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Abstract: Microgrids have become an alternative for integrating distributed generation to supply 11 

energy to isolated communities, so their control and optimal management are important. This re- 12 

search designs and simulates the three levels of control of a DC microgrid operating in isolated 13 

mode, proposes an Energy Management System (EMS) based on Model Predictive Control (MPC), 14 

with real-time measurement feedback for optimal energy dispatch, which ensures power flow dis- 15 

tribution and operation at minimum cost while extending the lifespan of the BESS. The EMS can 16 

react to disturbances produced in the lower control levels. The microgrid's performance is analyzed 17 

and compared in two scenarios without EMS, and with EMS against changes in irradiation and 18 

changes in electricity demand. The fulfillment of the power balance is evaluated by analyzing the 19 

power delivered by each generation unit, the operating cost, and the state of charge of the battery 20 

(SOC). 21 

Keywords: droop control; energy management system; microgrid; battery energy storage system; 22 

voltage restorer; state of charge. 23 

1. Introduction 24 

Currently, energy production is based on the consumption of fossil resources, which 25 

is an expensive process that leads to the depletion of available non-renewable resources. 26 

Therefore, the importance of the use of natural resources (renewable resources) arises at 27 

the time of introducing other forms of sustainable electricity production, supporting the 28 

environment, since this resource does not generate pollution [1,2]. 29 

The energy needs facing the world and the increase in energy consumption in the 30 

coming years make it necessary to increase the generation of electric power, which is re- 31 

stricted by the reduction of fossil fuel reserves and the harmful impact it has on the envi- 32 

ronment [3]. Therefore, it is important to know the term microgrids, composed of energy 33 

generation sources such as solar, wind, biomass, geothermal, hydroelectric, and fossil, 34 

among others. In addition to integrating storage systems to supply local loads [4]. 35 

The classification of microgrids is very broad because they can operate in AC current, 36 

DC current, or both. Microgrids can operate in isolated mode and grid-connected mode, 37 

allowing disconnection and connection to the conventional distribution network. Isolated 38 

microgrids arise from the need to supply energy to sectors of difficult access, whether 39 

isolated or rural areas, which for the most part do not have access to electric power service 40 

[3,5,6]. 41 

Traditionally, microgrids have a three-tier hierarchical control architecture. The pri- 42 

mary control includes the local controllers to regulate frequency and voltage and the 43 

Droop Control for power sharing in the dispatchable generation units. The secondary 44 

control is in charge of restoring frequency and voltage [7] . Finally, the tertiary control is 45 

in charge of the optimal management of the microgrid [8,9,10].  46 
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 47 

Therefore, microgrids have gained attention as a new alternative to face the energy 48 

transition and the challenges of energy supply, due to their versatility to operate in isolated 49 

or grid-connected mode [8]. Among the main contributions of microgrids in the energy 50 

market, it stands out that they are more efficient, reduces CO2 emissions, encourages the 51 

use of renewable energies, and reduces energy costs. In addition to the above, microgrids 52 

are not centrally planned or managed [4,5]. 53 

Currently, the distribution of DC energy through microgrids is a topic of research 54 

interest for residential applications, due to the increase in DC loads, the implementation 55 

of energy sources based on renewable resources, and the development of power electron- 56 

ics. and storage systems [11,12]. 57 

The advantages of DC microgrids are reduction of power losses, increases system ef- 58 

ficiency, integration of distributed generation technologies through control and monitor- 59 

ing, and cost reduction. They also can supply energy to a load independently when voltage 60 

fluctuations occur, ensuring an efficient, reliable, and safe system [11,13,14]. 61 

It is important to note that failure to properly manage a microgrid leads to a waste of 62 

energy resources, making it an inefficient operation.  Therefore, an adequate management 63 

system is necessary to manage the energy flow of the generation units, this can be achieved 64 

with intelligent and optimal control strategies, that is how the term energy management 65 

system (EMS) appears. 66 

 EMS is important in controlling the generation and distribution of power flow in 67 

microgrids and, therefore, minimizing operating costs [14,15]. Therefore, a control system 68 

based on MPC (Model Predictive Control) optimization is proposed, which makes explicit 69 

use of the mathematical model of the process, in addition to considering the objective func- 70 

tion that seeks to minimize the operating cost of the system [16,17,18].  71 

There are some EMS proposals for DC microgrids, which apply various control meth- 72 

ods. In [19], an isolated microgrid consisting of two renewable sources, a diesel generator 73 

,and a storage system is developed. The objective is to maximize the useful life of the bat- 74 

teries and minimize the cost of energy generation, using the multiobjective genetic algo- 75 

rithm NSGA-II. As a result of the optimization algorithm, several solutions are obtained 76 

which meet the cost-minimization requirements. Therefore, it is up to the researchers to 77 

select the solution that fits the physical conditions of the microgrid. 78 

In the same context of EMS applied to DC microgrids, [44] presents a predictive con- 79 

trol of a microgrid that can operate in island mode or grid-connected mode, using a dis- 80 

tributed control architecture, i.e., integrating a MPC for each generation unit (wind gener- 81 

ator and photovoltaic generator) and another MPC for the energy storage unit, therefore, 82 

this type of control makes decisions individually. In addition, management based on heu- 83 

ristic methods is evidenced, ensuring that the management system determines the opera- 84 

tion mode of the microgrid based on the generated power, demand, solar irradiance, wind 85 

speed, the nominal power of the units, and the SOC of the BESS. 86 

Meanwhile, in [20] and [21], the MPC control strategy is implemented to optimally 87 

manage the load sharing between generation sources, storage, and interaction with the 88 

grid if necessary. However, the management system solves the optimization problem 89 

without real-time feedback on the actual battery states.    90 

The authors in [22] and [23] propose an energy management system (EMS), [22] based 91 

on a MOGA algorithm (multi-objective genetic algorithm) with a 51% reduction in opera- 92 

tional costs and a 96% reduction in the amount of pollutant gas emissions. In [23] addition 93 

to an EMS, they implement a demand-side management (DSM) that consists of modifying 94 

the consumption within a certain range of time, to reduce the cost and adjust the genera- 95 

tion profiles of energy. 96 

In [24] they use an advanced control for the management of a  DC microgrid that 97 

operates in island mode through a MPC model integrating artificial intelligence (AI), 98 

where AI replaces mathematical modeling, typically used when working with complex 99 

and accurate mathematical models. Demonstrating that the controller is capable to provide 100 
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efficient control actions for optimal energy management and a correct energy balance for 101 

the microgrid. 102 

In [25] analyzes the optimization of isolated AC microgrids that include several re- 103 

newable sources and energy storage, focusing on several systems connected in the same 104 

microgrid. Therefore, for the interconnection of the microgrids, a distributed control based 105 

on the DMPC model is developed since it considers each unit as a subsystem and will be 106 

controlled by a local MPC being fundamental to know the information to be exchanged 107 

between each unit. In addition, for integrating electric vehicles (EV), it was necessary to 108 

develop an EMS to manage the use of vehicle batteries. Furthermore, [25] and [26] realize 109 

the integration of electric vehicles (EV) therefore the development of an EMS to manage 110 

the use of vehicle batteries is necessary. 111 

In the previously reported works, the local controllers are not designed, nor was there 112 

online feedback on the measurements that show the current state of the batteries in the 113 

EMS system. Therefore, a control strategy is considered, with no feedback from the actual 114 

measurements, i.e., it is assumed that everything works correctly. However, disturbances 115 

at that level are not identified by the EMS. 116 

This research paper proposes the design of a tertiary EMS control for an isolated DC 117 

microgrid, consisting of a photovoltaic system that takes full advantage of the solar re- 118 

source, a diesel generator as a backup power source, a battery energy storage system, and 119 

a DC load. 120 

The photovoltaic system is connected to the Bus DC through the Boost-type DC/DC 121 

power converter, which contains an MPPT based on the incremental conductance algo- 122 

rithm (INC). On the other hand, the diesel generator will operate only when necessary. 123 

The storage system, consisting of a battery bank, is connected to the Bus DC through a 124 

bidirectional Buck-Boost topology converter that allows operation in charge and discharge 125 

mode of the storage system. 126 

The control of the microgrid is performed by a local PI voltage and current controller, 127 

which allows maintaining a constant voltage on the Bus DC and the Droop Control to share 128 

the power generated by each generation unit. While the optimal management is performed 129 

by an EMS, which allows optimal and efficient decision making in the management of the 130 

system, controlling several generation units including a photovoltaic system, BESS storage 131 

system and a diesel generator, which will be able to feed a DC load. 132 

All control levels are designed, but mainly in this work, an EMS based on MPC is 133 

proposed to maximize the consumption of energy based on renewable resources (sun) and 134 

minimizing the consumption of energy from the diesel generator and costs for your energy 135 

consumption. It also has the scope of increasing the useful life of the battery while respect- 136 

ing the SOC, guaranteeing optimal charging and discharging. 137 

The main contributions of this research work are: i) Proposing a control strategy for 138 

the optimal management of an isolated DC microgrid, maximizing the use of solar re- 139 

sources, extending battery life, and minimizing the operating cost of the microgrid, 140 

through the optimal distribution of power, based on linear programming guaranteeing the 141 

global optimum ii) Design and simulate all levels of control, integrating primary, second- 142 

ary and tertiary control, making measurements in real-time which allows understanding 143 

the operation of the microgrid in a couple, where the tertiary control (EMS) responds to 144 

changes in the lower control levels when disturbances occur, therefore the operation of the 145 

DC microgrid is integral, iii) The tertiary control is based on MPC operating in sliding 146 

mode, in this way the EMS designed allows reacting to rapid changes in demand and irra- 147 

diation, being able to detect changes in input variables. 148 

The rest of this document is organized as follows: the system description (Section 2) 149 

shows each of the elements that make up the microgrid and how it will be controlled by 150 

the EMS. The design of the control and management algorithms of a DC microgrid is pre- 151 

sented (Section 3) where the architecture of each control level is explained in detail. The 152 

results (Section 4) show the comparison of the operation between a microgrid with and 153 

without the proposed EMS. The conclusions (Section 5) show a quantitative analysis of the 154 
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costs generated by not having a tertiary control that adequately manages the power sup- 155 

plied by each generation unit. And the optimal operation of the DC microgrid with all 156 

levels of control. 157 

2. System Description 158 

As mentioned above, this research proposes the control of an isolated DC microgrid 159 

as shown in Figure 1, consisting of a photovoltaic generation unit (𝐺𝑃𝑉), a diesel generation 160 

unit (𝐺𝐷), and a battery energy storage system (BESS), connected to a bus DC which sup- 161 

plies power to a DC-type load at a constant power. 162 

 163 
Figure 1. DC Microgrid configuration diagram. 164 

 165 

The photovoltaic generation unit capture la solar irradiation (𝐼𝑟), transforming it into 166 

electricity, an energy that is injected into the Bus DC to supply demand, it is also important 167 

to note that 𝐼𝑟 is an input to a prediction model and its output (𝐼�̂�) will be the input to the 168 

EMS optimization problem. The photovoltaic panels have a voltage response 𝑉𝑃𝑉  and 169 

current 𝐼𝑃𝑉 depending mainly on the solar irradiance (𝐼𝑟), and temperature (𝑇), which are 170 

external factors that directly affect its operation [27]. This unit provides photovoltaic 171 

power represented by (𝑃𝑃𝑉) which is controlled by an incremental conductance MPPT 172 

that generates the 𝐺1 trigger to activate the IGBT of the DC/DC converter. 173 

On the other hand, the diesel generator is in charge of transforming the fuel into elec- 174 

trical energy, represented as diesel power (𝑃𝐷). Its main objective in microgrids is to be 175 

an auxiliary unit as a support in case the predicted electrical demand (�̂�) is not covered 176 

by other generation units. Its operation depends on the diesel generator power calculated 177 

by the EMS (𝑃𝐺𝐷). This diesel generation unit, being an alternating current source, needs 178 

an AC/DC converter to be implemented in a DC microgrid, thus performing the conver- 179 

sion to be able to feed the direct current load. 180 

The battery energy storage system (BESS) will be able to deliver energy on demand, 181 

expressed as the battery power (𝑃𝐵) which can operate in charge mode when (𝑃𝐵) has a 182 

negative sign and discharge mode when it has a positive sign. However, in the process of 183 

charging and discharging the battery, overloads and deep discharges cannot be allowed 184 

indefinitely, since this seriously compromises their useful life. Therefore, the SOC (State 185 

of charge) is important for the analysis between the amount of power that can be obtained 186 

from the battery with respect to the total power. In order to keep the batteries within the 187 

safe operating threshold, control strategies are implemented to prolong their useful life. 188 

These modes of operation are performed by the bidirectional DC/DC converter reg- 189 

ulated by the EMS control signal, battery discharge power calculated by the EMS 190 

(𝑃𝐵𝐷) battery charge power calculated by the EMS 𝑃𝐵𝐶, allowing generate the triggers in 191 

𝐺2 𝑎𝑛𝑑 𝐺3 for the activation of the IGBT circuit breakers on the values of 𝑃𝐵𝐶 and 𝑃𝐵𝐷 192 

provided by the EMS. 193 

 194 



Energies 2022, 15, x FOR PEER REVIEW 5 of 24 
 

 

 195 

Therefore, the different levels of control are designed and analyzed, the first level 196 

corresponds to the local control that constitutes the voltage and current controllers, the 197 

Droop Control and voltage regulators; and finally, an EMS management system. It is im- 198 

portant to consider that the EMS is based on a MPC controller, capable of making optimal 199 

and efficient decisions in the management of the DC microgrid, based on the real-time 200 

status of variables such as the state of the battery. 201 

3. DC Design of Control and Management Algorithms of a DC Microgrid 202 

This section shows the control levels implemented in the DC microgrid (Figure 2). 203 

The lowest level of the control architecture is Primary control (light blue section) where 204 

the primary controllers in charge of keeping the generation levels regulated and distrib- 205 

uting the power based on the capacity of the generation units are located. The Secondary 206 

control (orange section) represents the control in charge of restoring the voltage to its 207 

nominal value. Finally, the third level Energy management system (brown color) is in 208 

charge of the optimal management of the DC microgrid, to satisfy the demand and main- 209 

tain the balance of the system operating at minimum cost. 210 

 211 
Figure 2. Control architecture. 212 

 213 

As can be seen, photovoltaic generation unit the control requires a primary control, 214 

while the battery control contains a primary control and a secondary control, which allows 215 

the operation in charge and discharge mode of the BESS. The diesel generator as well as 216 

the battery when operating in discharge mode are dispatchable units, therefore, they have 217 

the characteristic of receiving the order from the EMS of the power to be delivered. Each 218 

level of control mentioned above is detailed in the following sections. 219 

 220 

 221 

 222 
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3.1. MPPT Control Strategy for the Photovoltaic System 223 

The sun is a renewable and inexhaustible resource that produces energy, which can 224 

be collected and converted into heat (thermal energy) or electricity (photovoltaic energy) 225 

to meet the electricity demand [28]. 226 

Photovoltaic panels do not fully supply conventional loads, due to low voltage levels 227 

and low efficiency. Therefore, efficient control systems are needed to maximize the use of 228 

renewable resources. The objective is to develop and implement a control strategy, to 229 

achieve maximum power point tracking (MPPT) of the photovoltaic array, using a DC/DC 230 

Boost converter [29,30,31].  231 

For the MPPT control, it is necessary to feed back on the voltage 𝑉𝑃𝑉  and current 232 

𝐼𝑃𝑉 of the photovoltaic panel to calculate the maximum power point, finally, the PWM 233 

will generate the triggers to the gate pulse 𝐺1 of the IGBTs to proceed to its activation. 234 

Allowing to obtain the voltage to be connected to the Bus DC of the microgrid see Figure 235 

3. 236 

 237 
 238 

Figure 3. Control design for the photovoltaic system. 239 

The important parameters used for an MPPT are irradiance and temperature since 240 

they directly affect the amount of electricity a photovoltaic panel can produce. In Figure 241 

4, the maximum power operating point is shown by the characteristic curve of the photo- 242 

voltaic panel. Figure 4a shows the relationship between current and voltage, while Figure 243 

4b shows the relationship between power and voltage [29]. 244 

 245 

 246 
Figure 4. Characteristic curves of the photovoltaic panel: (a) I-V curve; (b) P-V curve. 247 

 248 

Several algorithms allow obtaining the MPPT, this case, the incremental conductance 249 

algorithm was selected, for easy implementation and lower computational cost. This con- 250 

trol technique is the most widely used because it can quickly calculate the maximum 251 

power point, in the face of disturbances due to rapidly fluctuating weather conditions [32].   252 
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According to [29] and [33] the incremental conductance algorithm (INC), is based on 253 

the slope of the power curve is zero in Equations (1) and (2) [34]. To begin with, the algo- 254 

rithm measures the voltage and current changes of the solar panels at a current time, and 255 

then compared them with the previous cycle measurements to predict the effect of a volt- 256 

age change, to achieve the (MPP) it must be fulfilled that the rate of change in the output 257 

conductance 
𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
 is equal to the negative of the instantaneous conductance 

𝐼𝑃𝑉

𝑉𝑃𝑉
 as in 258 

Equation (3),(4). This algorithm can follow irradiance changes faster than the perturbation 259 

and observation (P&O) algorithm for this reason it requires more complexity in its calcu- 260 

lations, also according to [34] when the null derivative condition rules out steady-state 261 

oscillations. 262 

 263 

𝑑𝑃𝑃𝑉

𝑑𝑉𝑃𝑉
= 0 ( 1 ) 

 264 

 265 

Given that 𝑃𝑃𝑉 = 𝑉𝑃𝑉 ∗ 𝐼𝑃𝑉 266 

𝑑(𝑉𝑃𝑉 ∗ 𝐼𝑃𝑉)

𝑑𝑉𝑃𝑉
= 0 ( 2 ) 

𝐼𝑃𝑉 + 𝑉𝑃𝑉

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
= 0  ( 3 ) 

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
= −

𝐼𝑃𝑉

𝑉𝑃𝑉
 ( 4 ) 

Where: 𝑑𝑃𝑃𝑉 is the derivative of the power photovoltaic panel, 𝑑𝑉𝑃𝑉 is the deriva- 267 

tive of the photovoltaic panel voltage, 𝑑𝐼𝑃𝑉  is the derivative of the photovoltaic panel 268 

current, 𝐼𝑃𝑉 is the photovoltaic panel current, and 𝑉𝑃𝑉 is the photovoltaic panel voltage. 269 

When this is not satisfied, the points around the maximum point expressed in Equations 270 

(5) and (6) are analyzed [33]. 271 

 272 

𝑆𝑖 
𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
> −

𝐼𝑃𝑉

𝑉𝑃𝑉
, 𝑡ℎ𝑒𝑛 

𝑑𝑃𝑃𝑉

𝑑𝑉𝑃𝑉
> 0    𝑙𝑒𝑓𝑡 ( 5 ) 

𝑆𝑖 
𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
< −

𝐼𝑃𝑉

𝑉𝑃𝑉
, 𝑡ℎ𝑒𝑛 

𝑑𝑃𝑃𝑉

𝑑𝑉𝑃𝑉
< 0    𝑟𝑖𝑔ℎ𝑡 ( 6 ) 

 273 

Next, Figure 5 below shows the implemented incremental inductance scheme, and 274 

its output will be the control signal for the PWM control that will go to the IGBT 𝐺1. 275 

 276 
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  277 

Figure 5. Diagram of the MPPT incremental conductance algotithm. 278 

3.2 Local Control Strategy for the Storage System 279 

The local control of the batter is responsible for keeping the generation levels regu- 280 

lated and avoiding deviations from the basic parameters in the power converters. This 281 

level of control is the fastest because it acts locally on the controls of the generation units, 282 

it’s purpose is to maintain the voltage and current within the limits [35]. For local control 283 

of the storage system, a bidirectional DC/DC converter is implemented, used for energy 284 

storage applications where the ability to transfer energy in two directions is required [36]. 285 

Since they seek to connect the battery for charge and discharge operation, therefore, they 286 

must be connected via a converter that allows both energy transfers [37]. 287 

That is why, in this research a "buck-boost" converter has been used, which is shown 288 

in Figure 6, working a Buck in BESS charging mode and Boost in discharging mode, de- 289 

pending on the control signal coming from the PWM regulated by the local voltage and 290 

current controllers see Figure 7, which generates the gate pulses 𝐺2 and 𝐺3 for the acti- 291 

vation of the IGBT power switches [38,39,40]. 292 

 293 

 294 
Figure 6. Bidirectional Converter “Buck-Boost” 295 

 296 
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The local controllers consist of: the proportional-integral (PI) voltage controller which 297 

maintains the voltage balance on the Bus DC, the PI current controller which is responsible 298 

for increasing or decreasing the amount of current depending on the demand, as well as 299 

the transition of the operating modes of the storage system, the PWM signal modulator 300 

will activate the IGBT switching elements, with the negated signal of the 𝐺2 and the sig- 301 

nal of the 𝐺3 see Figure 7 [32,39]. 302 

 303 

 304 
Figure 7. Control strategy for the storage system. 305 

 306 

The cascade control of voltage and current is shown in Figure 7. The voltage control- 307 

ler regulates the battery voltage by maintaining the Bus DC voltage at a constant value, 308 

and the current control determines the mode of operation, in both charge and discharge 309 

modes. 𝑉𝑟𝑒𝑓 is the droop control output reference voltage, 𝑉𝑏𝑢𝑠 is the measured Bus DC 310 

voltage, 𝐼𝑟𝑒𝑓 is the reference current of the voltage PI controller output, 𝐼𝐵 is the battery 311 

current measurement, and 𝐺2, and 𝐺3 represent the IGBT triggers to the DC/DC con- 312 

verter. 𝐶𝐵1, and 𝐶𝐵2is the storage system DC/DC converter capacitors, 𝐿𝐵   is the con- 313 

verter inductor, PI is proportional integral control. 314 

To share power between different generation units, droop control is required, which 315 

is part of the primary control. 316 

3.3 Droop control voltage – power 317 

Voltage droop control is a conventional method, used for the ability to connect mul- 318 

tiple generating units and distribute the power. Droop control is expressed in (7). 319 
𝑉𝑟𝑒𝑓 =  𝑉𝑛𝑜𝑚 − 𝑚1 ∗ 𝑃𝑖𝑛𝑣 ( 7 ) 

𝑚1 =
∆𝑉𝑚𝑎𝑥

𝑃𝑚𝑎𝑥
 ( 8 ) 

∆𝑉𝑚𝑎𝑥 =  𝑉𝑛𝑜𝑚 − 𝑉𝑚𝑖𝑛 ( 9 ) 

Where 𝑉𝑟𝑒𝑓 is the Droop control output, 𝑉𝑛𝑜𝑚 is the nominal DC microgrid voltage, 320 

𝑚1 is the Droop control coefficient, and 𝑃𝑖𝑛𝑣 is the inverter filter output power. 321 

In (8) the relationship between the maximum acceptable voltage variation ∆𝑉𝑚𝑎𝑥 322 

and 𝑃𝐵𝑚𝑎𝑥 is maximum power of the BESS. The ∆𝑉𝑚𝑎𝑥 is obtained in (9), and the 𝑉𝑚𝑖𝑛 323 

is 5% of the nominal voltage 𝑉𝑛𝑜𝑚. 324 

3.4 Secondary Control Strategy for the Storage System 325 

The voltage restorer corrects the deviations caused by the primary control using a PI 326 

controller Figure 8 to maintain a constant voltage on the Bus DC. Where 𝑉𝑛𝑜𝑚 is going to 327 

be the desired voltage on the Bus DC and 𝑉𝑟𝑒𝑓 is the output of the droop control, and 𝛽 328 

is the control action [7,41]. 329 

 330 

 331 
Figure 8. Voltage restorer secondary control strategy. 332 

 333 

Equation (7) is modified by the secondary control action 𝛽 to restore voltage and 334 

equation (10) is obtained, 𝛽 corresponds to the secondary control action that allows volt- 335 

age restoration see Figura 8. 336 

https://www.sciencedirect.com/topics/engineering/dc-microgrid
https://www.sciencedirect.com/topics/engineering/dc-microgrid
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 337 
𝑉𝑟𝑒𝑓 =  𝑉𝑛𝑜𝑚 − 𝑚1 ∗ 𝑃𝑖𝑛𝑣 + 𝛽     ( 10 ) 

 338 

Finally, the tertiary control or EMS sends the power to charge and discharge the bat- 339 

ter, this power to be included in the lower levels of control is transformed into voltage for 340 

which the droop equation (11), is used, the same that as input the reference power of the 341 

droop 𝑃𝐵𝐷. In this way, the output 𝑉𝐸𝑀𝑆  is incorporated into (10), and equation (12). is 342 

obtained. Where 𝑉𝐸𝑀𝑆   corresponds to the voltage delivered by the EMS control level for 343 

the optimum management of the microgrid. 344 

 345 
𝑉𝐸𝑀𝑆 =  𝑉𝑛𝑜𝑚 − 𝑚2 ∗ 𝑃𝐵𝐷 ( 11 ) 

𝑉𝑟𝑒𝑓 =  𝑉𝑛𝑜𝑚 − 𝑚1 ∗ 𝑃𝑖𝑛𝑣 + 𝛽 + 𝑉𝐸𝑀𝑆 ( 12 ) 

 346 

The description of predictive controller used for optimal microgrid management is 347 

described in the following section. 348 

3.5 Optimal energy management 349 

An energy management system (EMS) is in charge of managing the operation of the 350 

microgrid and energy demands, allowing it to satisfy the energy balance in a system [42].  351 

For this research, a MPC strategy is proposed, which allows the optimal control of 352 

energy flow in a microgrid. This is based on the optimization of an objective function, 353 

using a mathematical model, the prediction model predicts the future state of the system 354 

and calculates the optimal control solution. Providing online control without the need for 355 

the implementation of a preset control law as in traditional control systems [42]. 356 

 357 

According to [42] and [16] the advantages offered by MPC control are:   358 

• It can compensate for dead time. 359 

• It compensates for measurable disturbances. 360 

• The control law is easy to implement. 361 

• It works the constraints in a systematic and conceptually simple way. 362 

 363 

The optimizer provides the optimal inputs of the MPC by minimizing the objective 364 

function or also known as the cost function. The outputs are predicted by the mathemati- 365 

cal model that takes the past signals (input and output signals) and the future signals as 366 

shown in Figure 9 [42]. 367 

 368 

 369 
Figure 9. MPC Control Schematic. 370 

The generation units require modeling to predict their status, which is described be- 371 

low. 372 

3.5.1 Objective Function 373 

The objective function implemented in the EMS system is defined by (13), to solve 374 

the optimal dispatch of the microgrid. The objective function minimizes the operating cost 375 

of the microgrid because the generation of energy based on fossil fuel is the only resource 376 
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that has a cost; therefore, it is necessary to minimize its consumption. Ade-more mini- 377 

mizes the unsupplied power and thus guarantees the supply of the demand. Where t rep- 378 

resents the samples and i the prediction horizon. 379 

𝑚𝑖𝑛
𝑃𝐺𝐷, 𝑃𝑁𝑆, 𝑃𝐵𝐶 , 𝑃𝐵𝐷, 𝑋𝐺𝐷,𝑋𝐵𝐶 , 𝑋𝐵𝐷

∑[𝑃𝐺𝐷(𝑡) ∗ 𝑐𝑜𝑠𝑡𝐺𝐷 + 𝑃𝑁𝑆(𝑡) ∗ 𝑐𝑜𝑠𝑡𝑁𝑆]

𝑖

𝑡=1

 ( 13 ) 

Where: 𝑃𝐺𝐷 is diesel generation power calculated by the EMS, 𝑃𝑁𝑆  represents the 380 

power not supplied, 𝑐𝑜𝑠𝑡𝐺𝐷 is cost of diesel power generation and the cost of unsupplied 381 

power is defined by 𝑐𝑜𝑠𝑡𝑁𝑆. 382 

As the system evolves, t is increased sequentially, so the EMS input data is periodi- 383 

cally updated and therefore the optimization problem is updated with the new infor- 384 

mation obtained and the solutions are calculated, allowing the control system to be able 385 

to compensate for any perturbation. 386 

The optimization variables are expressed as 𝑃𝐺𝐷, 𝑃𝑁𝑆, 𝑃𝐵𝐶 , 𝑃𝐵𝐷, 𝑋𝐺𝐷,𝑋𝐵𝐶  𝑦  𝑋𝐵𝐷.Where 387 

𝑃𝐵𝐶  is battery charging power calculated by the EMS, 𝑃𝐵𝐷  is battery discharge power 388 

calculated by the EMS, 𝑋𝐺𝐷 represents the activation status of the diesel generator, while 389 

𝑋𝐵𝐶  is the binary variable of the activation status of the battery charge mode and 𝑋𝐵𝐷 is 390 

the binary variable of the battery discharge mode activation state. 391 

It is important to mention that the energy dispatch priority is focused first on renew- 392 

able energies that do not present operating costs, then on the BESS, and finally on the 393 

diesel generation unit in the case of not being able to meet the demand. It is therefore, is 394 

important to maintain the balance between voltage, power, and energy (produced, con- 395 

sumed, and stored). The optimization problem is subject to the constraints of the mi- 396 

crogrid, described below. 397 

3.5.2 Constraints and Models of System 398 

To solve the optimization problem, the following equation and inequality constraints 399 

are considered for the process, as described below. 400 

Balance Condition 401 

The microgrid needs to satisfy the balance equation, therefore, the power supplied 402 

by the generation units must be equal to the demand, which is analytically represented 403 

by equation (14). 404 

Where the generation units are diesel generation power calculated by the EMS 405 

(𝑷𝑮𝑫), photovoltaic power (𝑷𝑷𝑽), battery discharge power calculated by the EMS (𝑷𝑩𝑫), 406 

unsupplied power (𝑷𝑵𝑺), battery charge power calculated by the EMS (𝑷𝑩𝑪) and the 407 

electrical demand as 𝑫. 408 

𝐷(𝑡) − 𝑃𝑁𝑆(𝑡) − 𝑃𝐵𝐶(𝑡) = 𝑃𝐺𝐷(𝑡) + 𝑃𝑃𝑉(𝑡) + 𝑃𝐵𝐷(𝑡) ( 14 ) 

Diesel Generator Constraints 409 

The power of the diesel generator must be kept within the generation limits accord- 410 

ing to its technical characteristics, which is represented by the inequality constraints de- 411 

fined in Equation (15). Where the binary variable 𝑋𝐺𝐷 is the binary variable of the activa- 412 

tion status of the diesel unit. Equation (15) corresponds to the power limits that the diesel 413 

generator unit can deliver, where 𝑃𝐺𝐷𝑚𝑎𝑥
 is the maximum diesel power and 𝑃𝐺𝐷𝑚𝑖𝑛

 is the 414 

minimum diesel power. 415 

 416 

𝑃𝐺𝐷𝑚𝑖𝑛
∗ 𝑋𝐺𝐷(𝑡) ≤ 𝑃𝐺𝐷(𝑡) ≤ 𝑃𝐺𝐷𝑚𝑎𝑥

∗ 𝑋𝐺𝐷(𝑡) ( 15 ) 

 417 
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BESS constraints 418 

The modeling of the BESS is shown by Equations (16) and (17). Where Equation (16) 419 

represents the initial condition and Equation (17) is used to represent the energy of the 420 

BESS for any instant of time. 421 

𝑬(𝒕) = 𝑬𝟎 + 𝒏𝑩𝑪 ∗ 𝑷𝑩𝑪(𝒕) −
𝑷𝑩𝑫(𝒕)

𝒏𝑩𝑫
 ( 16 ) 

𝑬(𝒕) = 𝑬(𝒕 − 𝟏) + 𝒏𝑩𝑪 ∗ 𝑷𝑩𝑪(𝒕) −
𝑷𝑩𝑫(𝒕)

𝒏𝑩𝑫
 ( 17 ) 

Where: 𝐸(𝑡) is instantaneous of the BESS power, 𝐸0 is the initial energy of the BESS, 422 

𝑛𝐵𝐶 is the BESS performance in charging mode, 𝑛𝐵𝐷 BESS performance in discharging 423 

mode. While 𝐸(𝑡 − 1) represents BESS energy at the previous instant. 424 

Equation (18) defines the boundary constraint of the BESS based on the SOC, to keep 425 

the BESS within the safe operating threshold prolonging the lifespan. Where 𝑆𝑂𝐶𝑚𝑎𝑥 rep- 426 

resents upper charge limit of the BESS and 𝑆𝑂𝐶𝑚𝑖𝑛 lower discharge limit of the BESS. 427 

. 428 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 ( 18 ) 

 429 

To ensure that the charging and discharging of the BESS do not occur simultaneously, 430 

constraint (19) is added.  431 

The power limits of the storage system are also capacity constraints which are de- 432 

scribed in equations (20), (21), and (22)for charging and discharging respectively. Where 433 

𝑃𝐵𝑚𝑎𝑥 represents the maximum power of the BESS. 434 

 435 

𝑋𝐵𝐶(𝑡) + 𝑋𝐵𝐷(𝑡) ≤ 1  ( 19 ) 

0 ≥ 𝑃𝐵𝐶(𝑡) ≥ −(𝑃𝐵𝑚𝑎𝑥) ∗ 𝑋𝐵𝐶(𝑡) ( 20 ) 

0 ≤ 𝑃𝐵𝐷(𝑡) ≤ (𝑃𝐵𝑚𝑎𝑥) ∗ 𝑋𝐵𝐶  (𝑡)  ( 21 ) 

𝐸(𝑡) ≤ 𝑃𝐵𝑚𝑎𝑥 ( 22 ) 

Modeling of solar panels  436 

The model designed in the MPC controller for the photovoltaic panels is defined by 437 

Equation (23). 438 

𝑃𝑃𝑉(𝑡) = 𝑛𝑃𝑉 ∗ 𝑛𝑖𝑛𝑠𝑡 ∗ 𝐴𝑡 ∗ 𝐼𝑟(𝑡) ( 23 ) 

 439 

Where: 𝑛𝑃𝑉  photovoltaic panel performance, 𝑛𝑖𝑛𝑠𝑡  photovoltaic panel installation 440 

performance, 𝐴𝑡 the total area of the panel array, and 𝐼𝑟 the irradiance. 441 

It is important to mention that the irradiance vector with dimension i is input to the 442 

EMS optimization problem as shown in Figure 2 and corresponds to the output of a pre- 443 

diction model. For the developed research it is taken into consideration that the solar re- 444 

source is a time series, which is generated by a predictor model reported in [43]. 445 

4. Result 446 

For this research, we propose an Energy Management System based on a MPC con- 447 

trol for a DC microgrid in island mode with real-time measurement feedback for which 448 

the controls at the lower levels are implemented. The performance of the microarray with- 449 

out and with EMS is compared. 450 

The microgrid consists of a photovoltaic generation unit, BESS, and diesel generation 451 

unit connected to a Bus DC with the corresponding power electronics interfaces to supply 452 
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a DC load as shown in Figure 1. The models of the generation units and controllers de- 453 

signed at the different control levels described in sections 3-4 are simulate in Matlab/Sim- 454 

ulink software. For the design and simulation of the proposed optimization problem, the 455 

Fico Xpress Optimization software is used, linking the two software to emulate a real op- 456 

eration where the supervisory control for the microgrid management sends and receives 457 

signals from the microgrid operation. The simulation parameters used for the microgrid 458 

are described in Tables 1-4. The photovoltaic generation unit operating parameters, BESS 459 

parameters, and diesel generator unit parameters are shown in Tables 1, 2, and 3, respec- 460 

tively, while the converter and load parameters are shown in Table 4. 461 

                          Table. 1 Photovoltaic panel parameters. 462 

Description Parameter Value 

Array tension panel 𝑉𝑜𝑐 49.68 V  

Maximum power array volt-

age 
𝑉𝑚𝑝 40.98 V 

Array current panel 𝐼𝑠𝑐 14.01 A 

Maximum power array cur-

rent 
𝐼𝑚𝑝 13.42 A 

 463 

                          Table 2.  BESS parameters 464 

Description Parameter Value 

Voltage V 36 V 

Ampere-Hour Ah 10 Ah 

Conditions Initial Charge 

State  
SOC (%) 75 % 

The upper limit of a state of 

charge 
SOCmax 90% 

The lower limit of discharge 

state 
SOCmin 40% 

 465 

                          Table 3.  Characteristics of the Diesel Generator. 466 

Description Parameter Value 

 Minimum diesel power 𝑃𝐺𝐷𝑚𝑖𝑛
 600 W 

Maximum diesel power 𝑃𝐺𝐷𝑚𝑎𝑥
 6000 W 

Cost diesel 𝑐𝑜𝑠𝑡𝐺𝐷 $0.046 USD /lt 

 467 

                          Table 4.  Characteristics of the converters. 468 

Description Parameter Value 

Photovoltaic capacitor 1 𝐶𝑃𝑉1 1800 𝜇𝐹 

Photovoltaic capacitor 2 𝐶𝑃𝑉2 18000 𝜇𝐹 

Photovoltaic inductor 𝐿𝑃𝑉 1.7 𝑚𝐻 

Capacitor 1 battery  𝐶𝐵1 390.63 𝜇𝐹 

Capacitor 2 battery  𝐶𝐵2 390.63 𝜇𝐹 

Battery inductance  𝐿𝐵 9 𝑚𝐻 

Nominal voltage of Load 𝑉𝑛𝑜𝑚 48 V 

 469 

4.1 Evaluation of DC microgrid operation 470 

This section validates the performance of the DC microgrid. The following scenarios 471 

are analyzed and compared: i) without considering the optimal management of the EMS, 472 
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only with the primary controls ii) considering the optimal management of the proposed 473 

EMS, which includes real-time feedback of the measured variables, the EMS is operating 474 

in sliding mode, i.e. it takes samples every 5 seconds and recalculates the optimal solutions 475 

for the control of the microgrid. The microgrid is subject to disturbances from changes in 476 

radiation and also changes in demand. The microgrid’s performance is analyzed in terms 477 

of technical, economic, and optimal battery management. 478 

Figures 12 - 13 show the results obtained by applying the radiation profile (Figure 10) 479 

and demand changes (Figure 11) for the scenarios with and without EMS. The radiation 480 

profile ranges from 400 W/m2 to a maximum irradiance of 900 W/m2 at different time 481 

intervals. 482 

 483 
Figure 10. Irradiance profile. 484 

 485 

Given the radiation profile proposed in Figure 10 and the demand profile as shown 486 

in Figure 11. 487 

 488 
Figure 11. Demand profile. 489 

 490 

Figure 12 shows the performance of the DC microgrid. Figure 12a shows the active 491 

power distribution when operating with the proposed EMS, this information is also visible 492 

in Table 5. During the time interval from 0 to 10 seconds to supply the demand, the pho- 493 

tovoltaic panels deliver their maximum power (red line), which is not enough to meet the 494 

power balance, so the EMS resolves that the optimal dispatch is that the battery enter with 495 
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the remaining power (green line) to meet the demand (black line).In addition, after 5 sec- 496 

onds the controller is run again with the updated inputs and measurements and it can be 497 

noted that there is no change in the power distribution. At 10 seconds there is an increase 498 

in radiation and it is shown how the battery reduce the power generated to take advantage 499 

of the natural resource, at 15 seconds there is an increase in demand of 10000 W, and since 500 

the solar power remains equal to the previous operating point the battery support to meet 501 

the power balance, in the interval from 20 to 40 seconds there is a variation of demand and 502 

solar power, however, the demand is always higher, which leads to the battery to deliver 503 

the necessary missing power to meet the balance of power. In the time intervals from 40 to 504 

65 seconds, it can be noticed that the photovoltaic power is higher than the power required 505 

by the demand, and with the objective of not wasting the natural resource the battery start 506 

to charge therefore they present a negative power, i.e. the battery becomes a load of the 507 

microgrid. However, as shown in Figure 12b in the intervals from 40 to 65 the battery fails 508 

to be fully charged and does not reach the upper limit of the SOC (90%), so in the second 509 

65 when the solar power is reduced and the demand increases, the battery delivers accord- 510 

ing to its discharge capacity. 511 

In the second 65 the solar power is reduced and the electrical demand increases, this 512 

is supplied by the solar power with 6810W plus the power generated by the battery which 513 

is not fully charged so it delivers according to its discharge characteristics 1450W, there- 514 

fore, it is not enough to meet the balance of powers, so the EMS integrates the Diesel gen- 515 

erator (blue line) that supports with 1740 W, tosupply the demand. Finally, after 70 seconds 516 

the solar power is reduced, and the diesel generator must increase its supply. 517 

The operating costs produced by the diesel generator in the period time of 60 to 65 518 

seconds is $0.00056 USD and during 70 to 75 seconds is $0.0014 USD, with a total operating 519 

cost of $0.002 USD. Taking into consideration that the commercial cost of diesel in Ecuador 520 

is $0.0462 USD/lt. 521 

 522 

                          Table 5.  Active Power microgrid with EMS. 523 

Item Time [s] 𝑷𝑷𝑽[W] 𝑷𝑩[W] 𝑷𝑫[W]  D[W] 

1 0-5 5395 2605 0 8000 

2 5-10 5395 2605 0 8000 

3 10-15 6720 1280 0 8000 

4 15-20 6720 3280 0 10000 

5 20-25 8127 1873 0 10000 

6 25-30 8127 3873 0 12000 

7 30-35 9483 2517 0 12000 

8 35-40 11452 548 0 12000 

9 40-45 11452 -1452 0 10000 

10 45-50 11452 -1452 0 10000 

11 50-55 12059 -4059 0 8000 

12 55-60 12059 -4059 0 8000 

13 60-65 9317 -1317 0 8000 

14 65-70 6810 1450 1740 10000 

15 70-75 5448 251 4301 10000 

 524 
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 525 
(a) 526 

 527 
(b) 528 

Figure 12. Microgrid performance with EMS (a) Active Power Microgrid y (b) SOC of- 529 

BESS. 530 

 531 

Figure 13 shows the microgrid’s performance without EMS. Figure 13a shows the dis- 532 

tribution of active power by the generation units of the microgrid, without including the 533 

optimal EMS dispatch, this information is also visible in Table 6, during the interval from 534 

0 to 15 seconds the demand (black line) is satisfied by the solar generation (red line) and 535 

the battery (green line), without the intervention of the diesel generator (blue line). In ad- 536 

dition, in the second 15, there is an increase in demand of 10000 W, the solar power remains 537 

the same as the previous operating point and it can be noticed how the battery continues 538 

to discharge, however, the diesel generator also starts to deliver a power of 2000 W. In the 539 

second 20, the solar power increases to 8127 W, but with a demand equal to the previous 540 

interval, however, the diesel generator continues to generate 2000 W, unlike the operation 541 

with EMS (Figure 12a) in this interval the diesel generator remains off. The operation of 542 

the microgrid in the interval from 25 to 40 seconds shows that the demand is higher than 543 

the solar power, in addition, the diesel generator keeps delivering the same power of the 544 

previous interval, which does not happen in the scenario with EMS since this control cal- 545 

culates the power distribution at a minimum cost reducing the use of the diesel generator, 546 

In the time interval from 40 to 65 seconds the demand is completely supplied by the solar 547 

power and since the solar energy is higher than the demand, the surplus energy is stored 548 
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in the battery which have negative power, i.e. it becomes a load of the microgrid. Finally 549 

in the last time interval from 65 to 75 seconds, the demand increases to 10000 W and the 550 

photovoltaic power is reduced, in addition, to supplying the demand the diesel unit deliv- 551 

ers 2000 W because there is no controller to properly manage the power, it can be observed 552 

that despite there is a variation of photovoltaic power the diesel generator delivers a con- 553 

stant power, In comparison with the EMS, it can be observed that in this same time inter- 554 

val, the diesel power is distributed since between 65 to 70 seconds and 70 to 75 seconds the 555 

photovoltaic power is different so the EMS recalculates and gives the order to the diesel 556 

generator to supply the missing power for each case, supplying the demand. 557 

Figure 13b shows how from 20 seconds the battery start with their charging process 558 

because the diesel generator starts to supply the missing power to the demand, however, 559 

this is not the most economical way to operate the microgrid due to fuel consumption and 560 

environmental pollution, despite this the battery are not fully charged to their maximum 561 

point, so in the second 65 when the solar power is reduced and the demand increases, the 562 

battery delivers according to its discharge capacity. 563 

The cost of operating the diesel generator without an EMS during the periods of 15 to 564 

25, 40 to 50, and 65 to 75 seconds is $0.00064 USD respectively, and in the time interval of 565 

25 to 40 seconds, the cost generated is $0.00128 USD, giving a total cost of generation of 566 

$0.0077 USD. 567 

 568 

                          Table 6.  Active Power microgrid without EMS. 569 

Item Time [s] 𝑷𝑷𝑽[W] 𝑷𝑩[W] 𝑷𝑫[W] D [W] 

1 0-5 5395 2605 0 8000 

2 5-10 5395 2605 0 8000 

3 10-15 6720 1280 0 8000 

4 15-20 6720 1280 2000 10000 

5 20-25 8127 -127 2000 10000 

6 25-30 8127 -127 4000 12000 

7 30-35 9483 -1483 4000 12000 

8 35-40 11452 -3452 4000 12000 

9 40-45 11452 -3452 2000 10000 

10 45-50 11452 -3452 2000 10000 

11 50-55 12059 -4059 0 8000 

12 55-60 12059 -4059 0 8000 

13 60-65 9317 -1317 0 8000 

14 65-70 6810 1190 2000 10000 

15 70-75 5448 2552 2000 10000 

 570 
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 571 
(a) 572 

 573 
(b) 574 

Figure 13. Microgrid performance without EMS (a) Active Power Microgrid y (b) SOC of 575 

BESS. 576 

 577 

    Implementing the EMS tertiary control working in sliding mode allows us to cal- 578 

culate the optimal solutions for the distribution of power in the microgrid as shown in 579 

Figure 12a, through real-time measurements of the variables, it is shown that in most of 580 

the simulation period, the diesel generator remains deactivated, to minimize costs, This 581 

means that the control algorithm does not activate the auxiliary unit, which is reflected in 582 

the reduction of operating costs and reduction of environmental pollution, in addition to 583 

extending the life of the battery, preventing them from operating at critical points such as 584 

overloads or deep discharges, while complying with the power balance to supply the re- 585 

quired demand. While the system without EMS shown in Figure 13a, supplies the demand, 586 

since it does not have the optimal power flow management, the power distribution be- 587 

tween the supply units and the battery is not efficient, which is why in the simulation time 588 

the diesel unit supplies energy most of the time, in addition, it does not take care of the 589 

operation of the battery because they present deep discharges. 590 

5. Conclusions 591 
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This paper presents the design of the primary, secondary, and tertiary controllers for 592 

a DC microgrid in island operation. The tertiary control (EMS) allows optimal microgrid 593 

management, ensuring optimal power distribution and protecting the lifespan of the bat- 594 

tery, using real-time measurement feedback that allows it to react to rapid changes in elec- 595 

trical demand and radiation changes. The primary level corresponds to the voltage and 596 

current control for the battery to work in charge and discharge mode, while the photovol- 597 

taic power includes an MPPT control based on the incremental conductance algorithm, to 598 

take full advantage of the solar resource. In addition, this level includes a Droop Control 599 

to perform the power-sharing of the battery. However, this action causes a deviation in the 600 

operating voltage of its nominal value, so a second level of control is implemented to re- 601 

store voltage. Finally, in the third level of control, an EMS is implemented to determine 602 

the power of each generating unit must deliver to cover the demand while complying with 603 

the technical operating constraints and protecting the lifespan of the battery.  604 

The implemented EMS detects disturbances occurring at lower control levels and op- 605 

erates in the face of rapid changes in radiation and electrical demand. Measurements of 606 

battery status and available energy are feedback online by the EMS, and predictions are 607 

updated. Thus, the optimal decision of battery usage is more efficient, and the algorithm 608 

considers battery operating limit constraints to avoid deep discharges. 609 

The EMS reduces the operating cost by 40% compared to the microgrid without the 610 

optimal management system in the evaluating horizon by reducing fuel consumption to 611 

supply the demand. 612 

In this research work, the optimal performance of the DC microgrid has been vali- 613 

dated by evaluating all levels of control, guaranteeing optimal operation in technical 614 

terms, i.e. the use of the natural resource, and economic terms by obtaining the minimum 615 

operating cost and protecting the lifespan of the battery. 616 

The proposed EMS respects the established SOC limits, therefore, it does not reach 617 

deep discharges and mainly presents an optimal operation where the charge and discharge 618 

decisions are made by the EMS, i.e., they are taken according to the availability of the nat- 619 

ural resource and the minimum cost for the DC microgrid. 620 

Having the design and implementation of the three levels of control allows for iden- 621 

tifying the impact that each level has on the EMS and how the disturbances affect the op- 622 

timal operation. That is why, in our proposal, EMS, by updating the measurements that 623 

represent the short-term inputs, can respond to changes detected in the lower levels of 624 

control, i.e., when disturbances occur, therefore the operation of the DC microgrid is inte- 625 

gral. 626 

It is determined as future work that within the optimization problem we can add the 627 

restrictions of the diesel generator start-up time, and modeling of the battery degradation, 628 

in addition, we can include the modeling and restriction of the electrical network con- 629 

nected to the microgrid allowing to increase the energy supply capacity of the system. 630 

From the control point of view, our main future work will focus on a comparison between 631 

a centralized and a distributed system of DC microgrids. 632 

 633 
Nomenclature 634 

 635 

𝐴𝑡  Total area of the panel array 

𝐴ℎ Ampere-Hour 

𝐴𝐶 Alternating Current 

𝐼𝐴 Artificial Intelligence  

𝐵𝐸𝑆𝑆 Battery Energy Storage System 

𝐶𝑂2 Carbon dioxide 
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𝐶𝐵1, 𝐶𝐵2 Capacitors Battery 

𝐶𝑃𝑉1, 𝐶𝑃𝑉2 Photovoltaic Capacitors 

𝑐𝑜𝑠𝑡𝐺𝐷 Cost of diesel power generation 

𝑐𝑜𝑠𝑡𝑁𝑆 Cost of unsupplied power 

𝐷 Electrical demand   

𝐷𝐶 Direct Current 

𝐷𝑀𝑃𝐶 Decentralized Model Predictive Control 

𝐷𝑆𝑀 Demand Side Management 

𝑑1,𝑑2 Duty cycle 

𝑑𝐼𝑃𝑉 Derivative of photovoltaic panel current 

𝑑𝑃𝑃𝑉 Derivative of photovoltaic panel power 

𝑑𝑉𝑃𝑉 Derivative of photovoltaic panel voltage 

𝐸𝑀𝑆 Energy Management System 

𝐸(𝑡) Instantaneous of the BESS power  

𝐸(𝑡 − 1) BESS energy at the previous instant  

𝐸0 Initial energy of the BESS 

𝐸𝑉 Electric vehicles 

𝐺𝐷 Diesel generation unit 

𝐺1, 𝐺2, 𝐺3 Gates pulses 

𝐺𝑃𝑉 Photovoltaic generation unit   

𝐼𝐵 Battery current measurement 

𝐼𝑠𝑐 Array current panel 

𝐼𝑚𝑝 Maximum power array current 

𝐼𝑃𝑉 Photovoltaic panel current   

𝐼𝑃𝑉(𝑡) Photovoltaic current in instant 

𝐼𝑃𝑉(𝑡 − ∆𝑡) Photovoltaic current in a previous instant 

𝐼𝑟𝑒𝑓 Reference current of the voltage PI controller output 

INC Incremental Conductance Algorithm 

𝐼𝐺𝐵𝑇 Insulated Gate Bipolar Transistor 

𝐼𝑟 Irradiance 

𝐼�̂� Predicted Irradiance 

𝑖 Prediction horizon 

𝐿𝐵 Battery Inductance 

𝐿𝑃𝑉 Photovoltaic Inductor 

𝑚1, 𝑚2 Droop Control Coefficients 

𝑀𝑂𝐺𝐴 Multi-Objective Genetic Algorithm 

𝑀𝑃𝐶 Model predictive control 

𝑀𝑃𝑃𝑇 Maximum Power Point Tracking 

𝑛𝐵𝐶 BESS performance in charge mode 



Energies 2022, 15, x FOR PEER REVIEW 21 of 24 
 

 

𝑛𝐵𝐷 BESS performance in discharge mode 

𝑛𝑃𝑉 Photovoltaic panel performance  

𝑛𝑖𝑛𝑠𝑡 Photovoltaic panel installation performance 

NSGA − II Non-Dominated Sorting Genetic Algorithm 

𝑃𝐵 Battery power   

𝑃𝐵𝑚𝑎𝑥 Maximum power of the BESS 

𝑃𝐵𝐶 Battery charging power calculated by the EMS  

𝑃𝐷 Diesel power  

𝑃𝐵𝐷 Battery discharge power calculated by the EMS 

𝑃𝐺𝐷 Diesel generation power calculated by the EMS 

𝑃𝐺𝐷𝑚𝑖𝑛
 Minimum diesel power 

𝑃𝐺𝐷𝑚𝑎𝑥
 Maximum diesel power 

𝑃𝑁𝑆 Power not supplied  

𝑃𝑃𝑉 Photovoltaic power   

𝑃𝑖𝑛𝑣 Inverter Filter Output Power 

P&O Perturbation and observation algorithm 

𝑃𝐼 Integral proportional controller   

𝑃𝑊𝑀 Pulse Width Modulation 

𝑆𝑂𝐶 State of charge  

𝑆𝑂𝐶𝑚𝑎𝑥 Upper charge limit of the BESS 

𝑆𝑂𝐶𝑚𝑖𝑛 Lower discharge limit of the BESS 

𝑆𝑂𝐶 (%) Conditions Initial Charge State 

𝑇 Temperature 

𝑡 Samples 

𝑉 Voltaje 

𝑉𝐸𝑀𝑆 Voltage delivered by the EMS 

𝑉𝑃𝑉 Photovoltaic panel voltage   

𝑉𝑃𝑉(𝑡) Photovoltaic voltage in instant 

𝑉𝑃𝑉(𝑡 − ∆𝑡) Photovoltaic voltage in a previous instant 

𝑉𝑏𝑢𝑠 Measured Bus DC voltage 

𝑉𝑚𝑖𝑛 5% of de nominal voltage 

𝑉𝑛𝑜𝑚 Nominal voltage of the microgrid 

𝑉𝑟𝑒𝑓 Droop control output reference voltage 

𝑉𝑜𝑐 Array tension panel 

𝑉𝑚𝑝 Maximum power array voltage 

𝑋𝐵𝐶  The Binary variable of the activation status of the battery 

charge mode 

𝑋𝐵𝐷 The Binary variable of the battery discharge mode activa-

tion state 
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𝑋𝐺𝐷 The Binary variable of the activation status of the diesel 

unite 

𝛽 Secondary control action 

∆𝐼𝑃𝑉 Variation of photovoltaic panel current 

∆𝑉𝑃𝑉 Variation of photovoltaic panel voltage  

∆𝑑1 Variation of Duty cycle 

∆𝑉𝑚𝑎𝑥 Maximum Acceptable Voltage Variation 

 636 
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