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In recent times, microgrids (MG) have emerged as solution approach to establishing resilient power systems.
However, the integration of renewable energy resources (RERs) comes with a high degree of uncertainties due to
heavy dependency on weather conditions. Hence, improper modeling of these uncertainties can have adverse
effects on the performance of the microgrid operations. Due to this effect, more advanced algorithms need to be
explored to create stability in MGs’. The model predictive control (MPC) technique has gained sound recognition

due to its flexibility in executing controls and speed of processors.

Microgrids Renewable Energy Resources Model Predictive Control

| 1. Introduction

Managing the optimal planning of a microgrid is a very difficult task due to the fact that they are small decentralized
low voltage systems with small demand and a high rate of disturbances from intense penetration of renewable
energy resources (RERs). Model predictive control (MPC) has been applied to both grid-connected and isolated
microgrids(MG) systems to help deal with several parameters as seen in Figure 1. Many scholarly works have
been done to minimize the operating cost or maximize the revenue generation of microgrids but accurately
implementing the mentioned objectives has been difficult due to numerous factors. These factors could be as a
result of the intermittency posed by nature (weather conditions), error in trying to predict the situation of nature, and
the computational complexities that are associated with optimizing the situation to get an optimal plan. According to
[l there are two standard methods or approaches used to solve the problem of uncertainty in MGs: Reactive

approach and preventive approach.
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Figure 1. MPC solution approach to MG operations.

The reactive method depends on a priori information or historical or predefined deterministic data (MPC and rolling
horizon approaches) and the preventive method depends on scenario generations (stochastic and robust
optimizations). Majority of both the reactive and preventive optimization techniques carried out in MGs are centered
on grid-connected systems compared to isolated MGs [&. The preventive approaches have proven to be ineffective
and not reliable for uncertainty considerations.

The stochastic optimization approach requires assigning probabilities for scenario generations, which is sometimes
computationally demanding with the static assumption of uncertainty. The robust optimization becomes over-
conservative for measurements and requires different algorithms for different uncertainty sets. This is not the case
of MPC; it works on inputs of a system considering the internal dynamics to give or predict an output by capturing

forecast error to compensate for unforeseen initial forecasting, making it ideal for uncertainty consideration El4I3],

Many times, MPC has been combined with either of the two preventive methods to prevent or reduce uncertainties
in many scholarly articles. When MPC is combined with stochastic optimization to give the Stochastic Model
Predictive Control (SMPC), the stochastic scenarios are used to execute the optimization process by assigning
probabilities without much or totally considering the disturbances in the process. The MPC technique helps to
reduce the computational time and takes account of the uncertainties without assuming by implementing a
feedback scenario where compensation is done to eradicate the external influences of the integration of renewable

technologies.

Thus, combining model predictive control with robust optimization gives a better result compared to robust

optimization because instead of employing different algorithms which require time and more expertise, MPC does a
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single consideration of all the uncertainties or disturbances acting on the system. The optimizer in the MPC
algorithm has the ability to trace errors made by the process model in predicting future outputs based on the

dynamics of the system. Conservatism is highly reduced by the action of the MPC compensation process.

| 2. MPC for Grid-Connected MG Applications

More work of MPC applications to MG is centered on grid-connected systems than isolated systems because the
cost of implementing measurements, automation, forecasting, and information processing is very small compared
with the derived economic benefits as opposed to isolated systems €. Accuracy of the forecast of load and RERs
is of better quality in grid-connected systems. Decentralizing power systems through the establishment of MGs has

led to an increase in demand and accessibility of energy but comes with uncertainties of demand and RERs.

Barrios et al. proposed an MPC approach for unit commitment in MG in the presence of high uncertainties
associated with demand and RESs @, A particular type of energy market is considered so that the MG can provide
the required demand of load and RERs. An MPC technique is applied at every time step to cover demand
regarding uncertainties introduced due to prediction. The main objective of the MPC technique adopted in the work
is to reduce the operational cost. Two conditions are considered, which is the conventional unit commitment and
unit commitment based on MPC. Prediction errors increased the operation cost of the conventional system but a

reduced cost is seen for the MPC unit commitment due to the feedback mechanism.

Parisio et al. proposed that the decentralization of the power system has led to an increase in energy demand and
therefore requires new methodologies to model a smart grid environment &, The work is focused on minimizing
overall MG operational costs to match predicted demand for a certain day by obeying the complex constraints.
Four different strategies are considered, which are heuristics, Mixed-Integer Linear Programming (MILP), MILP-
MPC, and benchmark. It is supposed that the demand for load and RERs are known with certainty. The proposed
MILP-MPC gives less violation because of the feedback mechanism introduced by the MPC, giving a result closed

to the benchmark.

Xie and llic proposed an MPC algorithm to dispatch all the available resources to supply fluctuating loads at a
minimum cost due to consideration of the prediction model &, The output of the controllable units is adjusted to
compensate for uncertainties. Kou et al. 29 proposed a Stochastic Model Predictive Control (SMPC) approach that
works in a two-layer step. The top layer ensures that there is a balance of power in the system and the bottom
layer considers the uncertainties emerging from both supply and demand ends. The main objective of the proposed
approach is to ensure optimal power scheduling with total consideration of disturbances acting on the system. The
special attribute associated with this proposed approach is the consideration of all uncertainties from both demand
and supply sides. The uncertainties from wind generation and PEV charging both have different distribution
characteristics but the MPC controller in the system handles both uncertainties simultaneously instead of treating

them as separate uncertainty sets.
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Despite MPC'’s ability to compensate for disturbances in the RERs system, some violations have been experienced
in scheduling optimal resources. In order to mitigate, these violations, forecasting errors have to be taken into
consideration. Y. Zhang et al. proposed an MPC approach, considering forecasting uncertainties and forecast
errors of load, wind, PV, and electricity price [11l. The work incorporated stochastic analysis where scenarios are
generated to approximate forecast errors and uncertainties. The objective is to minimize operation costs. Three
different states of the art approaches are compared to the proposed stochastic MPC; a Deterministic Day Ahead
programming (D-DA), a Stochastic Day Ahead programming (S-DA), and Deterministic Standard MPC (D-MPC).
Simulation results show that S-MPC yields the lowest cost compared to D-MPC. This is because both S-DA and D-
DA are open-loop systems where optimization takes place only at the beginning of the scheduling. Both D-MPC
and S-MPC are closed-loop where optimization is executed once for each time step. S-MPC considers all
uncertainties affecting the system while D-MPC assumes that the system is stable with known demand and no

disturbance.

Gulin et al. proposed an approach of a power flow optimization in a Direct Current (DC) MG that accounts for
predictions uncertainty 121, Unlike other methods of uncertainty consideration, here a chance-constrained method
is used to account for power prediction uncertainties. The work is done on the idea of allowing violations of
constraints in line with predefined probability levels, allowing the utility grid to compensate for error(s) on the
prediction horizon. Two different approaches are used to deliver a minimum cost; D-MPC and S-MPC. D-MPC did
not account for uncertainties while S-MPC accounted for uncertainties and gives a lower cost by allowing a tradeoff

between constraints being violated and prospect.

Dao et al. proposed a hierarchical and distributed MPC approach for the energy management of a microgrid. The
main objective of the proposed approach is to provide an economic management framework to maximize the
benefits of the system. In order to ensure that forecast errors are taken into consideration and that uncertainties
are effectively and efficiently handled to enhance maximum benefits, a negotiation activity or process is carried out
between the hierarchical and distributed MPC algorithms to compensate for forecast errors within the system 131,
Gambino et al. proposed an economic dispatch problem for an integrated microgrid (heat and electricity
generation). The main objective of the proposed approach is to optimally dispatch resources so as to minimize the
overall cost of the microgrid. Microgrids that normally incorporate dual derivatives, as the case of combined heat
and power to solve economic dispatch problems, are prone to uncertainties from loads, energy prices, and weather
forecasts. A feedback mechanism generated by the MPC controller compensates for uncertainties associated with

time-varying loads, energy prices, and RERs power outputs 141,

Bella et al. proposed a hierarchical MPC (two-layer control system) control scheme that constitutes of dynamic
decoupled subsystems. The main objective of the approach is to optimally share resources among the various
subsystems so as to satisfy the overall demand and account for disturbances acting on the system 18, Scheduling
takes place in the upper layer and each subsystem is adjusted or designed in a way that at any time instance, an
independent control action can be executed from the internal request or a neighboring subsystem based on the

MPC. At the end of every time step, the supervisor checks the system for either a deficit or excess demand in each
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subsystem. A compensation activity is initiated by the supervisor in the subsystem(s) that exhibit shortages due to

disturbances or uncertainties so as to ensure the overall system demand is achieved.

The majority of researchers have focused on exogenous factors or external factors (customer loads, wind speed,
PV, and price profile) in considering uncertainty measurements with few works or no work being done considering
endogenous factors (types of equipment, and storage). Prodan and Zio proposed a predictive control framework
that takes into account uncertainties modeling. The work is focused on including internal (state) dynamics and
structural properties of the individual components of RESs (solar and wind, on-site storage) which may change
(stochastically) due to degradation, failure, and aging effects. By considering both factors, the operating cost of the
system can be reduced 18 Nassouron et al. proposed an MPC approach for an economic dispatch problem
considering heterogeneous systems (system with different computational applications) 2. Owning to the fact that
several heterogeneous generators and storage elements are used in the approach, the dispatch problem cannot
be solved using classical optimization methods due to the differences in characteristics of the generators and
storage elements. Two techniques are used to optimally schedule the resources: MPC tracking and Economic
MPC (EMPC). The Economic MPC yields a better cost compared to the tracking MPC.

| 3. MPC for Isolated MG Applications

Many utility companies and government-sponsored electric power systems have been implementing or providing
incentives or demand-side management opportunities for their customers to establish on-site Distributed
Generators (DGs) and energy storage systems to increase the number of isolated MGs in the supply of power.
However, these efforts have proven to be quite expensive or not cost-effective at all. Hence, several research
efforts have been devoted and are continuously being devoted to achieving the cost-effective operation of the

isolated microgrid.

Parissio et al. proposed an MPC approach for energy management of multiple residential MGs having DERs,
electrical storage systems with both thermal, and electrical loads 8. The objective of the proposed MPC approach
is to reduce energy costs and improve customers’ comfort through a demand-side management scheme. An
optimal plan is computed to compensate for imbalances affecting the system based on the weather forecast. The
demand-side management scheme can help customers to know when to have an affordable cost of uninterruptable

power.

Most of the works in predictive algorithms have considered favorable conditions (where generation is greater than
demand). According to 19, a nonlinear MPC algorithm is developed or proposed for an Energy Management
System (EMS) of an isolated MG with DERs in which automated load shedding of non-critical loads is done when
the system foresees power imbalances that could affect the stability of the MG. This predictive algorithm is
proposed to identify upcoming generation problems when MG is operating in an islanded mode. The objective is to
predict and manage constraints in states and control signals. Hans et al. proposed a control technique that can
give better prediction accuracy while minimizing cost. Comparison is presented between an open-loop minimax

approach and closed-loop minimax MPC approach considering the worst-case cost evaluation in trying to get
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better prediction accuracy and uncertainty handling 29. The open-loop system gives a very conservative solution
because it did not implement a feedback mechanism. The closed-loop Minimax MPC strategy however employed
the theory of paramterization (choosing parameters) of future inputs on the predicted disturbance leading to
accurate predictions and lower cost. This is due to the presence of the MPC strategy that normally uses a

predefined input to make accurate future predictions.

Gu et al., proposed an MPC technique for Combined Cooling, Heat, and Power microgrid (CCHP) with feedback
correction to reduce running cost and handle uncertainties (1. A two-stage optimization approach is executed of
which the first stage is based on forecasting the required load and renewable energies integration. The second
stage focuses on compensating for the error in the prediction process. The MPC ensures that forecast is repeated
for every time interval to get accurate data to be in line with rapid changes that take place in load and RERs
demand. If, however, there is a disturbance in the system due to inaccurate forecasting, a feedback correction is

done to eliminate the disturbance.

Deterministic unit commitments have proven inappropriate for island MGs because their small scale demands are
hard to predict and RERs generation is highly variable. Y. Zhang et al., proposed a Robust Model Predictive
Control (RMPC) approach to solve the operating cost of an islanded MG by minimizing cost 22, The work states
that of recent times, both chance-constrained and scenario-based stochastic optimization methods have been used
to minimize MG cost. It has however, been concluded that these two methods involve high or huge computational
burden and uncertain parameters and forecast errors are not accurately accounted for and as a result, have posed

a high negative impact on MG cost.

However, another method is the robust optimization used to solve an optimal scheduling problem with uncertain
parameters. The conservativeness of this approach is a huge concern for cost minimization by MG operators. In
this proposed RMPC approach, an MPC is introduced to reduce the conservativeness of the RO due to the rolling
up manner and feedback mechanism that it exhibits. Two control strategies are considered in the approach used; a
conventional 2-stage RO and RMPC-based optimization. The results for the cost function of RMPC is lower than

the conventional two-stage RO since a feedback control action is generated to consider the forecast uncertainties.

Sach et al. proposed a stochastic model predictive control approach for a rural isolated microgrid. The main focus
or objective of the proposition is the development of an advanced control technique to improve robustness towards
predictions error and uncertainties acting on the system. For normal MPC operation, a control technique is
implemented for a one-time step and subsequent control actions rely on the dignity of the previous time step 23],
This proposed stochastic MPC considers the probability of a constraint violation over several time steps. A
probability distribution approach based on the stochasticity of the load and renewables is used to compensate for
the disturbances on the system. Jaboulay et al. proposed a controlled algorithm based on MPC with the objective
of minimizing operation cost and maintaining power balance in the system [24]. The controller takes into account the
physical constraints of the system while scheduling the required resources. Instead of making a few decisions as

opposed to other control techniques for every time step, the MPC takes multiple decisions for every updated
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forecast because it can handle multiple inputs and outputs. Scenarios are run in parallel on a semi-physical
platform to compensate for uncertainties.

According to [, the cost of forecast service and power quality using automation is very high in isolated systems
compared to grid-connected systems. Zhang et al. proposed an EMS for multi-isolated MGs connected by a
centralized system to minimize the overall cost of the EMS 23, An MPC technique is introduced with the intent of
considering or reducing the impacts of forecast errors of the load and RERS, hence reducing overall cost. Berkel et
al. proposed a hierarchical MPC for a smart MG to solve the power stability issue. Two (2) levels of management
are presented where the first level solves the frequency issue and the second level solves the cost function. The
objective of the hierarchical MPC is to make accurate predictions of load and RERs by rejecting disturbances from

penetration and to handle constraints to guarantee stability and performance of the smart MG 28],
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