DMS and the MGs that allows DMS to control the MG power exchange with the distribution
network in response to real-time balancing signals sent by the TSO. The proposed coordination methodology was tested on a modified 33-bus radial network model considering two MGs with a PV system,
BESS, and responsive load. The test results proved the feasibility of the MG-EMS to respond to the flexibility requests.
Finally, the MG-EMS with RH approach was validated at a demonstration site at Chalmers University of
Technology. An improved BESS model was used to account for the battery charging power dependency
on the SOC level. The results showed that the battery could respond in real-time and follow the exact
set-points as they were transmitted from the emulated MG-EMS, which could choose between applying
the MG optimal set-points or the set-points that could meet the DSO’s PCC power requests.
Future work will include validation of the emulated MG-EMS at one more demonstration site and integration of forecasted load and PV values in the MG energy scheduling problem. Moreover, heuristic
methodologies will be explored to improve the mechanism of the coordinated operation between DMS
and MG-EMS.
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