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Abstract 
As the demand of Electricity is increasing day by day and is already more than the production of 

Electricity whereas reserves of fossil-fuel are depleting, there is a strong need to shift for other sources 

which are renewable energy sources. Regarding this, DC micro grids and their energy management of 

these renewable energy sources have gained more importance which is discussed in this paper. The main 

objective of the proposed system is to provide uninterrupted power supply to the load systems which are 

located at isolated sites of remote and rural areas. The proposed system mainly deals with 

implementation of Energy Management System (EMS) to DC microgrid using maximum power point 

tracking (MPPT) algorithm. A coordinated and multivariable EMS is proposed that employs a wind 

turbine and a photovoltaic array as controllable generators by adjusting the pitch angle and the switching 

duty cycles and a storage system consisting of batteries. In order to realize constant current, constant 

voltage (IU) charging regime and increase the life span of batteries, the proposed EMS require being 

more flexible with the power curtailment feature. The proposed strategy is developed as an online 

nonlinear model predictive control (NMPC) algorithm based on individual MPPTs of the system. The 

entire designed system is modeled and simulated using MATLAB/Simulink Environment. 

Keywords:Battery Management, Maximum Power Point Tracking (MPPT), Nonlinear Model Predictive 

Control (NMPC), Power Sharing, and Voltage Regulation. 

1. Introduction 
The microgrid may operate as an extension of 

the main grid, (grid-connected) or as a 

standalone grid with no connection to the grid. 

Standalone dc microgrids have some distinct 

applications automotive or marine industries, 

rural areas. Since ac systems suffer from the 

need of synchronization of several generators, 

dc microgrids are more efficient due to the fact 

that dc generators and storages do not need ac-
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dc converters for being connected to dc 

microgrids. The few issues regarding voltage 

regulation, power sharing, and battery 

management, is severe in standalone green 

micro grids that consist of only intermittent 

solar and wind energy sources, and lead to the 

necessity of more controllable strategies. The 

grid voltage source converters are the primary 

slack terminals to regulate the voltage level of 

grid-connected microgrids. Battery banks, on 

the other hand, are effective slack terminals for 

standalone microgrids 

Their energy absorbing capacities are limited 

regarding a number of operational constraints, 

as explained later in this section. In order to 

regulate the voltage level of standalone dc micro 

grids. Present load shedding strategies for the 

cases in which there is insufficient power 

generation or energy storage. Present strategies 

that curtail the renewable power generations of 

standalone dc micro grids if the battery bank 

cannot absorb the excess generation. These 

curtailment strategies restrict the batteries 

charging rate by the maximum absorbing power. 

Standalone dc micro grids are usually located in 

small-scale areas where the power sharing 

between DGs can be managed by centralized 

algorithms which are less affected by two 

issues: 

a) Batteries in charging mode are nonlinear 

loads causing distortions to the grid voltage  

b) The absolute voltage level of a standalone 

microgrid is shifted as the result of the load 

demand variation. A number of phenomena 

affect the batteries operation during the charging 

mode [19]:  

1) Applying high charging currents, the batteries 

voltages quickly reach to the gassing threshold.  

2) The internal resistor and hence power losses 

and thermal effects increase at high SOC levels.  

3) Batteries cannot be fully charged with a 

constant high charging current. 

Operational constraint, the maximum absorbed 

power by the batteries in order to protect them 

from being overcharged. Therefore batteries act 

as nonlinear loads during the charging mode. 

Depending on the proportion of the power 

generation to the load demand ratio within 

standalone DC microgrids, three cases are 

possible. 

1) Power generation and load demand are 

balanced;  

2) Load demand exceeds power generation 

causes dc bus voltage to drop in absence of any 

load shedding; and  

3) Power generation is higher than load demand 

leads batteries to be overcharged and bus 

voltage to climb. 
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Energy management strategy (EMS) is 

proposed, as its control objectives, three 

aforementioned issues corresponding standalone 

dc micro grids; i.e., dc bus voltage regulation, 

proportional power sharing, and battery 

management. In contrast to the strategies 

available in literature in which renewable 

energy systems (RESs) always operate in their 

MPPT mode, the proposed multivariable 

strategy uses a wind turbine and a PV array as 

controllable generators and curtails their 

generations if it is necessary. The proposed 

EMS is developed as an online novel NMPC 

strategy that continuously solves an optimal 

control problem (OCP) and finds the optimum 

values of the pitch angle and three switching 

duty cycles. 

It simultaneously controls four variables of 

micro grids: 

1) Power coefficient of the wind turbine.  

2) Angular velocity of the wind generator.  

3) Operating voltage of the PV array and  

4) Charging current of the battery bank. 

It is shown that, employing new available 

nonlinear optimization techniques and tools, the 

computational time to solve the resulting NMPC 

strategy is in permissible range. The proposed 

strategy implements the IU charging regime that 

helps to increase the batteries life span. 

2. Related Work 

2.1 Block diagram: 

 

Fig. 1.Topology of a small-scale and standalone 

dc microgrid. 

DESCRIPTIONS:  

The standalone dc micro grid in above figure is 

a smallscale microgram for remote applications. 

The wind turbine operates at variable speeds 

and is connected to the electrical generator 

directly, that is, the direct-drive coupling. The 

variable speed operation is more flexible for the 

power management and MPPT applications. 

Furthermore, direct-drive coupling is more 

efficient and reliable and is more popular for 

small-scale wind turbines. In spite of high cost, 

permanent magnet synchronous generators 

(PMSGs) are the most dominant type of direct-

drive generators in the market, chiefly due to 

higher efficiency. 

2.2 MODELING: 
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Fig2. Modified version of the system model. 

The authors in [15] presented a mathematical 

model of standalone green dc microgrids as 

hybrid differential algebraic equations (hybrid 

DAEs). Fig. 2 summarizes a modified version of 

the proposed model in [2]. Since this paper 

focuses on the case in which there is an excess 

power greater than or equal to the maximum 

possible absorbing rate of the battery bank, the 

hybrid nature of the battery bank operation is 

ignored for the sake of simplicity. The 

differential and algebraic states, i.e., and, and 

the manipulated and nonmanipulated control 

variables, namely, and, are detailed later 

throughout the next sub-sections. In what 

follows, the following notations are used to 

model the standalone dc microgrid in Fig. 1 as 

DAEs: 

 

The first two constraints f1 and f2 are due to the 

fact that in standalone dc microgrids the sum of 

the generated, stored, and consumed powers is 

always zero: 

 

Modeling of the Three Systems: 

A. Wind Branch. 

B. Battery Branch. 

C. Solar Branch. 

A. Wind Branch 

Performance of the wind turbines is measured as 

the power coefficient curve with respect to 

thetip speed ratio and pitch angle. Equation (3) 

shows the power coefficient curve of three-

blade wind turbines: 
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Where gamma and bita , respectively, are the tip 

speed ratio and pitch angle. Rad is the radius of 

the blades and Cp, max is the maximum 

achievable power coefficient at the optimum tip 

speed ratio of gamma out. 

Equation (4) presents the connected PMSG 

generator: 

 

Energy management strategies of microgrids 

must estimate the dc bus voltage level deviation 

from its set point in about every 5–10 s. It 

means that except the angular velocity of the 

generator (4a) all other fast voltage and current 

dynamics can be ignored. For energy 

management strategies, the average model of 

the buck converter is replaced with the steady-

state equations for the continuous conduction 

mode (CCM) 

 

whereDw is the switching duty cycle of the 

converter and all remaining parameters are as 

depicted in Fig. 1. The average dc output 

voltage of the rectifier, Vwt, in presence of the 

non-instantaneous current commutation is 

calculated as follows. 

 

B. Battery Branch: 

Charging operation of a lead acid battery bank, 

consisting of (Nbatp*Nbats) batteries, is 

modeled as: 
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the voltage, current, and state of charge of the 

battery bank. If is the filtered value of the 

battery current with the time constant of Ts and 

Qact is the actual battery capacity. The 

experimental parameter P1 requires being 

identified for each type of battery while the 

maximum amount of the battery capacity, 

Cmax, internal resistor of battery, Rbat, and the 

battery constant voltage, V0, are given by 

manufacturers. By ignoring the discharging 

mode of the battery bank operation, the bi-

directional converter acts as a boost type 

converter [(8d)–(8e)]. 

C. Solar Branch:  

The equivalent electrical circuit of the PV 

module [7], [8] is used to mathematically model 

the solar branch, consisting of a PV array and a 

boost converter [9]. Eq. (9) shows the 

characteristic equations of a PV array, 

consisting Npvp*Npvs of PV modules: 

 

Where Iph denotes the photocurrent and I0 is 

the diode reverse saturation current. Rs and Rsh, 

respectively, are the series and parallel 

equivalent resistors of each PV module and all 

other parameters. 

3. Implementation 

3.1 CONTROLLER DESIGN: 

Optimal Control Problems (OCPs): 

OCPs, as (11), make explicit use of the system 

model, given by (11b), in order to find an 

optimal control law u*(.), which meets number 

of equality and inequality constraints. The term 

optimal here is defined with respect to a certain 

criterion that implies the control objectives. This 

criterion is specified with a cost functional J, 

consisting of the Lagrangian term lambda and 

the terminal cost term M. While the Lagrangian 

term indicates the cost function during the 
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period of time , the terminal cost penalizes final 

values. Equations (11d) and (11e), respectively, 

formulate the final and initial constraints which 

must be maintained by the optimal solution. 

Moreover, (11g) represents boxing constraints 

on the states and control variables: 

 

Nonlinear Model Predictive Control 

(NMPC): 

OCPs are open-loop strategies and are wrapped 

by a feedback loop to construct NMPC 

strategies [10]. NMPC strategies, which are also 

called as the receding horizon control, 

continuously solve an OCP over a finite-horizon 

T using the measurements obtained at t as the 

initial values. Then the first optimal value is 

applied as the next control signal. 

Comparing with the conventional methods, 

NMPCs are inherently nonlinear and 

multivariable strategies that handle constraints 

and delays. There are three different techniques 

to discretize and solve OCPs:  

1) Dynamic programming method based on the 

Bellman's optimality principle.  

2) Indirect method based on the Pontryagin 

minimum principle.  

3) Direct methods that convert OCPs into 

nonlinear optimization problems (NLPs) which 

are then solved by NLP solvers. 

Control System:  

Since it focuses on the charging mode of the 

battery operation, the proposed EMS 

successively gets the estimated system states, as 

inputs and calculates the optimal solution, as 

outputs. The external state estimator and the 

predictor of the non-manipulated variables are 

out of the scope of this paper. Step ahead 

predictions of the solar irradiance, wind speeds, 

and load demands are extracted either from a 

meteorological center or an external predictor 

using autoregressive-moving-average (ARMA) 

technique [7]. The bus voltage level of the 

microgrid is set externally and hence the 

developed controller can act as the secondary 

and primary levels of the hierarchical 

architecture [13]. 

The developed NMPC controller consists of 

three entities: 

1) The dynamic optimizer that successively 

solves OCP at each sampling time h,  
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2) The mathematical model of the system to 

predict its behavior  

3) The cost function and constraints of the 

relevant OCP. 

The optimal pitch angle is applied as a set point 

to an inner closed-loop controller. Moreover, the 

optimal values of the switching duty cycles are 

applied to thepulse width modulators (PWMs) 

of the dc-dc converters. 

4. Experimental Work 

4.1 Simulation circuit design in 

Matlab: 

 

 

 

 

 

Fig shown: Output wave forms of the 

simulation. 

5. Conclusion 
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A coordinated and multivariable online NMPC 

strategy has been developed to address the 

optimal EMS, which deals with three main 

control objectives of standalone dc microgrids. 

These objectives are the voltage level 

regulation, proportional power sharing, and 

battery management. In order to address these 

objectives, the developed EMS simultaneously 

controls the pitch angle of the wind turbine and 

the switching duty cycles of three dcdc 

converters. It has been shown that the developed 

controller tracks the MPPs of the wind and solar 

branches within the normal conditions and 

curtails their generations during the under load 

conditions. The provided flexible generation 

curtailment strategy realizes the constant 

current, constant voltage charging regime that 

potentially increases the life span of the battery 

bank. The simulation results have been shown 

its ability to achieve all control objectives. 
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