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ABSTRACT: Global environmental changes, nuclear power risks, losses in the electricity grid, and rising energy costs are 

increasing the desire to rely on more renewable energy for electricity generation. Recently, most people prefer to live and work 

in smart places like smart cities and smart universities which integrating smart grid systems. The large part of these smart grid 

systems is based on hybrid energy sources which make the energy management a challenging task. Thus, the design of an 

intelligent energy management controller is required. The present paper proposes an intelligent energy management controller 

based on combined fuzzy logic and fractional-order proportional-integral-derivative (FO-PID) controller methods for a smart 

DC-microgrid. The hybrid energy sources integrated into the DC-microgrid are constituted by a battery bank, wind energy, and 

photovoltaic (PV) energy source. The source-side converters (SSCs) are controller by the new intelligent fractional order PID 

strategy to extract the maximum power from the renewable energy sources (wind and PV) and improve the power quality supplied 

to the DC-microgrid. To make the microgrid as cost-effective, the (wind and PV) energy sources are prioritized. The proposed 

controller ensures smooth output power and service continuity. Simulation results of the proposed control schema under Matlab 

/Simulink are presented and compared with the super twisting fractional-order controller. 

INTRODUCTION 

 The production of electrical energy in the world generates various types of pollution. Thermal power plants (coal, oil) are 

responsible for atmospheric emissions linked to the combustion of fossil fuels. On the other hand, nuclear power plants, whose 

development intensified following the oil crisis, have not had a negative impact on air quality. On the other hand, they produce 

radioactive waste which causes major problems in terms of storage, processing, and transport. Today, the fear of using only one 

energy source with all its risks, and the opening of the electricity production market are all factors that give renewable energies 

(hydraulic, wind, solar, biomass, etc.) an important place in electricity production. 

The demand for energy by consumers is generally not evenly distributed over time and problems of the phasing of energy 

produced versus energy consumed arise. The stability of the grid depends on the balance between production and consumption 

[3]. The increase in the penetration rate of renewable energies will therefore be conditioned by their participation in these 

different services, which will be favored by the association with these clean energy sources, of electrical energy storage systems. 

Storage is therefore the key to the penetration of these energies in the electricity grid. Not only does it provide a technical 
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solution for the grid operator to ensure a real-time balance of production and consumption, but it also enables the best possible 

use of renewable resources by avoiding load shedding in the event of overproduction. Combined with local renewable 

generation, decentralized storage would also have the advantage of improving the robustness of the electricity network by 

allowing islanding of the area supplied by this resource. Also, a well-placed energy storage system (ESS) increases the quality 

of the power supplied by providing better control of frequency and voltage and reduces the impact of its variability by adding 

value to the current supplied, especially if the electricity is delivered during peak periods. 

The integration of renewable energies together with the energy storage system in a standalone micro grid is an emerging research 

area. Generally, it is preferred to integrate different renewable energies such as tidal, wind, and PV to yields a positive impact 

on the maximum capacity of the energy storage system. Usually, ESS is constituted by a combination of a battery and 

supercapacitors, which helps extend battery life-time and offers a fast system response to compensate the transients. However, 

loads are necessary when all (energy sources and battery storage systems (BSS)) are connected; thus, the AC grid is used instead 

of supercapacitors [8]. A micro grid is classified into DC, AC, or a combination of both types. Compared with AC microgrid, 

DC microgrid shows several benefits such as fewer parameters to control, facilitate integration, and simple structure. On the 

other hand, AC type needs more information like the synchronization of the frequency and reactive power, which makes the 

control design process a challenging task. Moreover, a DC micro grid offers the possibility to work in different modes like AC 

microgrid, standalone, or integrated with the AC microgrid. 

Due to the latest development in power electronics, the autonomous DC microgrid can work at its maximum performance. 

However, because of the renewable energy sources stochastic nature, the smooth operation and continuous power transmission 

to the loads need a supplementary energy management unit. Numerous research works on the energy management control 

dedicated to AC microgrids can be found in the literature, but given the important differences between the AC and DC microgrid 

dynamics, these control strategies cannot be adopted for DC microgrids. In fact, in the standard design of the DC microgrid, the 

load converters and the energy sources are parallelly connected where the energy is consumed or supplied through the DC-link. 

Thus, the control of the DC-link voltage is needed for an efficient and stable operation of the DC microgrid. Several control 

strategies have appeared in the literature to address the issues of the DC-link voltage. In, a review of the recent trends and 

development in hybrid micro grid topology with energy resource planning and control is presented. In, a combined fuzzy 

controller and voltage control are proposed to regulate the DC voltage. In, a fuzzy logic control strategy with reduced rules is 

investigated. In, a dual proportional-integral controller is adopted. However, the aforementioned control strategies are linear 

and can regulate the DC-link in a small operating interval. Thus, to overcome this restriction, nonlinear controls have been 

investigated in the literature. in, an adaptive droop controller algorithm is proposed. Energy management-based optimal control 

is investigated in for multiple energy storage system in a microgrid. In, robust H∞ control strategy is developed. Robust sliding 

mode strategy is proposed in an adaptive backstepping control method is designed. A Lyapunov-based strategy is presented in. 

Feedback linearization control is discussed in. A hybrid combined backstepping and sliding mode controller is investigated in. 

However, the previous proposed nonlinear controls show limitations in performances in the case of droop control strategy and 

optimal energy management has given the multiple integrated energy storage system, poor stability for the H∞ method, 

chattering issues concerning the sliding mode. Also, the major part of these controls highly depends on fixed gains which are 

very sensitive to parameter uncertainties and external disturbances. Finally, the last part represents the energy management unit. 

In the same context, in the present work, a new fractional order PID controller is proposed combined with a fuzzy logic method 

to address the problems faced by the conventional integer controls in hybrid energy management. Fractional-order controllers 

offer additional advantages over integer order controls such as robust behavior to oscillations and the measurement noise and 

high degree of freedom. The proposed new controller is integrated with an energy management unit for a DC-microgrid 

integrated with several stochastic sources and essential DC loads illustrated by Figure 1. The proposed intelligent Fractional-

Order PID (IFO-PID) controls will be used as a low-level controller, when the energy management unit serves as high-level 

controller which generates appropriate references for the IFO-PID and monitors the generated and consumed power. 
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Fig.1 Studied hybrid system structure 

This paper addresses the following two main objectives: controlling the source-side converters (SSCs) to extract the maximum 

power from the renewable energy sources (wind and PV) using the proposed IFO-PID. The second task is to improve the power 

quality supplied to the DC-microgrid by regulating the reactive power and the DC-link voltage to their references using the energy 

management unit (EMU). 

The novelty and contribution of the present work are summarized as follows: 

The new fractional order PID (FO-PID) controller combined with a fuzzy logic strategy is developed for a DC-microgrid 

integrated with several stochastic sources and essential DC loads. 

The fuzzy logic method is selected as a fuzzy gain supervisor to adaptively adjust gains of the FO-PID which greatly enhances 

the robustness of the proposed approach against various uncertainties external disturbances. 

The essential characteristic of this approach is the extremely reduced number of the fixed gains used by the proposed strategy 

which avoids its sensitivity to parameter uncertainties, which highly improves the robustness property and global stability of the 

system. 

The global stability of the system and is ensured and further validated by extensive simulation results.The present work is 

organized such as the mathematical description of the hybrid energy system is given in section 2. Section 3 deals with the design 

of the proposed hybrid controller strategy. In section 4, the numerical results are presented and discussed. Finally, the main 

conclusions and future works are established in section 5. 

Mathematical Description of the Hybrid Energy System 

The studied hybrid energy system integrated smart DC-microgrid is illustrated by Figure 1, where three main parts can be 

distinguished: the hybrid energy sources constituted by the wind energy, solar energy, and the battery storage systems connected 

to the DC-link through their respective converters. The second part represents the loads assumed to be a priority which in the 

case of a smart university may include laboratory experimentation benches, fans, and lighting. A maximum power point tracking 

algorithm is used on both the wind and solar (PV) conversion systems to force them to operate at maximum power. The energy 

management unit computes the total consumed and produced energy to select the adequate control modes. 
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Wind System Model 

The mathematical model of the wind power that can be transformed by the turbine is given by: 

 

where, v denotes the wind speed, β represents the pitch angle, ωt denotes the turbine speed, R represents the blades 

radius, Cp denotes the power coefficient, λ denotes the tip-speed ratio, ρ denotes the water density, and A represents the area of 

the blades. The wind conversion system is based on a permanent magnet synchronous generator (PSMG) which is expressed as: 

 

where, idq=[idiq] represents the stator current vector, Te represents the electromagnetic torque, ffv represents the viscous friction 

coefficient, Ldq=[Ld00Lq] represents dq inductances matrix, J is the moment of inertia, ψdq=[ψf0] represents the flux linkages 

vector, vdq=[vdvq] represents voltage stator vector, and Rdq=[Rs00Rs] represents the stator resistance matrix. To design the 

proposed control method, the model of the SCCs needs to be expressed. Thus, the model of the wind source converter is given 

as  

 

where, Iw denotes the wind current rectified, Lw denotes the inductance, ILw denotes the current of the inductor, Vw denotes the 

voltage input rectified, U1 denotes the control signal, Vdc denotes the link voltage, D1 and D2 denotes dynamics uncertainty in 

the energy stage parameters. Depending on the state of the storage system, which it will be discussed in the energy management 

section, the wind system can be operated under MPPT for maximum power extraction or off-MPPT for power balance as shown 

The MPPT algorithm is detailed in the flowchart. 

 

Fig.2 Wind energy system with controller 
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Fig.3 MPPT algorithm 

In case of power generation excess and no storage capacity in the battery system, the proposed energy management unit (EMU) 

switches the wind controller from the MPPT mode to the off-MPPT mode in order to reduce the generated power and maintain 

a balanced power in the standalone system. In off-MPPT, the voltage reference is carried out as: 

 

where, PL is the load power and Pw is the power from the wind energy system. 

 Solar Power System Model 

The solar conversion system (SCS) is constituted by the PV panel connected to the DC-link through a DC-DC boost converter. 

The SCS mathematical model is given as below: 

 

where, Ipv denotes the PV current, Lpv denotes the inductance, Vpv denotes the voltage of the PV panel, LLpv denotes the 

current of the inductor, U2 denotes the control signal, D3 and D4 denotes dynamics uncertainty in the energy stage parameters 

as given by Figure 3. Here also, according to the state of the storage system, the PV conversion system can be operated under 

MPPT for maximum power extraction or off-MPPT for power balance as shown in Figs. 4 and 5. Furthermore, in case of power 

generation excess and no storage capacity in the battery system, the proposed energy management system switches the PV 

controller from the MPPT mode to the off-MPPT mode in order to reduce the generated power and maintain a balanced power in 

the standalone system. In off-MPPT, the voltage reference is carried out as: 
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where, PL is the load power and Ppv is the power from the PV panel energy system. 

 

Fig.4 Solar energy system with controller 

 

Fig.5 MPPT algorithm of the solar energy system 
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Battery System Model 

In this application, a standard battery is connected to the DC-link through a bidirectional DC-DC back-boost converter connected 

at the DC-link of the microgrid (see Figure 6). The role of this converter is to maintain the DC-link voltage constant despite the 

power changes in the sources and the load. The DC-link voltage is regulated at it references to compute the reference current of 

the battery and then design the voltage controller through the proposed strategy as shown in Fig. 6. The Battery State of Charge 

(SOC) model is modelled as described below: 

 

 

Fig.6 Battery storage system with controller 

The SOC, the amount of electricity stored during the charge, is an important parameter to be controlled. The battery SOC must 

detect by the proposed supervisory system to make decisions according to its status and the required power. In a battery, the 

ampere-hours stored during a time t corresponds to a nominal capacity Q and a charging current I bat. 

AC Grid Model 

Similar wind and AC grid converters are used which is a buck-to-buck converter. Then, the mathematical modeling of the AC 

grid converter system can be expressed as given below: 

 

 

where, the subscript j denotes the given sub-terms w,pv,b , and g of each converter. The subscript i denotes 1 in case of wind, 2 

in case of PV, 3 in case of Battery, and 4 in case of AC grid. 
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Fig.7 AC grid converter system 

Proposed Controller Design Process 

The purpose of the proposed intelligent fractional-PID order is to compute the SCCs controller law shown in the generalized 

model (24)–(26) represented by Ui and to compute the LSCs controller law shown in the generalized model (27)–(28) represented 

by Up as illustrated by Figures 1–5. 

Two steps are needed to design the proposed IFO-PID: first, the controller laws are calculated by the FO-PID and then, the fixed 

gains are adopted by the Fuzzy gain supervisor, which makes the proposed controller adaptive and robust against parameter 

uncertainties. In, a proportional-integral (PI) control is proposed to compute the controllers of the source-side converters and 

load-side converters. However, it is well known that fixed gains are very difficult to calculate under parameter uncertainties or 

variations. Thus, the IFO-PID controller is introduced to improve the robustness and resolve the problems faced by the PI loops. 

Energy Management Unit (EMU) 

The energy management unit aim is to coordinate and control all the operations in the microgrid system. From Figs. 2–7, it can 

be seen that the energy management unit described by the MPPT Mode/of-MPPT mode algorithm is used to generate the 

references of the SSCs and load-side converters controller law. The energy management unit generates the references based on 

the measured input power available and the consumed for both the SSCs and LSCs. The renewable sources are prioritized as 

mentioned previously on the loads. 

The BSS works in charge/discharge mode and regulates the DC-link voltage at its reference value. The power in the microgrid is 

balanced under different power generation forms oh the renewable sources and the load demand condition. When the source-side 

converters generate abundant power, the supply power is used to charge the battery storage system. In case the power generated 

by the source-side converters is not enough, the power in the AC grid is used to supply the loads as shown in Fig. 1. The 

mathematical model of the power balance is given as: 

PW +P pv +Pg=P Load +P Battery 

According to Fig. 11, four modes of the energy management unit can be distinguished and each mode depends on two conditions: 

the battery state and the generated power. When the generated power from the renewable energies is more than the load demand, 

the additional power is transferred to charge the battery to its SOC max , at this limit the MPPT is switched to off-mode. In case 

the generated power cannot meet the load demand, the required power is supplied by the battery storage system until SOC min, 

and in case the power generated by the source-side converters is not enough, the power in AC grid is used to supply the loads. 

Thus, the generalized energy management controller structure is illustrated in  
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Fig.8 Energy management system 

 

Fig.9 Proposed controller Structure 

CONCLUSION 

In this paper, a novel intelligent fractional order PID controller is proposed for the Energy management of hybrid energy sources 

contacted to a smart grid through a DC-link voltage. The hybrid energy sources integrated to the DC-microgrid are constituted 

by a battery bank, wind energy, and photovoltaic (PV) energy source. The source side converters (SCCs) are controller by the 

new intelligent fractional order PID strategy to extract the maximum power from the renewable energy sources (wind and PV) 

and improve the power quality supplied to the DC-microgrid. To make the microgrid as cost-effective, the (Wind and PV) energy 

sources are prioritized. The proposed controller ensures smooth output power and service continuity. Simulation results of the 

proposed control schema under Matlab/Simulink are presented and compared with the other nonlinear controls. Extensive 

comparative analysis with super twisting fractional order control, FO-PID and PID is demonstrated in Table 3, where it can be 

seen that the proposed strategy generates more power and show high performance over the proposed control strategies. From the 

present comparative analysis, the proposed controller produces +3.15% wind power, +50% PV power, +2.5% load power over 

the super twisting fractional-order and more when compared to the PID control. Future works will be focused on the experimental 

validation of the proposed control with a real test bench. 

  

http://www.ijcrt.org/


www.ijcspub.org                                 © 2022 IJCSPUB | Volume 12, Issue 3 September 2022 | ISSN: 2250-1770 

IJCSP22C1268 International Journal of Current Science (IJCSPUB) www.ijcspub.org 408 
 

REFERENCES 

• H. T. Dinh, J. Yun, D. M. Kim, K. Lee, and D. Kim, ‘‘A home energy management system with renewable energy 

and energy storage utilizing main grid and electricity selling,’’ IEEE Access, vol. 8, pp. 49436–49450, 2020. 

• C. Byers and A. Botterud, ‘‘Additional capacity value from synergy of variable renewable energy and energy 

storage,’’ IEEE Trans. Sustain. Energy, vol. 11, no. 2, pp. 1106–1109, Apr. 2020. 

• M. Rizwan, L. Hong, W. Muhammad, S. W. Azeem, and Y. Li, ‘‘Hybrid Harris Hawks optimizer for integration of 

renewable energy sources considering stochastic behavior of energy sources,’’ Int. Trans. Elect. Energy Syst., vol. 

31, no. 2, 2021, Art. no. e12694, doi: 10.1002/2050- 7038.12694. 

• Y. Sun, Z. Zhao, M. Yang, D. Jia, W. Pei, and B. Xu, ‘‘Overview of energy storage in renewable energy power 

fluctuation mitigation,’’ CSEE J. Power Energy Syst., vol. 6, no. 1, pp. 160–173, 2020. 

• T. Salameh,   M.   A.   Abdelkareem,   A.   G.   Olabi,   E.   T.   Sayed, 

• M. Al-Chaderchi, and H. Rezk, ‘‘Integrated standalone hybrid solar PV, fuel cell and diesel generator power system 

for battery or supercapacitor storage systems in khorfakkan, united arab emirates,’’ Int. J. Hydrogen Energy, vol. 

46, no. 8, pp. 6014–6027, Jan. 2021. 

• M. Çolak and Ä. Kaya, ‘‘Multi-criteria evaluation of energy storage technologies based on hesitant fuzzy 

information: A case study for turkey,’’ 

• J. Energy Storage, vol. 28, Apr. 2020, Art. no. 101211. 

• M. A. Hannan, M. M. Hoque, A. Mohamed, and A. Ayob, ‘‘Review of energy storage systems for electric vehicle 

applications: Issues and challenges,’’ Renew. Sustain. Energy Rev., vol. 69, pp. 771–789, Mar. 2017. 

• R. Amirante, E. Cassone, E. Distaso, and P. Tamburrano, ‘‘Overview on recent developments in energy storage: 

Mechanical, electrochemical and hydrogen technologies,’’ Energy Convers. Manage., vol. 132, pp. 372–387, Jan. 

2017. 

• T. Ma, H. Yang, and L. Lu, ‘‘Development of hybrid battery–supercapacitor energy storage for remote area 

renewable energy systems,’’ Appl. Energy, vol. 153, pp. 56–62, Sep. 2015. 

http://www.ijcrt.org/

