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Abstract: The integration of a variety of heterogeneous energy sources and different energy storage
systems has led to complex infrastructures and made apparent the urgent need for efficient energy
control and management. This work presents a non-linear model predictive controller (NMPC)
that aims to coordinate the operation of interconnected multi-node microgrids with energy storage
capabilities. This control strategy creates a superstructure of a smart-grid consisting of distributed
interconnected microgrids, and has the ability to distribute energy among a pool of energy storage
means in an optimal way, formulating a virtual central energy storage platform. The goal of this
work is the optimal exploitation of energy produced and stored in multi-node microgrids, and the
reduction of auxiliary energy sources. A small-scale multi-node microgrid was used as a basis
for the mathematical modelling and real data were used for the model validation. A number of
operation scenarios under different weather conditions and load requests, demonstrates the ability
of the NMPC to supervise the multi-node microgrid resulting to optimal energy management and
reduction of the auxiliary power devices operation.

Keywords: model predictive control; multi-node microgrid; renewable energy sources; energy
storage; virtual central storage

1. Introduction

Climate change, global warming and ozone depletion are important issues for re-
ducing carbon dioxide emissions. In combination with the increased energy demand and
the reduced fossil fuel stocks, the global interest has shifted to alternative energy sources.
Distributed renewable production, over the years evolved into an organized structure by in-
tegrating local energy storage systems and loads [1]. These structures known as microgrids
have undertaken the fulfillment of energy demand, mostly based on renewable energy [2].
Microgrids contain electricity sources and loads and they consist of various sources of
distributed generation, and most importantly renewable energy sources (RES) [3]. The
integration of numerous power devices in microgrids along with the stochastic nature of
renewable generation and the uncertainty concerning the load demand resulted in the need
of appropriate management and control [4–6].

A review in microgrid technologies can be found in [7] where the authors provide a
multi-disciplinary portrait of today’s microgrid drivers, real-world applications, challenges,
and future prospects. Authors in [8] give an overview of the main control topics in
microgrids, covering different control levels, emphasizing on energy management systems
with model predictive control (MPC). Many approaches have been reported in the literature
for optimal control and management [9–14]. MPC is a control policy extensively used by
the power system community. Advantage of this method is its capability to handle the
future behavior of the system, the renewable energy generation and demand forecasts, the
systems constraints, as well as the feedback mechanism it provides, making the controlled
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system more robust against uncertainty [15,16]. MPC methods used in power networks
have been illustrated for voltage control [17], thermal loads [18], for managing the heating,
ventilation and air conditioning units (HVAC) [19] and as a framework for controlling
microgrids or multiple units with flexible power consumption [20,21]. As microgrids
greatly depend on its renewables and load demand forecasts, which include certain amount
of uncertainty [22], model predictive control (MPC) is an effective control policy to optimize
their operation. The effectiveness of MPC as a control policy in microgrids is examined by
numerous studies. In this respect, authors in [23] investigate the available MPC policies
that can be applied for linear parameter varying (LPV) systems. Authors in [24] propose
a supervisory MPC system for a wind/solar energy generation. The system computes
the optimal power references for the generators and two local controllers drive the two
subsystems to these references. In [25] a flexible and modular control scheme is presented
that allows virtual power plant (VPP) operation, based on distributed MPC, while in [26] a
distributed power scheduling approach is proposed for balancing the demand and supply.
A distributed peer-to-peer multi-agent framework [27] and a two level MPC scheme [28]
are proposed for managing the power sharing and ensuring stable operation in microgrids
with inverter-interfaced distributed energy resources.

At isolated microgrids, the challenge is to provide an uninterrupted and stable power
supply based only on local generation and storage. In [29] a centralized energy man-
agement system based on MPC is proposed. The goal is to reduce the negative impacts
introduced by uncertainties of renewable energy generations. Additionally, [30] proposes
a stochastic-predictive energy management system while in [31] a two-stage MPC based
energy management comprising of two optimization layers is presented. The first supports
power dispatch and the second, the prediction error correction while the power output of a
diesel generator is used as control variable in order to minimize the microgrid operational
cost. In [32] an MPC-based combined unit commitment and optimal power flow model is
proposed for integrated energy management in isolated microgrids whereas authors in [33]
propose an MPC-based centralized energy management strategy (EMS) for an isolated
microgrid including a distribution network model and its unbalance conditions.

Extended research and evolution of microgrids resulted in structures integrating multi-
ple distributed microgrids into larger multi-node microgrids by linking each other through
power, information and control signals channels [34]. A challenge was raised because
the energy management in these microgrids is needed not only to optimize operation
of each microgrid, but also to achieve global optimization by coordinating power flow
among microgrids. Studies on this field propose an MPC-based EMS [35,36] for multiple
microgrids to optimally manage and coordinate energy supply and demand aiming at
minimization of overall costs whereas in [37] a centralized MPC method for power flow
management is proposed for cooperating microgrids, targeting to balance the supply and
demand by maximizing renewable energy generation.

To this end, this work presents a framework for coordinating multi-microgrids based
on Non Linear Model Predictive control. A two layer approach is used. The first layer
consists of a low level internal hierarchical EMS providing a device level coordination
and power flow at each node. The second layer implements a NMPC framework for
managing the power flow between the interconnected battery energy storage systems
(BESS) of the nodes. In this way a supervisory EMS is applied that does not affect directly
the device level operation, but has an indirect affect to the systems through the BESS and
the exchanged energy. The simplicity of the framework is derived from the ability of the
NMPC to coordinate the energy storage systems, based on their energy state as well as
on weather and load predictions and maintain independent device level operation letting
it exclusively be handled by the internal EMS. The main aim of the work is to provide a
reliable and highly efficient control scheme that can provide a solid basis for the study
of multi-node microgrids and their response under different scenarios of weather and
load situations. An increased flexibility can be achieved in the microgrid by aggregating
the distributed BESS into one virtually larger central storage system. Additionally, the
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framework is highly parameterizable and it can be adapted not only to various types of
energy devices and microgrid topologies but also to user and/or microgrid needs through
the objective function’s weight coefficients.

The work is organized as follows: In Section 2, a description is given of the multi-node
microgrid adopted for this research. The formulation of the mathematical models of the
nodes based on the low level hierarchical EMS and the devices models, is also described in
this section. In Section 3 the methodology is analyzed and the formulation of the NMPC is
given. Section 4 presents the simulation results of three microgrid case studies. Finally in
Section 5 a discussion is made and overall conclusions are given.

2. Multi-Node Microgrid

The methodology in this work is developed based on a real multi-node microgrid. The
existing infrastructure is used in order to be able to apply, tune and validate the controller
based on real data acquired from the field. This multi-node autonomous microgrid is
powered from RES and consists of three smaller microgrids, the nodes. Each node integrates
photovoltaics (PV) and wind turbines (WT) as energy sources, local loads and BESS.
Additionally, diesel generators (DG) are included as backup energy sources. One of the
nodes incorporates hydrogen generation and consumption infrastructure that is used in
cases of renewable energy excess, where electricity is converted to hydrogen and stored in
tanks. In case of energy shortage the stored hydrogen is converted to electricity to meet the
load demand. The infrastructure consists of a low temperature proton exchange membrane
(PEM) water electrolysis device (Electrolyzer) and a PEM fuel cell (FC). Moreover, each
node incorporates all necessary devices and power electronics, such as converters and
inverters, meters and chargers. A low-pressure intermediate tank and a final high-pressure
tank for hydrogen storage as well as a compressor are also included. The operation
of the microgrid is monitored by a supervisory control and data acquisition (SCADA)
system [38]. An additional DC bus bar, that interconnects electrically the nodes, enables
the exchange of energy through bidirectional DC/DC converters. Table 1 describes the
power characteristics of the devices and Figure 1 shows the topology of the microgrid.
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Table 1. Power characteristics of the integrated devices.

AC Load PV Wind T. Batteries Fuel Cell Electrolyzer Diesel G.

Node 1 4 kWp 2.52 kWp - 2000 Ah - - 2 kVA
Node 2 4 kWp 5.04 kWp 3 kWp 2000 Ah - - 2 kVA
Node 3 4 kWp 7.56 kWp 3 kWp 2000 Ah 3 kW 4 kW 2 kVA

2.1. Methodology

The process of implementing the NMPC in the microgrid under study, due to the
complexity of the structure and the plethora of subsystems, requires careful planning both
in the construction of the models as well as in the definition of the constraints governing
the system. The steps are:

1. Mathematical models of all the devices that make up the nodes of the microgrid were
used.

2. Finding the parameters determined from the technical characteristics of all devices.
3. Validating of the mathematical models. Experimental data and characteristic curves

of the devices were used for the validation of the models.
4. Creating an energy management algorithm for each node. An EMS is implemented

internally at each node.
5. Using the mathematical models of the devices and the energy management algorithm,

the mathematical model of each node was developed.
6. Developing and implementing the NMPC for the nodes taking into account the

operating constraints. The NMPC is the basis for the creation of a virtual central
storage platform and the resulting optimal energy management among the nodes of
the microgrid.

2.2. Mathematical Models

The mathematical models of the devices of each node of the micro grid are from [39].
The process models that describe the topology of the nodes of the multi node microgrid
and used for prediction and optimization by the NMPC, have been developed on the basis
of a hierarchical EMS. The mathematical models include batteries (lead acid accumulators),
photovoltaic panels, wind turbines and in case of H2 production a PEM electrolyzer, a PEM
fuel cell, hydrogen low and high pressure storage tanks and a hydrogen compressor [39,40].
All mathematical models were experimentally verified with data acquired from the onsite
SCADA archiving system [41] and from tests conducted in CPERI/CERTH laboratories
(fuel cell). Indicative results from the validation process can be found in Appendix A.

2.3. Energy Management Strategy

The operation sequence of the power devices defines the EMS applied in each of the
nodes of the microgrid. This sequence depends on the existing subsystems, the desired
results and the technical characteristics of the devices [42–44]. In this work a hierarchical
energy management is applied for the internal operation of the nodes (adopted by the
SCADA system), targeting mainly on the load fulfillment [41].

The same strategy is applied to all three nodes, to keep the internal operation as
simple as possible, in order to demonstrate the ability of the NMPC to provide in a higher
level the optimal energy management in the multi-node microgrid. In the applied strategy
(Figure 2), priority is given in the fulfillment of the load demand. The necessary power
is provided firstly from the RES and subsequently from the BESS in case of RES shortage.
The final power source to cover the load comes from the DG. If there is a power excess,
the batteries are charged in priority until the maximum defined limit, and the remaining
power is converted and stored as hydrogen.
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Figure 2. Energy management strategy algorithm.

We define with P the available power in the node resulting by the difference between
the renewable power PRES minus the load demand PLoad, i.e., P = PRES − PLoad. When P > 0,
the battery state of charge (SOC) is checked. If SOC is not exceeding SOCmax, the excess
power charges the batteries (Pacc = P). Otherwise, if the node integrates an electrolyzer, the
available power P is compared with the device’s operational limits Pelec_min, Pelec_max and if
being between them, P is exploited to produce hydrogen (Pelec = P). In case of P > Pelec_max,
only the maximum feasible amount of power is handled by the electrolyzer (Pelec = Pelec_max).
In all other cases, the power remains unexploited.

When P < 0, if SOC > SOCmin, the batteries discharge to cover the load (P = Pacc). Oth-
erwise, if the node integrates a fuel cell, and the power demand is less than its operational
limit Pfc_max, P is covered from the fuel cell power (Pfc = P). In any other case, the diesel
generator is activated and produces constant power Pdg. Part of this power covers the load
and the rest charges the battery. The generator remains active, until battery SOC reaches a
predefined level SOCdg.

Additional operational limits of the devices have been taken into account, such as
battery charging and discharging current limits, Icmax , Idmax . which depend on the instant
SOC [39], as well as hydrogen tank pressures PrH2, and limits PrH2_min, PrH2_max necessary
for hydrogen utilization.

3. Formulation of the Non-Linear Model Predictive Control Framework

According to the mathematical formulation of the NMPC [45–48] the state variable
vector x(t). is the stored energy in the batteries, the controlled variable vector y(t) is the
state of the battery charge SOC% and the manipulated variable vector u(t). is the power
that needs to be transferred from and to each node.

At each time instant t, each node i = 1, 2, . . . , m. has an energy state xi(t). This is
calculated from the mathematical model and the EMS applied in each node and depends
on the respective weather forecast and load demand. The controlled variable ŷi(t) is a
function of the state variable xi(t) and the manipulated variable ui(t). Positive values
of ui(t). depict power inflow into node i from other nodes while negative values depict
power outflow to other nodes. ui(t) defines the control signals to be applied on the DC/DC
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converter of node i in order to achieve the energy exchange with the other nodes of the
microgrid.

For weighting independently the inflow and outflow exchanged power, manipulated
variables ui. are divided into charging (uc,i) and discharging variables (ud,i).

ui(t) =
{

uc,i(t), ud,i(t)
}

, i = 1, 2, . . . , m (1)

where m depicts the number of the interconnected microgrids (nodes).
ysp

i (t). depicts the set point of the SOC of node i at time instant t.
The optimal control problem can be described as a trajectory following problem,

applying the minimum amount of energy. The functional J in Equation (2) is defined by the
sum of squares of the distances of the controlled variables ŷ. from the reference trajectory
ysp. multiplied with a matrix of appropriate weight coefficients Q and the sum of squares
of the manipulated variables u. for each node in the prediction horizon multiplied also
with a matrix of appropriate coefficients P.

J(k) =
m

∑
i=1

Np−1

∑
j=0

((
ŷi(k + j)− ysp

i (k + j)
)T

Q
(

ŷi(k + j)− ysp
i (k + j)

)
+ (ui(k + j))T P(ui(k + j))

)
(2)

At each time step k, a prediction of the energy states ypred
i . is made for the current step

and the next Np − 1 steps,

ypred
i (k + j) = fa,i(xi(k + j), ui(k + j)) j = 0, . . . , Np − 1. (3)

with functions fa,i being a set of algebraic equations that define the process model. The
process model was developed in MATLAB environment and consists of three functions.
Each function is developed taking into account the mathematical models of the devices
(Figure 1), the power characteristics (Table 1) and the hierarchical EMS applied for each
node (Figure 2). The prediction error e(k) between the current predicted state and the
current real state is calculated by:

ei(k) = ymeas
i (k)− ypred

i (k). (4)

This error is added to the predicted states of the entire prediction horizon Tp,

ŷi(k + j) = ypred
i (k + j) + ei(k). (5)

resulting the ŷi. states for the cost function J. The optimal control values for the control
horizon Tc are then recalculated by minimizing the cost function J within the prediction
horizon Tp

min
u

J(k). (6)

with respect to u and taking into account a set of constrains. Only the first control value
of the optimal control sequence is applied to the DC/DC converters and the procedure is
then repeated for the next time step. The duration of each step is 5 min.

Matrices Q and P, are diagonal positive definite matrices of order Np and are weight
matrices for the quadratic terms in the cost function. Matrix Q defines the rate at which each
node reaches the target while matrix P defines the significance of each node’s participation
in providing or receiving energy. Both matrices weight the quadratic terms of the cost
function for the entire prediction horizon.

Constraints

The cost function J is subject to several physical and conceptual constrains. The
solution of the optimal control problem takes into account all constrains which are applied
at each time-step k for every step j = 0, . . . , Np − 1. in the prediction horizon. The power
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exchange should be between the limits of the nominal power of the bidirectional DC/DC
converters, rated at 2.5 kW: {

−2500 ≤ ud,i(k + j) ≤ 0
0 ≤ uc,i(k + j) ≤ 2500

(7)

Additionally, charging and discharging simultaneously a node, is not a feasible state.
Thus,

uc,i(k + j)·ud,i(k + j) = 0 (8)

In order for the exchanged energy balance to be maintained and since power flowing
in and out of the node has opposite signs, the sum of the power exchanged at each time
step should be zero.

m

∑
i=1

uc,i(k + j) + ud,i(k + j) = 0 (9)

Equation (10) determines the predefined limits of the batteries SOC (controlled variable
ŷi).

0.55 ≤ ŷi(k + j) ≤ 0.8 (10)

Finally, Equation (11) determines the limits of the battery operating current Iacc.

Icmax ,i(k + j) ≤ Iacc,i(k + j) ≤ Idmax ,i(k + j) (11)

4. Simulation Results

In order to demonstrate the benefits of the NMPC, three scenarios (case studies)
were examined. The first scenario, demonstrates a 24-h operation of the microgrid with
weather conditions similar to a typical spring day. The second scenario demonstrates the
effectiveness of the controller under different set points and weight coefficients in the cost
function and under unpredicted weather and load conditions for a 24-h operation. Finally,
a long-term operation (7 days) of the microgrid is simulated in the third scenario for the
controller’s long-term efficiency validation. To compare and highlight the capability of the
controller to exploit the maximum amount of energy and balance the microgrid, in each
scenario, two simulations of the microgrid operation are performed: one with the NMPC
disabled (isolated node operation) and one with the controller enabled (interconnected
node operation).

In all scenarios, each node starts at different levels of battery SOC. The initial SOC for
the three nodes is 63%, 69% and 76.5% respectively. It is assumed that third node has initial
stored hydrogen at 6 bars. For weather conditions prediction, the last 30 days average for
24 h of solar irradiation and wind speed are used. Furthermore, three typical residential
load profiles are used.

4.1. Scenario 1—Daily Operation of the Microgrid
4.1.1. Microgrid Operation without the NMPC

In the first scenario, data of solar irradiation and wind speed were used by the models.
Figure 3a shows the daily power production from the PV in each node, while Figure 3b
shows the respective power from wind turbines. The load profiles of each node are shown
in Figure 3c.
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Figure 3. Renewable power and loads in daily operation: (a) PV power production; (b) Wind Turbine power production;
(c) Local load demand.

Figure 4a shows the total available power at each node. Positive values indicate power
available for storage while negative indicate usage of stored power. After simulating the
operation of the microgrid without power exchange (isolated node operation), the SOC
evolution at any given time during the day is shown in Figure 4b.
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flow is depicted in Figure 6b. 

Figure 4. (a) Available power in the nodes; (b) Battery SOC in daily operation.

The charging and discharging operation is observed in positive and negative availabil-
ity respectively. In the first and the second node, the diesel generators are activated when
minimum SOC is reached while in the third node the water electrolysis device is activated
at maximum SOC in order to exploit excess energy.

A detailed operation of the power devices inside each node can be seen in Figures 5–7.
Figure 5a shows that the load in node 1 (dashed line) is covered initially by the battery.
Afterwards the RES are gradually beginning to contribute during the day. At approximately
9:00 h, when the battery reaches the minimum SOC (55%), the diesel generator starts to
operate offering 2 KW constant power to load demand and for the battery charging. During
this period, battery is also charged from the RES. The generator stops as soon as the battery
reaches 65% SOC (generator operating limit) at 14:00 h. From this point, the RES and
the battery take over to fulfill the load. The total power flow along with any shortage or
excess of energy in the node during the 24 h operation is given in Figure 5b with a Sankey
diagram. Data of all Sankey diagrams in table form can be found in Appendix B.



Energies 2021, 14, 1082 9 of 22

Energies 2021, 14, 1082 9 of 23 
 

 

 

(a) 

 

(b) 

Figure 4. (a) Available power in the nodes; (b) Battery SOC in daily operation. 

The charging and discharging operation is observed in positive and negative avail-

ability respectively. In the first and the second node, the diesel generators are activated 

when minimum SOC is reached while in the third node the water electrolysis device is 

activated at maximum SOC in order to exploit excess energy. 

A detailed operation of the power devices inside each node can be seen in Figures 5–

7. Figure 5a shows that the load in node 1 (dashed line) is covered initially by the battery. 

Afterwards the RES are gradually beginning to contribute during the day. At approxi-

mately 9:00 h, when the battery reaches the minimum SOC (55%), the diesel generator 

starts to operate offering 2 KW constant power to load demand and for the battery 

charging. During this period, battery is also charged from the RES. The generator stops as 

soon as the battery reaches 65% SOC (generator operating limit) at 14:00 h. From this 

point, the RES and the battery take over to fulfill the load. The total power flow along 

with any shortage or excess of energy in the node during the 24 h operation is given in 

Figure 5b with a Sankey diagram. Data of all Sankey diagrams in table form can be found 

in Appendix B. 

 

(a) 

1
5

.1
9

9

9.5

5.69

8.16

0.84

17.93

2
8

.2
7

Renewables

Diesel 
Generator

Batteries

Load

Energy flow in kWh 

(b) 

Figure 5. Node 1 at isolated daily operation (NMPC off): (a) Systems operation; (b) Energy flow (kWh). 

In a similar way, node 2 uses the diesel generator, since its battery also reaches the 

lower SOC limit. Figure 6a shows operation of all devices in node 2 while the total energy 

flow is depicted in Figure 6b. 

Figure 5. Node 1 at isolated daily operation (NMPC off): (a) Systems operation; (b) Energy flow (kWh).

In a similar way, node 2 uses the diesel generator, since its battery also reaches the
lower SOC limit. Figure 6a shows operation of all devices in node 2 while the total energy
flow is depicted in Figure 6b.
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Figure 6. Node 2 at isolated daily operation (NMPC off): (a) Systems operation; (b) Energy flow (kWh).

In contrast to the first two nodes, the greater RES production capacity of node 3
(Figure 7), constantly covers the loads and brings the battery’s SOC in its maximum per-
missible limit, 80%. This results in the operation of the water electrolysis device at 12:30 h
for the excess energy exploitation. As shown in Figure 7a, the electrolyzer operates at its
maximum power (4 KW) for the first 2.5 h of operation, while in the remaining period
(until 17:30) operates at the levels of renewable surplus.

A more detailed analysis of the microgrid’s operation reveals (Figure 8a) an additional
energy shortage in node 2 at time periods where the diesel generator was activated,
indicating unmet loads. At the third node, on the other hand, power excess occurs,
even though the electrolyzer was in operation. The renewable hydrogen production, the
pressures of the intermediate and the final hydrogen storage tanks (produced H2) are
depicted in Figure 8b.
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Figure 8. Isolated daily operation (NMPC off) of the microgrid: (a) Resulting power shortage/surplus at the nodes;
(b) Hydrogen production and storage tanks pressures.

4.1.2. Microgrid Operation with NMPC

By electrically interconnecting the three nodes through the common DC bus and
applying the NMPC to the microgrid brings a significant difference in the overall operating
state. When the controller actions for energy exchange are applied, the BESS of the three
nodes create a distributed central storage unit. The operating conditions of the three nodes
are suggested to be the same.

The goal of the NMPC is set to drive the batteries to a charging state of 80%. This
goal however, can only be achieved when the globally required power at any time is
available to the microgrid as a whole. Due to stochastic production from renewables,
reaching the desired goal can be considered relative to the energy availability. The NMPC
however, provides at all times the optimal solution fulfilling the constraints given the
power availability of the renewable sources.

Figure 9a shows the battery SOC evolution which is balanced between limits after a
short period of time and energy surplus and shortage is managed without the operation of
auxiliary power devices. The appropriate control actions for energy transfer delivered by
the optimal solution of the NMPC optimization problem are shown in Figure 9b. At any
given time the control satisfies the constraints of batteries charging/discharging currents,
exchanged power energy balance and limits of exchanged power.
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The total energy flow throughout the microgrid is shown in Figure 10, as a result of
the energy exchange actions determined by the NMPC. It is obvious that the control actions
reflect the energy dynamics of each node, since the quantities of energy exchanged in total,
correspond to the pre-existing energy state of each node.
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Although the power production from PVs in node 3 was almost ¼  th of the previous 

scenario, battery SOC remains in high levels. No energy surplus at node 3 is observed 

Figure 10. Total daily energy flow (kWh) in the microgrid with the NMPC enabled.

4.2. Scenario 2—Daily Operation with Unpredicted Weather and Load Conditions
4.2.1. Operation without the NMPC

In this case study a variety of different assumptions is applied compared to the
previous one. As shown in Figure 11a,b the operation of nodes 2 and 3 is simulated
with load demands at the 2/3rd of the first case, which indicates an unforeseen change
in power requirements and for node 3 less sun irradiation is assumed, that indicates an
unforeseen change in weather conditions (disturbance). The wind turbine generation
remains the same as previous scenario. Simulating the operation of the microgrid under
these conditions, Figure 11c shows the evolution of the battery SOC during the 24 h
operation and Figures 12–14 show the detailed operation of the internal power systems of
each node and the respective power flow.
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of the first node in the objective function. 
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Figure 14. Node 3 at isolated operation (NMPC off) with unpredicted conditions: (a) Systems operation; (b) Energy
flow (kWh).

During the time periods having no sunshine the batteries cover the greatest amount
of requested energy, with a small contribution of the wind generators at nodes 2 and 3.
Although the power production from PVs in node 3 was almost 1/4 th of the previous
scenario, battery SOC remains in high levels. No energy surplus at node 3 is observed thus
no hydrogen production is noticed. However, the node is capable of covering the loads.
The same condition applies also for node 2. On the other hand, node 1 reaches instantly
the lower SOC, and thus the diesel generator starts to offer the requested amount of energy
as seen in Figure 12a.

4.2.2. Microgrid Operation with the NMPC

In the second scenario the controller efficiency in case of different reference trajectories
for each node is investigated, including also a step change during the day. Moreover
achieving the desired SOC in the first node is weighted as more important than for the
other two ones (different weights in the cost function). To this end, the controller was
adjusted to the desired reference trajectories giving more emphasis on the charging status
of the first node in the objective function.

The resulting operation of the microgrid with the NMPC enabled is shown in Figure 15.
The controller derives appropriate control actions in order to keep track of the targets
(dashed lines) succeeding, as expected, better results for node 1.

The deviations of battery SOC from the desired trajectories at nodes 2 and 3 are
equally divided, as a result of the optimal control actions, depending at the same time on
the available renewable power constrain.

At node 3, due to the reduced renewable power and the given weight for achieving the
SOC reference, the battery SOC reaches the lower level limit, which results in the activation
of the fuel cell at 8:30 h. Figure 16a–c show the device operation at each node, with the
battery power following the controller’s actions. The operation of the fuel cell is shown
in Figure 16c (node 3) during the period of time that the battery reaches the lower SOC
limit. A significant outcome is that node 3 offers power to other nodes during the fuel cell
operation. Therefore, a single fuel cell device installed in one of the nodes can cover energy
shortage in the whole microgrid as a result of the NMPC actions. Figure 16d shows the
respective hydrogen consumption from the fuel cell.
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In Figure 17, the total power flow throughout the microgrid is depicted, after imple-
menting the NMPC. Node 1 absorbs the largest amount of energy. There is generally a
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greater energy exchange in this scenario, as a result of the controller trying to meet the
targets under different reference goals and load demands.
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Figure 17. Total daily energy flow (kWh) in the microgrid with the NMPC enabled and with unpredicted conditions.

4.3. Scenario 3—Weekly—Long Term Operation
4.3.1. Microgrid Operation without the NMPC

In order to validate the long-term efficiency of the controller, a seven-day operation of
the microgrid was examined. In this case in order to investigate the controller’s efficiency
under more extreme conditions, the diesel generator’s dynamics is decreased to 1 kW while
the batteries low SOC limit is set to 60% resulting to narrower operation zone of 60–80%.
Additionally, the renewable power generation is reduced to 75% of the nominal power. The
required loads were set to 1 kWp, 1.5 kWp and 3 kWp for each node respectively. Thus the
microgrid faces greater challenges in order to maintain its optimal operability. Figure 18a
depicts the available power each node should handle for seven days.
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Figure 18. (a) Available power at each node in weekly operation; (b) Hydrogen production and storage tanks pressures.

In the case where NMPC is not activated, (Figure 19) the extended usage of the diesel
generator in node 1 is necessary, with an additional energy shortage. These unmet loads
exist although at node 3 there is a surplus of unexploited energy and the electrolyzer is in
operation (Figure 18b).
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Figure 19. Auxiliary power systems usage (diesel generator, electrolyzer) and total power shortage/surplus at each node in
weekly operation.

4.3.2. Microgrid Operation with the NMPC

The batteries SOC evolution is shown in Figure 20a. The cases of with or without
the activation of the NMPC is shown. The controller successfully manages to balance the
dynamic of the microgrid, by providing cooperation. In case that all BESS reach the lower
SOC, then the controller disallows the energy exchange. The respective control action is
depicted in Figure 20b.
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Figure 20. (a) Battery SOC at each node with NMPC enabled; (b) Control actions u applied at each time step at the DC/DC
converters.

Figure 21 shows the total energy flow through the three nodes. One can notice the
contribution of the diesel generator in nodes 1 and 2 and the contribution of the fuel cell in
node 3. This is a minimum contribution of the auxiliary power devices and took place in
the periods where all three nodes reached the lower SOC.
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Figure 21. Total energy flow (kWh) in the microgrid with the NMPC enabled in weekly operation.

5. Discussion

The interconnected operation of the microgrid nodes revealed a new perspective in
the coordinated operation of the overall network. The NMPC demonstrates its ability
to synchronize the operation of distributed microgrids and provide increased flexibility
in the energy distribution by formulating a virtual central storage. The energy sharing
provided by the controller’s actions, offers not only energy balance in the microgrid but also
a significant change in the utilization of the auxiliary devices. The main goal of achieving
optimal energy exploitation at each case is fulfilled. The NMPC framework can be highly
parameterized and it can be adapted to various types of energy devices and microgrid
topologies. Moreover, the controller itself can be adapted to user and/or microgrid needs
through the objective function’s weight coefficients.

An overall analysis of the results proves the capabilities of the NMPC. The coordina-
tion of the BESS provides an indirect management of the local systems operation. The first
scenario shows the minimization of the diesel generator and the electrolyzer operation
with a respective reduction of the energy shortage and surplus periods (Figure 22a). At
the more demanding second scenario (Figure 22b), even though the fuel cell initiated its
operation, the provided power was relatively lower than the respective power that would
be required by the usage of the diesel generator in the isolated mode operation.

Energies 2021, 14, 1082 18 of 23 
 

 

1.19

116.59

142.68

249.63

3.48

7 81.39

134.36

90.01

2.18
7.66

12.78

26.58

30.84

197.68

54.9

43

194.73

23.26

0.01

297.53

152.02

99.08

61.29

67.14
0.46

20.44

10.48

 

Figure 21. Total energy flow (kWh) in the microgrid with the NMPC enabled in weekly operation. 

5. Discussion 

The interconnected operation of the microgrid nodes revealed a new perspective in 

the coordinated operation of the overall network. The NMPC demonstrates its ability to 

synchronize the operation of distributed microgrids and provide increased flexibility in 

the energy distribution by formulating a virtual central storage. The energy sharing pro-

vided by the controller’s actions, offers not only energy balance in the microgrid but also 

a significant change in the utilization of the auxiliary devices. The main goal of achieving 

optimal energy exploitation at each case is fulfilled. The NMPC framework can be highly 

parameterized and it can be adapted to various types of energy devices and microgrid 

topologies. Moreover, the controller itself can be adapted to user and/or microgrid needs 

through the objective function’s weight coefficients. 

An overall analysis of the results proves the capabilities of the NMPC. The coordi-

nation of the BESS provides an indirect management of the local systems operation. The 

first scenario shows the minimization of the diesel generator and the electrolyzer opera-

tion with a respective reduction of the energy shortage and surplus periods (Figure 22a). 

At the more demanding second scenario (Figure 22b), even though the fuel cell initiated 

its operation, the provided power was relatively lower than the respective power that 

would be required by the usage of the diesel generator in the isolated mode operation. 

 
(a)  

(b) 

Figure 22. Comparative results in energy management: (a) Daily operation; (b) Daily operation with disturbance. 

At the third scenario of the weakly operation (Figure 23), a significant reduction is 

observed in the NMPC case to the diesel generator operation by 76.65% and to the energy 

shortage by 95.85%. The energy surplus is also reduced, which depicts that the energy is 

optimally exploited throughout the entire microgrid. 

20.33

13.24

0 0.42
2.5

0 0 0 0 0

Diesel
Generator

Electrolyzer Fuel Cell Energy
Shortage

Energy
Surplus

Scenario 1 
Energy (kWh) NMPC OFF

NMPC ON

9

0 0 0 00 0

1.39

0 0

Diesel
Generator

Electrolyzer Fuel Cell Energy
Shortage

Energy
Surplus

Scenario 2 
Energy (kWh) NMPC OFF

NMPC ON

Figure 22. Comparative results in energy management: (a) Daily operation; (b) Daily operation with disturbance.

At the third scenario of the weakly operation (Figure 23), a significant reduction is
observed in the NMPC case to the diesel generator operation by 76.65% and to the energy
shortage by 95.85%. The energy surplus is also reduced, which depicts that the energy is
optimally exploited throughout the entire microgrid.
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Overall we can say that the presented NMPC meets the requirements for a coordinated
and balanced operation, taking into account unpredictable weather fluctuations, user
defined expectations and constrains set by the microgrid and systems operation.

6. Conclusions

In the present work the development of a NMPC scheme for the supervisory manage-
ment of energy in an autonomous RES-powered microgrid was presented. The controller
takes in account all the features of a multi-node microgrid including renewables, H2, stor-
age and load demands. An investigation in the behavior of the controller under nominal
operational conditions and under disturbances in weather, load demands, changes of SOC
profiles and long term operation, prove the effectiveness and robustness of the controller.
The integration of the transferred energy among the nodes in the cost function reduces the
transferred amounts of energy, protecting the BESS from multiple charging/discharging
cycles. By independently weighting the manipulated variables, additional flexibility is
given for the power that each node should provide or receive. In this way necessary
restrictions can be applied, depending on user and/or microgrid needs.

Three case studies were demonstrated where the behavior of the nodes was studied
both in connected and isolated mode. The comparison demonstrated that the controller
always fulfills the operating objectives, regardless of the RES fluctuation. Overall the NMPC
coordinates the energy exchange between the storage systems and therefore performs an
aggregation of the distributed energy storage formulating a virtual larger system that
acts as central storage for the multi-node microgrid. This virtual central storage is able
to manage local energy shortage or excess at all times reducing or even eliminating the
operation of the auxiliary power systems (diesel generator).

The main benefit derived by the NMPC application is the optimal usage of the re-
newable energy, through the minimization of the losses. On the other hand, reducing the
operation of auxiliary sources offers not only economic benefits (fuel, maintenance), but
also environmental, due to reduced carbon dioxide emissions. Adjusting the operation
of sensitive hydrogen devices (water electrolysis device and fuel cell) to the optimal is
another economic benefit, since the cost of purchasing and maintaining these devices and
the required infrastructure is high. In short, the use of the NMPC framework, to control
and achieve energy balance between the nodes, maximizes the autonomy of the microgrid
in terms of profitability, economy and environmental friendliness.
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Appendix B. Comparative Results from the Use Cases

Table A1. Comparative results from Scenario 1—Daily operation.

Energy (kWh)
Node 1 Node 2 Node 3

NMPC OFF NMPC ON NMPC OFF NMPC ON NMPC OFF NMPC ON

Total Renewable Energy 15.1879 35.6866 51.1523
Load 28.2738 56.6508 42.6078

Renewable Energy to Batteries 5.6857 5.6857 10.1872 10.1872 13.5534 29.2948
Renewable Energy to Load 9.5022 9.5022 25.4994 25.4994 21.8575 21.8575
Renewable Energy Surplus 0 0 0 0 2.5032 0

Diesel Generator to Batteries 8.1615 0 6.1425 0 0 0
Diesel Generator to Load 0.8385 0 5.1908 0 0 0

Energy Shortage 0 0 0.4168 0 0 0
Fuel Cell - - - - 0 0

Batteries to Load 17.9313 18.7716 25.6371 31.1514 20.7503 20.7503
Renewable Energy to Electrolyzer

(Hydrogen) - - - - 13.2382 0

Node 1 to . . . - - 0 1.7143 0 1.1173
Node 2 to . . . 0 0.0012 - - 0 0.2763
Node 3 to . . . 0 13.6576 0 11.5332 - -
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Table A2. Comparative results from Scenario 2—Daily operation with unpredicted weather and load conditions.

Energy (kWh)
Node 1 Node 2 Node 3

NMPC OFF NMPC ON NMPC OFF NMPC ON NMPC OFF NMPC ON

Total Renewable Energy 15.1879 35.6866 18.2598
Load 28.2738 37.7672 28.4052

Renewable Energy to Batteries 5.6857 5.6857 16.4699 16.4699 4.1406 4.1406
Renewable Energy to Load 9.5022 9.5022 19.2168 19.2168 14.1193 14.1193
Renewable Energy Surplus 0 0 0 0 0 0

Diesel Generator to Batteries 8.1615 0 0 0 0 0
Diesel Generator to Load 0.8385 0 0 0 0 0

Energy Shortage 0 0 0 0 0 0
Fuel Cell - - - - 0 1.3884

Batteries to Load 17.9313 18.7716 18.5504 18.5504 14.2860 14.2860
Renewable Energy to Electrolyzer

(Hydrogen) - - - - 0 0

Node 1 to . . . - - 0 0.6859 0 7.5275
Node 2 to . . . 0 5.7639 - - 0 2.8609
Node 3 to . . . 0 17.709 0 1.5275 - -

Table A3. Comparative results from Scenario 3—Weekly—Long term operation.

Energy (kWh)
Node 1 Node 2 Node 3

NMPC OFF NMPC ON NMPC OFF NMPC ON NMPC OFF NMPC ON

Total Renewable Energy 116.5930 142.6770 249.6322
Load 297.5335 152.0241 99.0844

Renewable Energy to Batteries 26.5844 26.5844 61.2895 61.2895 67.3874 194.7302
Renewable Energy to Load 90.0116 90.0116 81.3875 81.3875 54.9020 54.9020
Renewable Energy Surplus 0 0 0 0 4.9963 0

Diesel Generator to Batteries 24.6674 12.7806 0 6.9969 0 0
Diesel Generator to Load 105.0409 7.6611 2.7198 3.4844 0 0

Energy Shortage 52.8790 2.1795 0 0.0147 0 0
Fuel Cell - - - - 0 1.1904

Batteries to Load 52.0602 197.6805 67.6016 67.1399 44.1824 42.9920
Renewable Energy to Electrolyzer

(Hydrogen) - - - - 122.3738 0

Node 1 to . . . - - 0 0 0 0
Node 2 to . . . 0 30.8373 - - 0 0.4576
Node 3 to . . . 0 134.3642 0 23.2566 - -
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