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Abstract- This paper presents a comprehensive analysis of energy management strategies in smart grid systems incorporating
renewable energy sources, energy storage, and advanced demand response mechanisms. A novel control framework based on model
predictive control (MPC) is proposed to optimize the operation of the smart grid under various load conditions and generation
uncertainties. The proposed method is validated through extensive simulations on a benchmark test system. Results demonstrate
that the proposed approach achieves a 15% reduction in peak demand and a 20% improvement in renewable energy utilization
compared to conventional methods. The effectiveness and scalability of the algorithm are verified under multiple operating
scenarios including islanded and grid-connected modes.
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1. Introduction

The rapid integration of renewable energy sources (RES) into modern power systems has created significant challenges for grid
operators [1, 2]. The smart grid paradigm offers a promising solution by enabling real-time monitoring, control, and optimization
of energy flows throughout the distribution network [3, 4].

Recent studies have demonstrated the importance of advanced energy management systems (EMS) in maintaining grid stability
while maximizing renewable energy utilization [5]. As noted by Garcia et al. [2], the integration of distributed energy resources
(DER) requires sophisticated control strategies that account for the stochastic nature of solar and wind generation.

The remainder of this paper is organized as follows. Section 2 describes the system model and problem formulation. Section 3
presents the proposed control methodology. Simulation results and discussions are provided in Section 4. Section 5 concludes the
paper.

1.1. Background and Motivation

The increasing penetration of RES, particularly solar photovoltaic (PV) and wind power systems, has transformed the traditional
power grid into a more complex and dynamic network [6]. The conventional centralized control approaches are no longer sufficient
to handle the bidirectional power flows and dynamic demand patterns characteristic of modern distribution systems.
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1.2. Contributions of This Work

The main contributions of this paper are as follows:

• Development of a novel MPC-based energy management framework for smart grid systems with high RES penetration.

• Formulation of a multi-objective optimization problem that simultaneously minimizes operational costs and peak demand.

• Validation of the proposed method on a standard IEEE test system under various operating conditions.

2. System Model and Problem Formulation

2.1. Smart Grid Architecture

The considered smart grid system consists of a distribution network with multiple distributed generation (DG) units, battery energy
storage systems (BESS), and controllable loads. The system architecture follows the framework defined in [7, 8].

2.1.1. Distributed Generation Model

The output power of a photovoltaic system is modeled as:

𝑃PV (𝑡) = 𝜂PV · 𝐴PV · 𝐺 (𝑡) (1)

where 𝑃PV (𝑡) is the PV output power at time 𝑡, 𝜂PV is the panel efficiency, 𝐴PV is the total panel area in m2, and 𝐺 (𝑡) is the solar
irradiance in W/m2.

2.1.2. Battery Energy Storage Model

The state of charge (SOC) of the BESS is governed by:

SOC(𝑡 + 1) = SOC(𝑡) + Δ𝑡

𝐸cap

(
𝜂𝑐𝑃𝑐 (𝑡) −

𝑃𝑑 (𝑡)
𝜂𝑑

)
(2)

where 𝐸cap is the battery capacity (kWh), 𝑃𝑐 (𝑡) and 𝑃𝑑 (𝑡) are the charging and discharging powers, and 𝜂𝑐, 𝜂𝑑 are the respective
efficiencies.

2.2. Optimization Problem

The energy management objective function is formulated as:

min
𝑢

𝑁−1∑︁
𝑘=0

[
𝑐𝑒 (𝑘)𝑃grid (𝑘) + 𝜆

(
𝑃peak (𝑘) − 𝑃ref

)2] (3)

subject to operational constraints on generation, storage, and network capacity limits [9].

3. Proposed Methodology

The proposed MPC-based energy management framework operates on a rolling horizon basis, solving the optimization problem in
(3) at each time step using updated forecasts of load demand and renewable generation.

Figure 1 illustrates the overall structure of the proposed control architecture.

The sampling interval is defined as 𝑇𝑠 seconds, and the discrete-time signal representation follows:

𝑥 [𝑛] = 𝑥(𝑛𝑇𝑠), 𝑛 = 0, 1, . . . , 𝑁 − 1 (4)

2



INTERNATIONAL JOURNAL of SMART GRID
F. Author et al., Vol. x, No. x, Month, xxxx

|Research Article|

Image
Fig. 1. Proposed MPC-based energy management architecture for the smart grid system.

4. Simulation Results and Discussion

4.1. Test System Description

Simulations were carried out on the IEEE 33-bus distribution test system. The system parameters and generation capacities are
summarized in Table 1.

Table 1. Simulation Parameters of the Test System

Parameter Value Unit
PV installed capacity 500 kW
Wind installed capacity 300 kW
Battery capacity 200 kWh
Battery efficiency 95 %
Prediction horizon 𝑁 24 h
Sampling interval 𝑇𝑠 3600 s

Peak load demand 3715 kW
Base load demand 1800 kW

4.2. Performance Comparison

Table 2 presents a comparison between the proposed MPC method and two baseline approaches.
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Table 2. Comparative Performance of Energy Management Strategies

Method Peak Demand (kW) RES Utilization (%) Cost ($/day)
Rule-based control 3715 62.4 1842
Linear programming 3280 74.1 1563
Proposed MPC 3150 82.7 1398

The proposed MPC approach reduces peak demand by 15.2% compared to the rule-based method, while increasing renewable
energy utilization from 62.4% to 82.7%, as reported in [10].

A
Fig. 2. Daily load profiles: comparison of proposed MPC (solid line), linear programming (dashed line), and rule-based control

(dotted line).

As seen in Fig. 2, the proposed method provides a smoother load profile with lower peak values across all test scenarios. The
energy statistics from [11] confirm that such reductions are significant at the distribution level.

5. Conclusion

This paper proposed an MPC-based energy management framework for smart grid systems with high penetration of renewable
energy sources. The proposed method simultaneously optimizes peak demand reduction and renewable energy utilization through
a multi-objective formulation solved in a rolling-horizon fashion.

Simulation results on the IEEE 33-bus system demonstrated:

1. A 15.2% reduction in peak demand compared to the rule-based baseline.
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2. An increase in RES utilization from 62.4% to 82.7%.

3. A daily cost saving of 24.1% over the rule-based approach.

Future work will focus on extending the framework to multi-area distribution networks and incorporating uncertainty
quantification for improved forecast accuracy.
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