
energies

Article

Investigations on Performance Enhancement
Measures of the Bidirectional Converter in PV–Wind
Interconnected Microgrid System

Rajvikram Madurai Elavarasan 1,* , Aritra Ghosh 2,* , Tapas K. Mallick 2,* ,
Apoorva Krishnamurthy 1 and Meenal Saravanan 1

1 Department of Electrical and Electronics Engineering, Sri Venkateswara College of Engineering,
Chennai 602117, India

2 Environmental and Sustainability Institute, University of Exeter, Penryn Campus, Cornwall TR109FE, UK
* Correspondence: rajvikram@svce.ac.in or rajvikram787@gmail.com (R.M.E); a.ghosh@exeter.ac.uk (A.G.);

T.K.Mallick@exeter.ac.uk (T.K.M.)

Received: 28 May 2019; Accepted: 5 July 2019; Published: 11 July 2019
����������
�������

Abstract: In this work, a hybrid microgrid framework was created with the assistance of a photovoltaic
(PV) and wind turbine (WT) generator. Additionally, bidirectional control mechanisms were
implemented where an AC system was integrated with permanent magnet synchronous generator
(PMSG)-based WT and a DC system was integrated with a sliding mode algorithm controlled
maximum power point tracker (MPPT)-integrated PV system. The wind and PV interconnected
microgrid system was mathematically modeled for steady-state conditions. This hybrid microgrid
model was simulated using the MATLAB/SIMULINK platform. Optimal load management strategy
was performed on a chosen hybrid microgrid system. Various case studies pertaining to connection
and disconnection of sources and loads were performed on the test system. The outcomes establish
that the system can be kept up in a steady-state condition under the recommended control plans
when the network is changed, starting with one working condition then onto the next.

Keywords: hybrid microgrid; AC grids; DC grids; bidirectional converter; photovoltaic (PV); wind
turbine generator; control mechanisms; wind energy conversion system (WECS)

1. Introduction

Enhanced power demand increases more and more CO2 emission, causing more damage to the
environment. To maintain the commitment made at the Paris climate meet, energy generation from
renewable energy sources is essential [1]. The intermittency and uncertainty of renewable resources
limit their operation independently or when connected to the utility grid. Thus, the microgrid concept
incorporating renewable energy sources such as wind turbines (WT) and photovoltaics (PV) systems
into the electric power supply is needed. Microgrids is a single unit interconnection between loads,
integrated renewable energy and storage system in the same grid, which improves grid utility by
improving power flow in the distribution network and decreases power losses in the transmission
line [2]. The microgrid can operate at grid-connected mode where the grid determines the voltage
and frequency of microgrid, supplies deficit energy, and extract excess energy and islanding mode
where renewable energy sources and storage system supply the deficit and maintain the power balance.
The microgrid includes AC, DC or hybrid types [3,4]. The AC microgrid ensures synchronization with
the main grid, maintains contact points power exchange, and offers stable voltage and frequency at the
load ends by performing active and reactive power control of the renewable energy sources [5]. WTs
generate AC power, and it is thus simpler to connect them to a conventional AC grid. Protection of AC
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microgrids is a major challenge during islanded and grid-connected operation, which can be overcome
by employing optimum settings of directional overcurrent relays [6]. A DC microgrid is advantageous
due to its high efficiency, reliability, lack of frequency and reactive power issues, and simpler connection
to DC renewable sources. Due to the presence of only active power, the wire sizes and the DC link
capacitor can be reduced [7]. Application of DC microgrid includes residential buildings, data centers,
island power supplies, communication systems, electric vehicles, and metro tractions [8]. For a DC
microgrid, DC loads are connected through a DC bus. A PV system is an ideal renewable source for
a DC microgrid, which generates benign electricity directly from sunlight [9,10]. The converter can
boost the PV output voltage level to match the DC bus and maximum power point trackers extract
the maximum power from PV during normal and shading effect and temperature variation [11,12].
A hybrid AC/DC microgrid combines both AC and DC in the same distribution grid and offers direct
integration of both AC- and DC-based renewable energy sources and loads. The hybrid microgrid
reduces the conversion stages and therefore the energy losses, uses a minimum number of interface
elements, without the need for synchronization of generation and storage units, as they are directly
connected either to the AC or DC network [13]. Hence, the control strategy for this device is simplified.
The modification of voltage levels can be performed in a simple manner at the AC side by the use
of transformers. At the DC side, the conversion is performed through the use of DC–DC converters.
The cost of a hybrid microgrid is reduced if the number of attached devices is increased [14]. Further,
they possess few drawbacks, such as lack of DC protection devices, low reliability, and overall system
complexity. A typical hybrid microgrid is shown in Figure 1.

Figure 1. Hybrid microgrid architecture.

The most popular architecture for hybrid microgrids consists of WTs, PVs, and batteries [15,16].
In different works, hydropower [17], fuel cells [18,19], biomass reactors [20], and hydrogen tanks [21]
were employed for renewable sources as well as diesel [22] and biodiesel generators. Battery,
supercapacitor [23,24], and flywheel [25] were employed as storage [26] devices in a hybrid microgrid.
A hybrid microgrid including WTs, PVs, and lead–acid batteries and tidal current that exists in the
straits between the island of Evia and mainland Greece was investigated. This type of hybrid microgrid
configuration is suitable for the Mediterranean coastline and islands, where low velocity tidal and
marine currents exist along with substantial solar and/or wind energy potential [27]. The transformation
and upgrade of a traditional AC distribution network using Z-transformers was performed for a hybrid
microgrid and its power router using the MATLAB/Simulink simulation platform [28]. Optimization
for small reverse osmosis (RO)-based desalination plants driven by PV and wind-based microgrid was
investigated. In addition, the probability of power interruption was used to measure the reliability of
hybrid schemes [29]. Sizing between PV, wind, and battery bank was presented using the hybrid Big
Bang–Big Crunch algorithm [15].

Most often, hybrid microgrid performance is investigated in stable operation mode. However,
the critical issue occurs in the switching mode operation, as it is responsible for maintaining voltage and
frequency regulation without the support of the utility grid. Similar problems occur during islanding
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mode operation of a microgrid system. Thus, the smooth-mode transition is essential for stable and
reliable microgrid operation. Nonsynchronization between microgrid and utility grid during the
transition from islanding mode to grid-connected mode can damage the devices. Thus, the control
strategy is essential to control the instability of the microgrid. Control of the microgrid is a challenging
but essential task. Droop control, model predictive control, and multiagent systems are the available
control methods for the microgrid [30]. For a smooth transition, a multidrop control strategy involving
mitigating voltage and frequency variations during mode transition has been developed to mitigate
voltage and frequency variations during mode transition [31]. In another work, thermal and demand
responses were optimized using an incorporated microgrid control algorithm [32,33].

The bidirectional converter in a microgrid is essential as it monitors the overall functions of
the grid, acts as a static compensator (STATCOM)m injecting reactive power to build stability in the
system, and improves the power factor for lossless and efficient operation [34,35]. By estimating the
frequency of the AC microgrid and voltage of the DC microgrid and utilizing the droop characteristics,
the power governance procedure gives power to the controller in the bidirectional converter in between
the AC and DC microgrids to share the power request between the AC and DC microgrids [36].
Bidirectional converters are mostly designed to aid in a higher voltage conversion ratio and low
switching noise [37]. They can work effectively with the aid of pulse width modulation (PWM) and
offer a higher rate of voltage ratio conversion and better current balancing capacity [38]. However,
the converter control topology for the bidirectional converter must properly be selected in order to
reduce the level of total harmonic distortion [39]. For the hybrid microgrid, multidevice interleaved
DC–DC [40], multiparallel [41], single inductor multiple ports [42], and a bidirectional converter
were employed.

In a hybrid microgrid, the intermittent power generation from photovoltaic and the wind turbine
systems create complications in network integration. Further, in the case of existing hybrid microgrids,
problems occur due to repetitive conversions and owing to excess power conversions in the case of
existing traditional converter topologies. A suitable scheme that can facilitate the fast entrance of
sustainable power sources is always under search.

In this work, we tried to:

• Build a hybrid AC/DC microgrid along with a low-cost bidirectional converter to counter repetitive
conversions and optimal load management strategy. The low-cost bidirectional converter was
included to allow the battery to recharge, battery energy infusion into the AC network, and battery
energy for AC power control adjustment.

• Develop a novel programmed unified microgrid controller in charge of checking the steady
expansion of new loads guaranteeing a highlight, while the AC system was integrated with a
permanent magnet synchronous generator (PMSG)-based WT, and the DC system was integrated
with a maximum power point tracker (MPPT)-integrated PV system.

2. Methodology for Hybrid Microgrid Architecture

2.1. Renewable Sources and Bidirectional Converter

This work introduces an effective operation strategy of a wind/solar hybrid power system with a
bidirectional converter introduced in between to achieve optimal load management using a dynamic
modeling and control system fueled by wind and PV renewable energy resources, as shown in Figure 2.
It can run either in a connected or a disconnected mode from the microgrid, and thus, it can operate
both in grid-connected or island mode. It consists of a solar PV panel (an array of 4 kW panels) of
rating 120 V which produces a power output of 4 kW. The PV panel is thus associated with a sliding
mode controller to boost the power extraction under all conditions.
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Figure 2. Typical hybrid AC/DC microgrid.

Wind energy was obtained from a wind energy-controlled system (WECS) which included a wind
turbine, a generator, interconnection apparatus, and control systems. The PMSG has more advantages
when compared to another generator like Doubly Fed Induction Generator (DFIG) [43]. The WECS
consists of a direct-driven permanent magnet synchronous generator (PMSG) because it supports
gearless operation and enables small scale residential powered applications and transforms power
with high effectiveness and maximum power density. Moreover, its mechanical structure is flexible,
and its support cost is low. It is designed with the AC/DC/AC converter at the stator side, which
is capable of maintaining DC link voltage, reactive power control, and speed control of the system.
The pitch control mechanism is implemented in the wind energy conversion system for obtaining
maximum real power output [44].

The proposed microgrid system also consists of a utility grid connection which can provide power
in case of deficiency from sustainable energy sources. However, the proposed work not only creates
power exclusively from the sustainable power source but also infuses surplus capacity to the utility
grid during ordinary activity. Blackout possibility in this power framework is nearly zero, since it is
profoundly improbable that both winds as well as solar sources are unavailable in the microgrid at the
same time, which improves the unwavering quality of the framework. In addition to that, the proposed
microgrid system does not require any fuel for the distributed generation units, since it is controlled by
inherently available renewable energy sources. Thus, with enough local energy storage, it does not
depend on lifesavers—e.g., transport via roads and railways—which makes it a self-reliable power
system network to provide power in ordinary as well as amid outrageous conditions. The microgrid
energy supervision process is demonstrated as a Markov decision process (MDP) with a target of
limiting the day by day working expense as in [45]. Smart grid advances that consider two-path
correspondence between the utility and its clients, and progressed sensing along the transmission
lines, assume a vital job in the modernization procedure [46]. This system includes an AC and DC
bus, which are interlinked by a bi-directional converter that manages the power flow between two
buses, i.e., AC to DC and DC to AC. It is responsible for monitoring and controlling the active and
reactive power flow between the AC and DC side bus whenever demand on either side rises beyond
the generation limit. The principle goal of this converter is to give a powerful quality voltage to basic
and delicate loads associated with the microgrid. In addition to that, it ensures a specialized feature in
a way that load can either be added or removed from the existing network without reengineering the
entire power system network.

The solar PV panel relates to the DC bus, and the wind power conversion system is coupled
to the AC bus as shown in Figure 2. MPPT can be attained using the fuzzy logic controller, which
traces the reference speed of the generator to derive maximum power at various wind turbine speed.
This method will be effective and best suited for high-speed operations [47,48]. Separate AC load and
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DC load is connected to the AC and DC bus, respectively. The battery is employed to store the excess
power produced in the system.

2.2. Optimal Load Management Algorithm

The load management algorithm is shown as a flowchart in Figure 3.

Figure 3. Power generation control flowchart.

Step 1 Start the process of computation.
Step 2 Collect the information relating to voltage, current, and power values of both AC and DC bus.
Step 3 Compute power required to be generated on both sides of the network.
Step 4 Check the power balance criterion.

Pg = Pd

Total power generated can be estimated as:

Pg = Ppv + Pw, (1)

where Pg is total power generated (kW); Ppv is power generated from the solar PV panel (kW); and Pw
is power generated from the wind turbine (kW).

Step 5 If Pg > Pd, then change the real power reference value.
Step 6 If Pg < Pd, then load shedding will take place.
Step 7 If Pg = Pd, the system is balanced, then jump onto step 8 or else jump on to step 5.
Step 8 Stop.

2.2.1. Modelling of PV System

The total power output of PV module is given by:

Ppv = NsNpPm, (2)
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where Ns is number of cells connected in series; Np is the number of cells connected in parallel; Pm is
the power of each module; and DC power output of the solar PV panel is based on:

Ppv = ηpvg ∗Apvg ∗Gt, (3)

where ηpvg is the efficiency of PV generation; Apvg is Effective surface area of PV generator; and Gt is
effective solar irradiation (W/m2). The efficiency of PV generation defined as:

ηpvg = ηrηpc
[
1− β

[
Tc − Tcre f

]]
, (4)

where ηpc is the efficiency of power conditioning (equals 1 when MPPT used); B is the temperature
coefficient; tηr is the efficiency of the reference module; and Tcre f is the temperature of the reference
cell in ◦C. The reference temperature can be given as:

Tc = Ta + CT ∗Gt (5)

CT =
NOCT − 20

800
, (6)

where Ta is ambient temperature and NOCT is nominal operating cell temperature.

2.2.2. Modelling of Wind Power System

Mechanical power generated from the wind turbine is given by:

Pw = cp(λ, β)
ρA
2

V3
w, (7)

λ =
ωr
V

, (8)

where cp is power coefficient; A is intercepting area of the rotor blades (m2); ρ is air density (kg/m2);
the theoretical maximum value of Cp is 0.593, also called as Betz’s coefficient; ω is the angular velocity
(rad/s); r is the radius of WTG (m); and Vw and V is average wind speed (m/s). The output power of
the wind turbine depends on the power output curve, wind speed, and the height of the hub, which
can be written as:

Pw(v) = PR ∗
υ− υC
υR− υC

(υc � υ� υR) (9)

= PR(υR � υ� υF)

= 0(υ� υc and υ� υF).

vc is cut in wind speed; vF is cut-off wind speed; vR is rated wind speed; and PR is rated electrical
power output.

3. Simulation Results and Discussion

The proposed hybrid microgrid system consists of a separate AC and DC bus, while the AC
and DC sources are a wind and PV system, respectively. AC network parameters and DC network
parameters for simulation and modelling are represented in Tables 1 and 2 respectively. The AC source
and 3 phase AC load are connected to the AC bus, whereas the DC source and DC load (buck converter)
are connected to the DC bus. Both the buses connected via the bidirectional converter constitute the
hybrid photovoltaic/wind (AC/DC) microgrid system operating in the grid-tied mode as represented
in Figure 4.
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Table 1. AC network parameters.

Sl. No Elements Parameter Value

1 Bus 1 380 V
2 PMSG 3 kW

Table 2. DC network parameters.

Sl. No Elements Parameters Value

1 Bus 1 120 V
2 Bus 2 700 V
3 PV array 1 4 kW, 120 V
4 Buck-boost converter 200 V/120 V, 1 kW
5 Boost converter 700 V/200 V, 1 kW
6 Load 700 V/200 V, 4 kW
7 DC link bus voltage 700 V

Figure 4. Hybrid photovoltaic/wind (AC/DC) microgrid system in MATLAB Simulink environment.

3.1. PV Integrated with Maximum Power Point Tracking

An array of 4 kW panels of rating 120 V was associated with a sliding mode controller to boost
the power extraction under all conditions [35]. A variety of MPPT techniques has been analyzed and
performed to increase the operating efficiency of the panel [49], such as the perturb and observe (P&O)
strategy, the incremental conductance calculation, and neural systems procedures [50–53]. Based on
the disadvantages of several methods proposed, the sliding mode control algorithm technique has
gained attention due to its simple implementation procedure and higher stability [54]. This control
algorithm consists of two parts:

• Inner sliding mode loop (fast loop);
• Outer loop (slow loop).

Each part creates a separate algorithmic loop responsible for its own function, as shown in Figure 5.
This algorithm is suitable for systems with the imprecise model. It is because they are based on
prediction. The proposed methodology is demonstrated to be fit for working under changing states of
sun-based irradiance, temperature, and burden, withstanding when the varieties are sudden. This is a
significant element that a productive MPPT must have since the nearness of mists or trees, for example,
may corrupt the output of specific controllers [55].

The inner loop utilizes the inductor current as of the primary state variable, as the energy output
from the converter is an immediate result of the inductor current. It is characteristically overcurrent
secured, withstanding heavy currents during start-up or transient conditions. It is likewise steady over
a wide scope of voltages. The transient response is improved by including an inward control loop with
an extensive data transfer capacity [56]. Since the greater part of the tracking is done by the inward
loop, MPPT does not require many iterations.
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Figure 5. Schematic representation of the Sliding Mode Control algorithm.

The outer loop determines the voltage and current from the PV panel and computes power.
This power is then compared with the optimal power to extract maximum power.

The sliding mode controller tracks the highest power output from the PV panel by comparing the
actual panel voltage (terminal voltage) with the optimum voltage, as shown in Figure 6. In this work,
the voltage output due to solar insolation is the optimal voltage. For this particular work, the solar
insolation was kept constant at 950 W/m2, while the open circuit voltage and voltage at the maximum
power were found to be 22.2 V and 17.2 V, respectively.

Case 1 If terminal voltage < optimal voltage, then output = 0.
Case 2 If terminal voltage > optimal voltage, then output = 1.

Figure 6. Mode controller in MATLAB Simulink environment.

It constantly compares with the ratio between Vpmax and Voc to produce the output control signal
as either 1 or 0, as shown in Figure 7a. For instance, the ratio of voltage at the maximum power to
open circuit voltage be 0.7745.

Voltage at the maximum power = 17.2 = 0.7745 (10)

Open circuit voltage = 22.2 V

The yield from the solar panel (147.4 V) is associated as a contribution to the buck support
converter to help the voltage yield from the PV panel to 200 V, as shown in Figure 7b. It provides a
regulated DC output voltage. The output voltage magnitude depends on the duty cycle. Here, the duty
cycle is found to be 0.8 by the trial and error method to get an output voltage of 200 V.
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Figure 7. Simulation results of (a) sliding mode controller output; (b) buck-boost converter output
voltage (Boost Mode); (c) Buck converter output voltage.

The available voltage from the solar PV is not suitable for the system being supplied. Thus,
the yield voltage of the buck–boost converter (154.1 V) is given as a contribution to the boost converter,
which supports the voltage up to 700 V, as shown in Figure 7c. Figure 8 shows the schematic
representation of the photovoltaic system coupled with the DC bus.

Figure 8. The photovoltaic system coupled with the DC bus.

3.2. Wind Energy Conversion System

The main components of a typical WECS include a wind turbine, a generator, interconnection
apparatus, and control systems. The PMSG-based wind energy conversion system is represented in
Figure 9. The wind turbine is modeled to run at a speed of 9 m/s to get peak power from it. The nominal
power of the wind turbine considered is 3 kW. In order to extract the peak power from the wind energy
conversion system, the speed of the turbine should be varied in accordance with the wind speed.
The base wind speed is considered as 9 m/s. When the wind speed is equal to the base speed, i.e.,
9 m/s, the turbine speed should be 1 pu in order to obtain the maximum power, i.e., 100 percent of
the nominal power. In cases where the wind speed is decreased to 7 m/s, the turbine speed should
be 0.8 pu to obtain the maximum power, which will be 40% of the nominal power. This is similar to
changing the terminal voltage of the solar panel depending on the solar irradiance. A wind turbine
is opted in this system for providing mechanical torque to PMSG. Thus, 3-phase power is generated
from this system. However, the output voltage from the PMSG is not of the desired value, i.e., 380 V,
and hence, it is changed accordingly, using back to back converters as shown in Figure 10. The power
electronic converters are used as such devices.

The back to back converters include a machine-side converter (MSC) and a grid side converter
(GSC) with a DC voltage link between these converters. For the selected wind turbine system, a 3-phase
full wave rectifier and a 3-phase three-level voltage source inverter are used for MSC and GSC,
respectively. The available AC voltage from the PMSG output is rectified into DC output. The main
purpose of this conversion into DC power is that it is easier to manipulate DC waveforms which are
basically a straight line than sinusoidal AC waveforms. It is then stepped up to the desired DC level
using two-level boost converters. The AC–DC converter is also responsible for controlling the active
power generation and thus tracks the maximum available power. A DC link capacitor is used to sustain
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the DC voltage at the desired level. The capacitor operates with the rectifier and goes about as a storage
device for DC power and filters out the variations of the DC voltage prior to the further processing of
the inverter section. To accompany the capacitor in the DC link, a battery might be utilized as a storage
gadget (DC voltage is now fixed). The percentage of state of charging of the battery in volts in y axis
and Time (ms) in x axis is shown in Figure 11.

Figure 9. Permanent magnet synchronous generator (PMSG)-based wind energy conversion
system (WECS).

Figure 10. Schematic diagram of PMSG connected to back to back converters.

Figure 11. State of Charging (%) of wind-powered battery.

The accessible DC yield can be utilized to charge batteries for a few applications. The filtered DC
power from the DC link is then fed into the inverter section. The DC-AC conversion using a three- level
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Space Vector Pulse Width Modulation (SVPWM) controlled inverter has been used. The main function
of the grid side converter is to control and regulate the DC link voltage at a predefined reference value.
Thus, the output voltage from the inverter is of 380 Vrms value, as shown in Figure 12, which is filtered
and then fed to the DC bus.

Figure 12. Output waveforms from PMSG.

The obtained output voltage from the inverter contains harmonics, which is then filtered out
using a second order filter, as shown in Figure 13. The second order filter consists of two first order
filters cascaded together with amplification. A three-phase AC load of rating 3 kW is associated with
the AC bus. The load considered here is the RL (Resistance-Inductance) load.

Figure 13. Three phase output voltage with filter.

4. Case Studies Having Different Generation and Demand Values

In order to achieve the optimal load management, we are introducing a bidirectional converter in
between the AC and DC bus. Based on the requirement, the real and reactive power transfer will be
varying in each case. Here we are verifying whether the load management is taking place properly by
performing different case studies using the MATLAB environment. Each case differs from one another,
i.e., sources and the loads will be changed in each case and checked to see whether the generation
meets the demands.

4.1. Case I

In case I, a DC source (PV panel) is connected and a 3 phase AC load is connected through a
bidirectional converter, as represented in Figure 14. At this time, the real power and reactive power
generation from the AC side are zero, as shown in Figures 15 and 16, since only DC load is considered,
and thus, the power factor is also zero. Since only the AC load of rating 3 kW is considered, the total
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demand is 3.13 kW, as shown in Figure 17. Reactive power demand from the load side is represented
in Figure 18.The total power generated from a solar panel is 4 kW, and thus, the bidirectional converter
transfers power of about 3.13 kW to the AC side to meet the AC side load demand, as shown in
Figure 19. Reactive power delivered from the bidirectional converter is shown in Figure 20. In addition
to that, the bidirectional converter also injects reactive power in order to improve the power factor so
that losses are minimized, as shown in Table 3.

Figure 14. Block diagram of Case I.

Figure 15. Real power from generation.

Figure 16. Reactive power from generation.

Figure 17. Real power demand from the load side.

Figure 18. Reactive power demand from the load side.
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Figure 19. Real power from the bidirectional converter.

Figure 20. Reactive power from the bidirectional converter.

Table 3. Results for the case study.

Different Cases AC Load DC Load Total Load Real Power
Generated

Real Power
Transferred

Power Factor
Enhancement (%)

I: Solar + Bidirectional Converter + AC Load 3 kW 0 3 kW 4 kW 3.13 kW 71
II: Wind + Bidirectional Converter + DC Load 0 4 kW 4 kW 4.395 kW 3.32 kW 8
III: Wind + Bidirectional Converter +AC Load + DC Load 3 kW 4 kW 7 kW 9 kW 3.462 kW 41
IV: Wind + Bidirectional Converter + AC Load + DC Load
+ Utility 3 kW 4 kW 7 kW 15 kW 5.204 kW 9

Real power demand and output from bidirectional converter:

Real power demand = Base MVA ∗ Real power transferred
30× 103

× 0.00313 = 0.939 kW ( f or 1 phase)
= 3 kW ( f or 3 phase)

(11)

Reactive power demand and output from bidirectional converter:

Reactive power demand = Base MVA ∗ Reactive power transferred
30× 103

× 0.003093 = 0.9272 kVAR ( f or 1 phase)
= 2.8 kVAR ( f or 3 phase)

(12)

4.2. Case II

In case II, an AC source (wind turbine) is connected and a DC load is connected through a
bidirectional converter, as represented in Figure 21. At this time, the real power and reactive power
generation from the AC side is 4.395 kW, as shown in Figure 22, and 5.202 kVAR, as shown in Figure 23.
The power factor at the source side is 0.6454. Since only 4 kW DC load is considered, the total demand
is 4 kW, as shown in Figure 24. The reactive power demand from the load side is represented in
Figure 25. The total power generated from a solar panel is 4 kW, and thus, the bidirectional converter
transfers power of about 3.32 kW to the AC side to meet the AC side load demand shown in Figure 26.
The delivered reactive power from the bidirectional converter is shown in Figure 27. In addition to
that, the bidirectional converter also injects reactive power in order to improve the power factor so that
losses are minimized, as shown in Table 3.

Real power and Reactive power demand:

Real power demand = Base MVA ∗ Real power transferred
5× 103

× 0.3786 = 1.89 kW
(13)
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Reactive power demand = Base MVA ∗ Reactive power transferred
5× 103

× 0.3786 = 2 kVAR
(14)

Real power output from bidirectional converter = Base MVA ∗ Real power transferred
5× 103

× 0.3786 = 1.660 kW
(15)

Figure 21. Block diagram of Case II.

Figure 22. Real power from generation.

Figure 23. Power from generation.

Figure 24. Real power demand from the load side.

Figure 25. Reactive power demand from the load side.
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Figure 26. Real power from the bidirectional converter.

Figure 27. Reactive power from the bidirectional converter.

4.3. Case III

In case III, a wind source is connected with an AC and a DC load through a bidirectional converter,
as shown in Figure 28. At this time, the real power and reactive power generation from wind side are
4.73 kW, as shown in Figure 29, and 4.746 kVAR, as shown in Figure 30. The power factor at the source
side is 0.5, since only the wind source is considered; the total demand is 7 kW as shown in Figure 31.
Reactive power demand from the load side is shown in Figure 32. The total power generated from a
wind source is 9 kW, and thus, the bidirectional converter transfers power of about 3.462 kW to the DC
side to meet the DC side load demand, as shown in Figure 33. The delivered reactive power from the
bidirectional converter is shown in Figure 34. In addition to that, the bidirectional converter also injects
reactive power in order to improve the power factor so that losses are minimized, as shown in Table 3.

Figure 28. Block diagram of case III.

Figure 29. Real power from generation.
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generated from a wind source is 9 kW, and thus, the bidirectional converter transfers power of about 
3.462 kW to the DC side to meet the DC side load demand, as shown in Figure 33. The delivered 
reactive power from the bidirectional converter is shown in Figure 34. In addition to that, the 
bidirectional converter also injects reactive power in order to improve the power factor so that losses 
are minimized, as shown in Table 3. 

 
Figure 28. Block diagram of case III. 

 
Figure 29. Real power from generation. 

 

                               Figure 30. Reactive power from generation. 

 

Figure 30. Reactive power from generation.

Figure 31. Real power demand from the load side.

Figure 32. Reactive power demand from the load side.

Figure 33. Real power from bidirectional converter.

Figure 34. Reactive power from bidirectional converter.

4.4. Case IV

In case IV, a wind source is connected with an AC and a DC load through a bidirectional converter,
as shown in Figure 35. At this time, the real power and reactive power generation from wind side are
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3.832 kW, as shown in Figure 36, and 4.021 kVAR, as shown in Figure 37. The power factor at the source
side is 0.645, since only the wind source is considered; the total demand is 7 kW, as shown in Figure 38.
Reactive power demand from the load side is represented in Figure 39. The total power generated
from a wind source is 15 kW, and thus, the bidirectional converter transfers power of about 5.204 kW
to the DC side to meet the DC side load demand, as shown in Figure 40. Real power delivered from
the bidirectional converter is represented in Figure 41.

Figure 35. Block diagram of Case IV.

Figure 36. Real power from generation.

Figure 37. Reactive power from generation.

Figure 38. Real power demand from the load side.

In addition to that, the bidirectional converter also injects reactive power in order to improve the
power factor so that losses are minimized, as shown in Table 3. The performance of the test system is
analyzed via four case studies pertaining to various performance indices, such as real power generated,
real power transferred, and power factor enhancement, clearly illustrated in Table 3.
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Figure 39. Reactive power demand from the load side.

Figure 40. Real power from bidirectional converter.

Figure 41. Real power from bidirectional converter.

5. Conclusions

In this work, a microgrid system comprising a photovoltaic and wind energy conversion system
employing PMSG integrated with a battery energy storage system was investigated using an optimal
load management technique. A sliding mode controlled MPPT algorithm was employed to track the
higher performance of PV at a constant temperature and irradiation, which overcomes the drawbacks
in [57]. Additionally, it can also be noted that in most of the existing literature, power factor enhancement
is attained only in the range of 10% to 15% for a 3 kW AC system. In the proposed work for the
same 3 kW system, the power factor enhancement was attained between 20% to 40%. The simulation
results from the converter-based model affirm the solidness of the converter and the way that the
control framework can track the reference waveform with great dynamic execution. The wind energy
conversion system with PMSG has been implemented to obtain reduced size and weight, absence of
gearbox, no field copper loss, and lower maintenance cost. Power variation due to intermittent wind
energy was flattened using battery storage. Use of bidirectional converter satisfies the load demand,
and the generated power accordingly increases the system efficiency and saves power. By estimating
the AC microgrid frequency and the DC microgrid voltage and utilizing the proposed bidirectional
converter, the power administration system gives the power reference to the controller to share the
power request between the current power sources in both AC and DC microgrids. Further, when solar
and wind power systems were employed together, the reliability of the system was enhanced. This also
lessens the reliance on a single source and has expanded the reliability. Moreover, the controller
parameters have been investigated under a few working conditions with different generation and
demand values. Along these lines, the productivity of the framework increments is contrasted with
that of a single generation unit.
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Nomenclature

Pg Total power generated (kW)
Ppv Power generated from the solar PV panel (kW)
Pw Power generated from the wind turbine (kW)
Ns Number of cells connected in series
Np The number of cells connected in parallel
Pm The power of each module
ηpvg The efficiency of PV generation
Apvg Effective surface area of PV generator
Gt Effective solar irradiation (W/m2)
ηpc The efficiency of power conditioning (Equals to 1 when MPPT used)
B The temperature coefficient
ηr The efficiency of the reference module
Tcref The temperature of the reference cell in ◦C
Ta Ambient temperature
NOCT Nominal operating cell temperature
WECS Wind Energy Conversion System
SMC Sliding Mode Control
DFIG Doubly Fed Induction Generator
PMSG Permanent Magnet Synchronous Generator
SOC State of Charging
SVPWM Space Vector Pulse Width Modulation
RL Resistance Inductance
cp Power coefficient
A Intercepting area of the rotor blades (m2)
ρ Air density (kg/m2)
ω The angular velocity (rad/s)
r The radius of WTG (m)
Vw Average wind speed (m/s)
vc Cut in wind speed
vF Cut off wind speed
vR Rated wind speed
PR Rated electrical power output
p.u per unit
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