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Abstract: This paper introduces a renewable-energy-based microgrid that includes Photovoltaic (PV) energy and wind energy generation units. Also, an energy storage system is present. The proposed microgrid is loaded with a constant load impedance. To improve the performance of the proposed microgrid, an optimal control algorithm utilizing Cuckoo Search Algorithm (CSA) is adapted. It has many merits such as fast convergence, simple tunning, and high efficiency. Commonly, the PV and wind energies are suitable for supplying loads under normal conditions. However, the energy storage system recovers the excess load demand. The load frequency and voltage are regulated using the CSA optimal controller. The microgrid responses with the introduced optimal controller are measured under step changes in load demand, wind power, and the PV irradiation level. Matlab simulations are carried out to test the proposed system performance. The simulation results showed that the proposed microgrid fed the load with Alternating Current (AC) power of constant amplitude and frequency for all disturbances. Moreover, the required load demand has been perfectly compensated. Moreover, the performance of the storage system is excellent with the unstable wind speed and variable solar irradiation. Also, the results with the optimal CSA controller are compared to those with the Particle Swarm Optimization (PSO) algorithm at the same conditions. It is also found that the optimal CSA controller provides better responses.
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1  Introduction

Due to the growing electricity demand, renewable energy sources have become significantly important nowadays. Relying on fossil fuels for energy production increased environmental concerns to use alternative clean energy sources. Therefore, solar and wind energy sources are considered a viable choice for clean energy production in the future. Despite being emission-free solar and wind energy sources are available at no cost. Moreover, they can deliver power to remote areas that are not accessible by the electricity companies or not connected to the grid. Also, they can offer a solution for countries that are suffering a shortage of fossil fuel energies [1]. However, these sources are weather-dependent and have an intermittence nature. Hence, unpredictability and fluctuations of power production present a challenge to the power system when utilizing these resources [2]. However, the integration of sustainable energy sources is very important for the stability of the utility grid and standalone applications. Hence, the use of Energy Storage Systems (ESS) provides an excellent solution to the intermittence problem. Therefore, to provide an efficient and smooth power transfer hybrid energy systems with ESS are highly recommended [3]. Thus, microgrids are considered as a key concept to incorporate distributed and renewable energy sources along with ESS.

The development of the microgrids concept is vital to deal with renewable energy penetration nowadays. It has the facility that the final user can store, control, generate, and manage a portion of the consumed energy, which makes the customers be a part of the grid and not only a consumer [4]. Many advantages are gained from microgrids for both utilities and consumers. Microgrids concept helps to reduce power flow on transmission and distribution lines, minimize power losses, and decrease the cost for extra power sources. Furthermore, microgrids can decrease the load demand on the electricity grid and help to reduce the emissions that threaten climate change [5–7]. Also, it can assist and repair the network in case of faults.

Various types of microgrids have been explored in the literature. However, hybrid wind/PV microgrids are commonly utilized. Authors in [8] introduced wind/PV hybrid microgrid controlled by fuzzy and ensure maximum power conditions. The control objectives were decreasing the battery storage needed and regulating the load energy. Nevertheless, the microgrid control was complex. New energy management and control of a hybrid wind-PV-battery microgrid with storage are described in [9]. The authors provide an experimental verification, but the power was small. A dynamic modeling and operation scheme of a wind/solar hybrid power system is presented in [10] with a multiple-input converter. Authors in [11] proposed a microgrid that is powered by two renewable energy sources, namely wind energy using a doubly-fed induction generator and PV array in addition to a diesel generator. The control system is designed to optimize the fuel consumption of the diesel generator and extract maximum power from both wind and PV. However, the load power had low quality and the current was distorted. A grid-connected microgrid utilizing wind-solar cogeneration based on back-to-back converters is introduced in [12]. Nevertheless, the system has slightly lower efficiency. In [13], proposes a hybrid wind/PV microgrid along with a battery energy storage to supply utility grid feeding the nonlinear load. The power quality improvement and nonlinear load compensation have been reached using a modified adaptive filtering technique. A new control technique to smooth the fluctuations of the output power for a hybrid wind/PV and regulate the battery state of charge has been proposed by [14]. However, the control system was complex and expensive.

The control scheme of the microgrid can be classified based on the modes of operation into grid-connected and isolated modes [15]. The general objective of this control scheme is to regulate the voltage and frequency of the microgrid. Moreover, it must maintain stable operation for the microgrid especially when interconnecting with other networks or facing sudden load changes. In grid-connected mode, the host grid dominantly defines the microgrid voltage and frequency at the point of common coupling. Therefore, the main function of the microgrid control system is to adjust the active and reactive power produced by the distributed energy resources. In isolated mode, the microgrid works as an autonomous unit. As a result, more challenges appear in this mode than the grid-connected one, since the critical supply-demand balance needs the execution of exact load sharing mechanisms to balance unexpected active power mismatches. The utility grid is no longer supporting the voltages and frequency of the microgrid.

Many control techniques have been applied to wind/PV microgrids [16]. Recently, optimization techniques have been used to control and improve the response of complicated systems. Nevertheless, evolutionary optimization is rapidly and widely utilized by researchers for tremendous applications [17]. It is considered an integral development of the PSO algorithm. It has the merits of high convergence speed, small memory requirements for computation, and low execution time [18]. Nowadays, a promising search technique is called the cuckoo search algorithm. It has been gotten inspired by the breeding process of the cuckoos [19]. Compared to the PSO, the CSA has to tune a lower number of parameters. Hence, it is widely used in the optimization of complex problems [20]. The authors in [21] have utilized CSA in solving the static power flow problems for the proposed system. It applies the CSA to the capacitor allocation problem in the distribution systems. However, it has been fitted for solving the non-convex economic dispatch of the system in [22]. Lately, the CSA is used to substantially tune the Proportional-Integral-Derivative (PID) controller of a nonlinear for interconnected three area power system [23].

In this paper, an electrical microgrid is optimally controlled and managed using the CSA algorithm. The objectives of this study are enhancing the performance of the wind/PV microgrid, improving energy management, and optimizing the response using the CSA. The introduced microgrid includes an impedance that represents the static load. The sources are solar PV and wind energy systems. Moreover, it contains an ESS, uncontrolled rectifier, and 3-φ inverter.

In normal circumstances, the energy from the PV and wind generation are acclimatized to feed the loads. The excess energy is stored in the ESS during the peak power generation periods. During the generation drop periods, the ESS returns the stored energy to the loads.

From the results, it has been investigated that the proposed renewable microgrid can feed the loads skillfully and manage the stored energy carefully. Additionally, the response of the inverter controller is very precise as it tracks the required load demand perfectly. The major contributions of this work are:
•   Developing an analytical model of the proposed wind/PV microgrid that is optimally controlled and managed using the CSA algorithm.

•   Improving the energy management of the proposed wind/PV microgrid.

•   Optimizing the performance of the proposed wind/PV microgrid using the CSA against disturbances in the load power, wind speed, and solar insolation.

•   The responses of the system with CSA are compared to that with the PSO.

The manuscript is prepared as follows: the structure of the proposed microgrid is included in Section 2. Section 3 investigates the microgrid dynamic model. Section 4 presents the details of the proposed microgrid energy management and control. Section 5 talks about the simulation results. The research conclusions are included in Section 6.

2  The Proposed Microgrid Structure

The proposed, presented in Fig. 1, microgrid incorporates wind/PV energy sources with an ESS system and supplies two independent loads. The wind turbine provides the mechanical energy to a 3-φ Permanent Magnet Synchronous Generator (PMSG). The PMSG generates a 3-φ output voltage that is fed to an uncontrolled rectified forming the Direct Current (DC) link of the grid. The DC link is attached to the PV too. The PV panel is built by connecting series and parallel strings such that the PV terminal voltage is compatible with the DC link voltage level. Usually, a DC capacitor is attached to the PV terminal to provide better performance of the PV. Also, a power diode is connected after the capacitor to protect the PV and the capacitor from severe overvoltage and reverse power. The DC link is linked to ESS batteries through a bidirectional DC/DC converter. The function of that converter is to manage the charge/discharge process of the ESS batteries. On the other hand, this converter provides a way to regulate the DC link voltage level.

The DC link represents the input of the 3-φ inverter that converts the DC voltage into AC voltage with the utility frequency. The inverter output feeds the system loads. The system has a static load that can be represented by an impedance. The objectives of the inverter controller are supplying the load with AC power with constant voltage amplitude and frequency.

Commonly, the wind speed varies from time to time. Hence, the PMSG output power varies as well. As well, the PV-generated power varies from time to time. Hence, the ESS compensates for the power drop for the load if the power generated by the hybrid wind/PV decreases. Therefore, the ESS represents the slave energy source to recompense any decay in the generated energy of the wind/PV. Also, it helps supply additional loads.

An inverter controller is adapted to regulate the inverter frequency and voltage. The variations in the voltage occur frequently due to solar insolation and wind speed variations.
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Figure 1: The proposed system block diagram

3  The Microgrid Dynamic Model

To realize the design, control, and simulation of the proposed microgrid, modeling the system is commonly the first step. The models’ parameters of the microgrid parts have been chosen to be as close to the practical case. Hence, all possible losses, voltage drops, and snubber circuits have been taken into consideration. The dynamic models of the whole microgrid components are explained in the next paragraphs.

3.1 The PV Panel Model

The PV panel contained in the proposed microgrid is established from 18 PV modules. It has 3 series cells and 6 parallel strings. Fig. 2 presents the common and approximately precise model of the PV array. The model parameters are the parallel and series resistances (rp, rsh). However, (Ish) is the PV panel short circuit current.
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Figure 2: The PV array equivalent circuit model


3.2 The Wind Turbine Model

The function of the turbine is to convert the wind power into rotating mechanical power. A list of symbols used is shown in Tab. 1. The generated mechanical torque (Tm) of the wind turbine is determined by [24]:
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Tm=0.5ρAvw3Cp(β,λ)ωm
(1)

where; (A) is the swept area of the blades; (ρ) is the air density; (vw) is the velocity of the wind; (β) is the pitch angle of the blade; (ωm) is the mechanical angular-speed of the turbine, and λ is the ratio of the tip-speed that is given by :


λ=Rωmvw
(2)

The turbine performance coefficient (Cp) is given by:


Cp(β,λ)=(0.44−0.0167β)sin⁡π(λ−315−0.3β)−0.00184(λ−3)β
(3)

The mechanical system formed by the turbine and the PMSG generator may be modeled by the differential equation:


Jdωmdt=Tm−Te−Bωm
(4)

where; (J) is the coefficient of inertia of the whole system, (Te) is the PMSG torque, and B is the viscous friction coefficient.

3.3 The AC/DC Converter Model

It is well known that the PMSG speed is proportional to the wind speed. Nevertheless, the wind speed varies continuously. As the PMSG output voltage and frequency depend mainly on its speed, therefore the PMSG output voltage and frequency are unregulated. However, the electrical loads usually need regulated supplies. To solve this problem, the PMSG output voltage is rectified and connected to the DC bus. Hence, an inverter is used to supply regulated voltage to the loads. An uncontrolled 3-φ rectifier bridge is utilized for this job. The average model of the rectifier is presented by [25]:


Vdc=1.654Vph,Idc=0.907Iph
(5)

where; (Iph, Vph) are the PMSG phase current and voltage in root mean square values and (Vdc, Idc) are the output average voltage and current of the rectifier. The source impedance is neglected,

3.4 The DC/DC Converter Model

The ESS is charged/discharged via a two-directional converter shown in Fig. 3. Continuous conduction mode is assumed for this converter. The input of the converter is connected to the DC bus. However, its output is attached to the ESS. The converter has two modes of operation namely the buck/boost modes. When the transistor Q2 is off and the transistor Q1 is switched, this case represents the buck mode. In this case, the ESS is charged. However, it acts in the boost mode when transistor Q1 is off and the transistor Q2 is switched. Therefore, the ESS discharging process is indicated.

The DC/DC converter is modeled as follows:
•   The buck mode:


X=[ilvb]
(6)


X.=[0−1L1C−1rbC]X+[VdL0]Q1+[0EbrbC]
(7)

where (il, vb) are the inductor current and capacitor voltage, (Eb, rb) are the internal voltage and resistance of the ESS, Q1 is a digital number (0,1) equivalent to the switching state, (L, C) are the filter inductance and capacitance, and (Vd) is the DC bus voltage.
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Figure 3: The DC/DC converter circuit

•   The boost mode:


X.=[0−1L1C−1Crb]X+[−VdL0]Q2+[VdLEbCrb]
(8)

where Q2 is a digital number (0,1) equivalent to the switching state.

3.5 The DC/AC Converter Model

The 3-φ DC/AC converter circuit diagram incorporating an L-C filter is shown in Fig. 4a. For convenience, all voltages and currents in the circuit have been represented as space vector quantities using:


Z_=2/3(xa+∝xb+a∝2xc)
(9)

where; (xa, xb, and xc ) are the 3-φ variables, Z is the space vector, and α = ∠120°.
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Figure 4: (a) The 3-φ inverter power circuit (b) The 3-φ inverter space vectors

According to the operating rules of the 3-φ inverter, there are 8 switching states. These states can be represented as space vectors shown in Fig. 4b. There are six active voltage vectors and two zero voltage vectors representing the output voltage. The inverter model can be represented by:


Y=[I_fV_c]
(10)


Y.=[0−1Lf1Cf0]Y+[VdLf0]S_−[0I_oCf]
(11)

where; (Cf, Lf) is the capacitance and inductance of the filter; (S) is the switching states space vector; (Vc) is the voltage of the filter output; (Vi) is the terminal voltage of the inverter; (Io) is the output current; and (If) is and the filter.

4  The Proposed Microgrid Energy Management and Control

Two control loops are forming the control system of the proposed wind/PV microgrid. The DC/DC converter controller which controls the DC bus voltage is the first controller. The DC/AC inverter controller that controls the frequency and voltage of the load is the second controller. The controllers are explained in the next subsections.

4.1 The DC/DC Bidirectional Controller

The function of this controller is to control the ESS charging/discharging processes. Additionally, it regulates the DC bus voltage. A simple Proportional-Integral (PI) controller is assigned for controlling the current and voltage of the ESS using two nested loops, as shown in Fig. 5a. The controller stops charging the ESS batteries when it is fully charged. On the other hand, it provides a small compensating current for the ESS leakage.
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Figure 5: The block diagram of the (a) DC/DC controller (b) DC/AC controller

4.2 The DC/AC Converter Controller

The inverter utilized in the proposed system is a current-controlled voltage source inverter. Hence, the converter has two nested control loops as shown in Fig. 5b. The outer loop is the output voltage loop where the measured output voltage is compared to the reference voltage. The generated error signal is fed to a simple PI controller that generates the reference output current. Nevertheless, the PI parameters are optimized using the CSA. The reference currents are compared to the measured 3-φ currents. Then, the generated error is supplied to a Pulse Width Modulation (PWM) modulator to generate the converter switching signals. The CS optimization technique is explained in the next paragraph.

4.3 The Cuckoo Search Optimization

The CSA optimization concept is derived from the searching process of the Le’vy flight. It has been used to get the optimized solution to many problems. The random walk of the Le’vy flight is divided into steps. It is assumed that the random length of the step has a probability distribution using [26]:


Le‘vy∼u=t−λwhere(1<λ≤3)
(12)

where; (t) is the number of iterations. Eq. (12) indicates that the Le’vy flight has a random walk with a heavy tail.

The main idea of this optimization algorithm is to get the nest that has the optimal solutions. All the nests are considered potential nominees for the optimization. The CSA reproduction process of the cuckoo is based on the following rules [26]:
•   Every cuckoo lays an egg in a random nest.

•   The optimal solution is produced by the best nest

•   The best nest is kept for carrying the next generation of cuckoos.

•   The foreign eggs may be discovered by a host bird with a probability (pα).

The new nest of the cuckoos is generated using the global random walk or Le’vy flights:


Yi(n)=Yi(n−1)+α⊗levy(λ)
(13)

where (n) is an integer representing the iterations, (α) is the scaling step size of the optimization problem, and (levy (λ)) is Le’vy flight of the local searching and global searching.

An objective function is usually utilized with the CSA algorithm. It helps to test the parameters’ optimization. Many objective functions are introduced in the literature [27], such as; the Integral Time Square Error (ITSE), Integral Square Error (ISE), and Integral Absolute Error (ITAE). However, the ITAE has been commonly used owing to its simplicity and perfect response. Hence, the proposed microgrid uses the ITAE as an objective function:


ITAE=∫0Ts(t(|Δe1|+|Δe2|))dt
(14)


Δe1=Vd(ref)−Vd
(15)


Δe1=Vq(ref)−Vq
(16)

where; Ts is the sampling time and the PI controllers parameters (K1p, K1i, K2p, K2i) are to be determined with the following constraints:


0.45≤Kmi<15and0.45≤Kmp<15m=1,2
(17)

The optimal CSA controlling parameters of the proposed microgrid are given in Tab. 2. Fig. 6 summarizes the flowchart of the CSA algorithm.
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Figure 6: The CSA flowchart

5  The Simulation Results

The paper idea is validated using Matlab simulations for the proposed microgrid. The wind turbine and PV-panel parameters are presented in Tab. 3. The system has been tested under step changes in the wind speed and the solar irradiation level, as shown in Fig. 7. Fig. 7a shows the time variation of the wind speed level. The wind speed has kept been kept at 12 m/s until the time 4 s. It has been dropped to 7 m/s, during the period 4 to 5.7 s. The rotor speed of the PMSG is directly related to the wind speed as shown in Fig. 7b. Also, the PMSG torque is negative with a value that depends on the generated power as presented in Fig. 7c. The variation of the solar irradiation level has been presented in Fig. 7d. The irradiation level has step changes at 2 and 5 s. The battery voltage and current are shown in Figs. 7e, 7f. At the period (0 to 2 s), both the PV and the wind energy are full. Therefore, the battery is charged with its voltage increases and its current is positive. At the period (2 to 4 s), the PV energy becomes 40% and the wind energy is full. The total supplied energy is smaller than the load requirement. Hence, the battery starts discharging to compensate for the energy drop. The battery current is negative with its voltage decreasing at this period. At the period (4 to 5 s), the PV energy becomes 40% and the wind speed drops to 7 m/s. The battery continues discharging to compensate for the drop in the supplied energy. Fig. 7g presents the DC-link voltage variations under these disturbances. Nevertheless, it gives a perfect performance as it is nearly stable for all disturbances. The inverter terminal voltage is pulse width modulated that is presented in Fig. 7h. Both the load voltage and current are sinusoidal with constant amplitude and frequency as indicated by Figs. 7i, 7j.

2[image: images]

Fig. 8 shows the system responses under step changes in the load in addition to wind and solar energy variations. The time variation of the wind speed level and solar energy irradiation are presented in Figs. 8a and 8d. The wind speed has kept been kept at 12 m/s until the time 4 s. Then it has been dropped to 7 m/s, during the period 4 to 5.7 s. The irradiation level has step changes at 2 and 5 s. The system load is doubled during the period 3 to 4.5 s. The rotor speed of the PMSG is directly related to the wind speed as shown in Fig. 8b. Also, the PMSG torque is negative with a value depending on the generated power as presented in Fig. 8c. Fig. 8e presents the DC-link voltage variations under these disturbances. Nevertheless, it gives a perfect performance as it is nearly stable for all disturbances. The battery current is shown in Fig. 8f. At the period (0 to 2 s), both the PV and the wind energy are full. Therefore, the battery is charged with its voltage increases and its current is positive. At the period (2 to 3 s), the PV energy becomes 40% and the wind energy is full. The total supplied energy is smaller than the load requirement. Hence, the battery starts discharging to compensate for the energy drop. The battery current is negative with its voltage decreasing at this period. During the period (3 to 4 s), the load is doubled in addition to the previous conditions. Hence, the battery discharging current increases to compensate for the load demand. At the period (4 to 4.5 s), the PV energy becomes 40% and the wind speed drops to 7 m/s. The battery continues discharging to compensate for the drop in the supplied energy. The inverter terminal voltage is pulse width modulated that is presented in Fig. 8g. the load voltage is sinusoidal with constant amplitude and frequency for all disturbances, as indicated by Fig. 8h. Fig. 8i presents the inverter modulation index variations. Finally, the load current is presented in Fig. 8j where the current is doubled during the period (3 to 4.5 s).

Since our concerns are also in robust stability against various model uncertainties, some of the system parameters are changed. Where the PV shunt resistance is decreased by 10%, the PV series resistance is increased by 10%, and the wind blade radius is increased by 8%. For the perturbed system, the responses are shown in Fig. 9. It has been indicated in the figure that the proposed controller can stabilize the load voltage and frequency with high accuracy despite the modeling errors.

The response of the system with the proposed CSA approach is compared with the PSO algorithm at the same conditions as shown in Fig. 10. This figure shows that the DC-Link voltage performance in the case of using the CSA algorithm is better than in the case of using the PSO algorithm.
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Figure 7: The simulation results with step-change in the wind speed and the solar irradiation based on CSA (a) Wind speed (b) PMSG shaft speed (c) PMSG shaft torque (d) PV irradiation level (e) Battery voltage (f) Battery current (g) DC-Link voltage (h) Inverter voltage (i) Load voltage (j) Load current
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Figure 8: The simulation results with step-change in the wind speed, the irradiation level, and the load based on CSA (a) Wind speed (b) PMSG shaft speed (c) PMSG shaft torque (d) PV irradiation level (e) DC-Link voltage (f) Battery current (g) Inverter voltage(h) Load voltage (i) Inverter modulation index (j) Load current
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Figure 9: The simulation results with step-change in the wind speed, the irradiation level, and the load based on CSA with parameters change. (a) Wind speed (b) PMSG shaft speed (c) PMSG shaft torque (d) PV irradiation level (e) DC-Link voltage (f) Battery current (g) Inverter voltage(h) Load voltage (i) Inverter modulation index (j) Load current
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Figure 10: DC-Link voltage with step-change in the wind speed, the irradiation level, and the load based on PSO and CSA

6  Conclusions

This research introduces the modeling and energy management of an isolated wind/PV microgrid power system supported by an optimal controller design using the CSA algorithm. The system incorporates an energy storage system to enhance the power system’s efficiency and sustainability. The whole system components are modeled and simulated using the Matlab/Simulink platform. The proposed microgrid response is simulated under step variations in load demand, wind power, and the PV irradiation level. The results showed that the proposed renewable-energy-based microgrid system fed the load perfectly and tracked the required load demand under all disturbances. Moreover, the DC bus voltage is kept at its desired value and so is the AC load voltage and frequency for the applied disturbances. The performance of the storage system is excellent with the unstable wind speed and variable solar irradiation. The charging and discharging processes of the ESS are perfectly controlled to compensate for the variations in the wind and PV energies Also, the results with the optimal CSA controller are compared to that with the PSO algorithm at the same conditions. It is also found that the optimal CSA controller provides better responses regarding the overshoots and settling times. The main limitations of the proposed controller may be the trapping of CSA at local minima or having premature convergence.
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Table 1: List of symbols

Notation Description Notation Description

Iy, PV panel short circuit current J Coefficient of inertia of the whole
mechanical system

Fps Tsh PV array parallel and series T, PMSG torque

equivalent resistances

T, Turbine mechanical torque B Viscous friction coefficient

A The swept area of the blades Ly, V- PMSG phase current and voltage in root
mean square values

p Air density Vaes 1ze  Output average voltage and current of the
rectifier

Vi The velocity of the wind in vy Inductor current and capacitor voltage

b Pitch angle of the blade E,, r,  Internal voltage and resistance of the ESS

W, The turbine angular speed 0, Digital number (0,1) equivalent to the
switching state

A The ratio of the tip-speed L C Filter inductance and capacitance

C, Turbine performance coefficient ¥, DC bus voltage

Xgy Xpy X The 3-¢ variables, 1, Output current vector

VA Space vector I filter current vector

Cs Ly Filter capacitance and inductance ¢ Number of iterations

S Switching states space vector n An integer representing the iterations

V. Output Voltage vector Scaling step size of the optimization
problem

V; Inverter voltage vector levy (\) Le’vy flight of the local searching and
global searching

(K1p» Kyis PI controller parameters

K>, K>;)
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Table 3: System parameters

Parameter Value Parameter Value
Igc of the PV 36.54 A Wind turbine height 4 m
Voc of the PV 2559V Blade swept area (A) 4 m*
Max.Power 7466 W DC-link voltage 250V
Air density (p) 1.25 kg/m* Load voltage 110 V
Blade radius (R) I m Load frequency 50 Hz
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Table 2: Optimal CSA Controlling parameters

Parameter Value
No. of nests 60
Max iterations 1500
Discovery of alien egg 0.4

Tolerance e ©
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