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Abstract

This research proposes an effective energy management system for a small-scale hybrid microgrid that is based on solar,
wind, and batteries. In order to evaluate the functionality of the hybrid microgrid, power electronic converters, controllers,
control algorithms, and battery storage systems have all been built. An energy management system maintains the power
balance in response to changes in load demand and renewable energy power generation. In addition to offering a testing
environment for various control algorithms, energy management systems, and test circumstances, this microgrid runs
independently. Rapid control prototyping is used to test and evaluate the microgrid system's control algorithms in real-time
through experimentation.The suggested small-scale microgrid powered by renewable energy can serve as a testing ground
for new and developed algorithms for smart grid applications.

l. INTRODUCTION

Global campaigns have been launched to encourage self-sufficient renewable energy systems. As a result of this
endeavour, renewable power producing systems that can produce electricity on their own while using several
renewable energy sources have been developed [1], [2]. Solar and wind energy are the two hybrid renewable
energy sources that are most frequently employed [3], [4]. Due to the sporadic nature of these two energy
sources, stand-alone applications typically employ energy storage systems (ESS) [5, 6].

Several control strategies are used in hybrid renewable energy systems to ensure effective power transmission.
System design is dependent on the kind of energy conversion system and the kind of converters employed at
various points in the system; this requires a great deal of technical work and has drawn interest in this field of
study [7]-[9].

The performance of a hybrid energy system was simulated, and meteorological data and several realistic load
demand profiles were examined [10]. It is addressed how to simulate a coordinated control system for microgrid
energy management in both independent and grid-connected modes [11]. The state of charge (SOC) control is
tested using a simulated hybrid wind-solar-battery ESS system [12]. To enhance the DC grid voltage
management for standalone DC microgrids, a scaled hardware prototype with battery SOC control method was
created [13]. A low-cost hybrid stand-alone power generating system hardware prototype was created [14].

This research project aims to design and build a small-scale microgrid that is powered by renewable energy
sources, including batteries, solar, and wind. An energy management system is recommended in order to
maintain a stable power balance for the microgrid. It provides a versatile and adaptable control for a range of
circumstances, such as variations in load demand and the unpredictability of renewable energy sources. The
suggested system may be tested in a real-time environment using rapid control prototyping. This test bench may
be used to verify control algorithms in real time, which will help create efficient renewable energy management
systems.

The remainder of the study is structured as follows: Section Il provides a detailed illustration of the converter
topologies, control strategies, and system architecture. Subsequently, Section Il discusses the microgrid trials
and their diverse outcomes. In Section 1V, the article concludes with findings and debates.
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FIGURE1.Components of small-scale wind-solar-battery microgrid with EMS.

I. SYSTEMDESCRIPTION

In Fig. 1, the suggested system is displayed. The energy management system is comprised of three main
components: (i) renewable energy sources such as solar and wind, which are backed by a battery storage system
and their converters linked to the DC bus; (ii) the load side inverter and single-phase load; and (iii) a real-time
controller that implements the system. A wind turbine based on a permanent magnet synchronous generator
(PMSG) makes up the wind energy conversion system. Maximum power point tracking, or MPPT, is used to run
solar photovoltaic (PV) panels when the combined power provided by wind and PV is less than the load demand.

The extra power is delivered to the battery when it is generated more than the demand, and the MPPT is shut
off when it is no longer safe to charge the battery. The system's energy balance is preserved by the battery
storage system. To feed the load through a single-phase inverter, power flow is controlled under various
situations by an energy management system.

A. SOLARENERGYCONVERSIONSYSTEM(SECS)

The extra power is delivered to the battery when it is generated more than the demand, and the MPPT is shut
off when it is no longer safe to charge the battery. The system's energy balance is preserved by the battery
storage system. To feed the load through a single-phase inverter, power flow is controlled under various

situations by an energy management system.
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FIGURE3.EffectofirradianceonPVarrayperformanceatT=250C.

va=V| (1)

where | is the current flowing through the PV panel and V is the voltage across its terminals. Fig. 4 displays the
MPPT algorithm flow chart.
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FIGURE4.MPPTalgorithmflowchart.

PV system MPPT algorithm maintains PV panel voltage close to MPP voltage. Using the P&O approach, the
necessary duty cycle change (AD) is computed by taking the difference between the power change (AP) and the
voltage change (AV). The output power is computed when the voltage is first disturbed; if the power rises, the
voltage is increased further; if the power falls, the voltage is lowered.

B.WINDENERGYCONVERSIONSYSTEM(WECS)

A wind turbine, a PMSG, a DC-DC boost converter, and a controller make up the WECS. The wind's power is
taken as [15].

1
Pu="pAViCo(A,5) (2)

where A is the area covered by the rotor blades in m2, v is the wind velocity in m/s, and p is the air density in
kg/m3. The power coefficient, or Cp, depends on the pitch angle () and tip speed ratio (TSR, A).

Turblne output power (pou)
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FIGURE5.Mechanicalcharacteristicsofwindturbinefordifferentwind speeds.

This technology makes use of a wind turbine with variable speed. Fig. 5 displays the wind turbine's properties,
including the Cp for a range of wind speeds and pitch angles. Because of its minimal maintenance requirements
and cheap running costs, a permanent magnet synchronous generator is used. The wind speed affects the
generator's output. As seen in Fig. 6, the generator's three-phase output is rectified using a diode rectifier, and
the voltage level is then raised with the aid of a DC-DC boost converter.
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FIGURE6.Windenergyconversionsystemwithcontroller.

C.BATTERYSTORAGESYSTEM(BSS)

A lead acid battery and a bidirectional DC-DC buck-boost converter make up the BSS. This converter is involved
in maintaining the DC bus voltage with a Pl controller as illustrated in Fig. 7. As stated in [16], the state of charge

(SOC) is

S0C=1001+22%  (3)
Q

where |bat is the battery current and Q is the battery capacity. Depending on the amount of power produced by
combined solar and wind power, the battery can function in two modes: charging and discharging. Additionally,
the battery functions in these two modes in accordance with the energy limitations that are established by [16]

the SOC limits.

SOCmin€SOCLSOCrmax (4)
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FIGURES8.SinglephaseinverterwithfilterforACloadcontrol.
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Through a single-phase inverter with a controller seen in Figure 8, the DC microgrid is connected to a single-
phase resistive load. The undesirable harmonic content is filtered at the inverter output using an R-L filter. The
inner loop Pl controller controls the current, while the outer loop Pl controller controls the voltage.

E.ENERGYMANAGEMENTSYSTEM(EMS)

The microgrid system's main controller, the EMS, is in charge of coordinating and managing all control actions.
The EMS control mode is the foundation for how all of the converter controllers in the earlier sections function.
Depending on the amount of power generated, the solar energy conversion system's boost converter runs in
either MPPT mode or off-MPPT mode. While the DC-DC boost converter of the wind energy conversion system

runs in boost mode, the battery bidirectional converter runs in charging or discharging mode and keeps the DC
bus voltage constant.

Under various load demand scenarios and power output from renewable energy sources, the microgrid's power
must be balanced. The power balance equation is given as follows

Pw+va=PL+Pbat (5)
The flowchart in Figure 9 displays the several ways that the energy management system can operate.
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FIGURE9.Energymanagementsystem.

The energy management system operates in four different modes. Every operating mode is contingent upon
two factors: the first is the creation of power, and the second is the battery's level of charge. When the
electricity generated by the SECS and WECS exceeds the load demand, this is the preferred mode of operation.
The battery is charged to its SOCmax during this operation. If the battery's SOC reaches SOCmax, the MPPT
controller is turned to off-mode, which lowers the amount of solar power generated because the total power
generated exceeds the demand, the excess power generated cannot be used to charge the battery, and the
battery now supplies any additional power needed at the load.

The battery fills the power gap until the SOC approaches SOCmin, at which point load shedding is necessary to
maintain power balance since the power supply is less than the demand. This process occurs when the
electricity provided by solar and wind energy sources does not satisfy the load demand.
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[I. EXPERIMENTALRESULTS

Two case studies using the hybrid renewable energy microgrid were conducted. In the first scenario, the solar and wind
energy were changed while the load was maintained at a constant level. The second scenario involved varying load demand
while maintaining steady renewable energy sources. The experiment findings for both scenarios had a runtime of the
seventies.

A .VARIATIONSINRENEWABLEENERGY SOURCESWITHACONSTANTLOAD

Delivering a consistent power to the load under various producing situations is the aim of the first instance. By
turning the lamps on and off, one may adjust the sun irradiance and provide varying amounts of irradiance. The
fan blower's speed may be adjusted to change the wind speed. As seen in Fig. 12, the wind speed was varied by
12 m/s, 8 m/s, 11 m/s, 7 m/s, and 11 m/s at the start, 10s, 20s, 40s, and 60s respectively. The irradiance was
changed by 1000W/m2, 800W/m2, 400W/m2, and 600W/m?2 at the start, 20s, 30s, and 50s, respectively.
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FIGURE12.Windspeedandsolarirradiancelevels.
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Although the fluctuations in sun radiation and wind speed are merely small variations, they are unachievable in real life due
to the constantly shifting climatic circumstances. In order to assess the system functioning for these fluctuations, these
values were chosen so that they fluctuate between the PV panel's and WT's potential maximum and lowest range of
operation. Furthermore, the load is maintained fixed in this instance, which is not feasible in real-world circumstances.
However, the load is maintained constant so that the battery storage system and renewable energy conversion systems may
be observed for fluctuations in the power produced from the renewable energy sources.

if the load is changing all the time, it will be challenging to monitor this. As seen in Fig. 13, the energy storage device
maintains a constant DC bus voltage of 50V to accomplish the power balance. Fig. 14 displays the generator speed for
various wind speed fluctuations.

Figure 15 illustrates the power at various microgrid locations. Up until 10 seconds, the battery is charged when the power
generated by the solar and wind energy conversion systems exceeds the load demand. Following this time, the battery
begins to discharge, with the amount of discharge varying at different times based on the variation in the power deficit from
the renewable energy sources.

The battery fills the power gap, and Fig. 16's depiction of the battery's level of charge makes it evident how quickly it charges
and discharges. As seen in Fig. 17, the voltage is maintained constant at the load terminal; nevertheless, there are a few
occasions when the load voltage slightly decreases due to a greater battery depletion rate between the 40s and 60s.
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FIGURE15.Poweratdifferentlocationsofthemicrogridforconstant loadwithvariablerenewableenergysources.

FIGURE16.State of charge of battery for constant load with variable renewableenergysources.
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A.VARIATIONSINLOADWITHCONSTANT RENEWABLEENERGYSOURCES

The second case scenario maintains steady solar and wind power generation together with
constant solar irradiance. as seen in Fig. 18, at 800W/m2 and the wind speed remained
constant at 11 m/s. The energy storage device, as seen in Fig. 19, maintains a steady DC bus
voltage at 50V to accomplish the power bﬁ\l_q}rgcl,g;_.:l;he generator speed is constant at a speed of
5280 rpm as the wind speed is maintained constant illustrated in Fig. 20. The microgrid's
performance is evaluated under varying load demands, with the load being changed every ten
seconds. Fig. 21 displays the electricity at several microgrid locations. The battery is used to
meet the initial load requirement of 100W, which is somewhat less than the electricity
provided from renewable sources. The battery is charged from the extra power generated after
10 to 40 seconds, when demand is reduced. When a person reaches their 40s, demand exceeds
supply, and the battery provides the extra power needed.
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I1l. CONCLUSION

An energy management system is integrated into a small-scale experimental hybrid microgrid that is powered by
renewable energy sources such as solar, wind, and batteries. The efficacy of the suggested energy management
system was tested through a series of experiments that were run under various load demand and renewable
energy source changes. Rapid control prototyping was used in the DSPACE controller to create the control

algorithms and energy management system.

The outcomes of the experiment demonstrate that the system is adaptable and can handle various fluctuations
in the load and renewable energy sources. The controller makes it possible for the energy management system
to be implemented effectively. In the future, tests for various case situations and control algorithms for hybrid

renewable energy microgrid system study can be conducted on this test bench.
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