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ARTICLE INFO ABSTRACT

This paper proposes a green energy solution for a microgrid that relies on a diesel
generator (DG) to meet its electricity needs. This microgrid is fuelled by two
renewable energy sources: wind energy from a doubly fed induction generator
(DFIG) and a solar photovoltaic array. The solar PV array is directly connected to
the common DC bus of back-back voltage source converters (VSCs) located on the
rotor side of the DFIG. Furthermore, a battery energy storage (BES) is coupled to
the same DC bus via a bidirectional buck/boost DC-DC converter to provide a path
for extra stator power from the DFIG. Rotor side VSC control and bidirectional
buck/boost DC-DC converter control are used to harvest the most power from both
wind and solar sources. A incremental conductance MPPT algorithm is provided
for maximising power from a solar PV array. Furthermore, the regulation of load-
side VSC is intended to optimise DG fuel use. A Fuzzy logic concept is utilised to
calculate the reference DG power output for the best fuel usage. The microgrid is
modelled and simulated using MATLAB's Sim Power Systems toolbox for a variety
of scenarios, including shifting wind speeds, varying insolation, the influence of
load variation on a bidirectional converter, and an unbalanced nonlinear load
connected at the point of common coupling (PCC). The DFIG stator and DG
currents are both balanced and sinusoidal.

Keywords: Wind Turbine, doubly fed induction generator (DFIG), diesel
generator, solar photovoltaic array, bidirectional buck/boost DC-DC converter,
battery energy storage, power quality,Artificial Intelligence (AI).

1. Introduction

A green energy microgrid solution that relies on a diesel generator (DG) to supply its electricity needs is
presented in this chapter [1]. Wind energy using a doubly fed induction generator (DFIG) and solar photovoltaic
(PV) array are the two renewable energy sources that power this microgrid [2]. The common DC bus of the back-
back voltage source converters (VSCs), which are connected in the rotor side of the DFIG, is directly connected to
the solar PV array [3]. Additionally, to offer a path for excess stator power of DFIG, a battery energy storage
(BES) is connected at the same DC bus via a bidirectional buck/boost DC-DC converter [4]. Bidirectional
buck/boost DC-DC converter control and rotor side VSC control are used to maximize the power from both solar
and wind, respectively [5]. To maximize power from a solar PV array, a incremental conductance MPPT
algorithm is introduced. Additionally, load side VSC regulation is intended to minimize DG's fuel usage [6]. The
reference DG power output for optimal fuel economy is calculated using a new idea. The SimPowerSystems
toolbox in MATLAB is used to model and simulate the microgrid for a number of scenarios [7], including
changing wind speeds, fluctuating insolation, the impact of load fluctuation on a bidirectional converter, and an
unbalanced nonlinear load connected at the point of common coupling (PCC) [8]. The DG and DFIG stator
currents are found to be sinusoidal and balanced [9]. Figure 1, the microgrid's schematic configuration [10]. It
includes linear and nonlinear loads, circuit breakers (CB1 & CB2), ripple filters, DFIG, DG, wind turbine, solar
PV array, BES [11], bidirectional buck/boost DC-DC converter, RSC, LSC, interface inductors, A/Y transformer
[12], and more. For a specific location, this microgrid is intended to provide a maximum load of 50 kW [13].
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Each of the solar PV array and wind turbine generator is intended to produce 12.5 kW of power. While the BES is
connected via a bidirectional buck/boost DC-DC converter [14], the solar PV array is directly connected to the
DC connection in this arrangement. The DG consists of a four-pole synchronous generator [15], a four-stroke
reciprocating internal combustion engine, and an automated voltage regulator (AVR) [16]. In accordance with
the wind turbine generator's rated capacity, a 25 kVA DG is chosen. As previously said in this research project
[17], the design of a wind turbine generator, solar PV array, DG, BES, and other components is completed
[18,19].
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Figure 1: Proposed system Configuration [20].
2. Methodology

In order to reduce the fuel consumption of DG, this work proposes a microgrid based on solar PV array with BES
and wind turbine driven DFIG. In this case, a specific household locality's base load requirement is delivered by
the DG. The following are the study's primary contributions to the scheme's control aspects.

e In order to maintain the DG's optimal fuel consumption mode, the reference DG power output is calculated
using a novel generalized idea.

¢ Along with power quality concerns like reactive power compensation, load imbalance compensation, and
harmonic compensation, the load side converter control (LSC) is made to regulate DG.

e The RSC control is designed to extract maximum power from the wind turbine

A bidirectional buck/boost DC-DC converter connects the BES to the common DC bus of back-back linked VSCs.

Its goal is to give DFIG's extra stator power a route. Additionally, a solar PV array is connected to the DC bus

directly.

e The bidirectional buck/boost DC-DC converter control is made to manage the current using BES and to
maximize the power from the solar PV array.

e Aincremental conductance MPPT algorithm is presented to obtain maximum power from a solar PV array.

e Because this microgrid arrangement uses the fewest converters possible, switching losses and overall system
costs are decreased.

e The DFIG stator currents and DG currents are maintained balanced and sinusoidal, as per the IEEE 519
standard.

e MATLAB's SimPowerSystems package is used to model and simulate the wind-diesel-solar microgrid with
BES. varied wind speeds, varied insolation, the impact on the buck boost converter at different loads, and an
unbalanced nonlinear load linked at the point of common coupling (PCC) are all factors that are taken into
consideration when analyzing the system performance. Tests are conducted on a created prototype in the lab
to verify the microgrid's functionality.
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3.Fuzzy Logic Controller (FLC)

This is a modern technology used mostly for the application of power system. FLC implementation is fast and
easy, thus preferred for both the system variations (linear and non-linear). In this paper, we used triangular
membership functions type for designing inputs and output, which exhibits fast performance and better
response even during changes in input variables. FLC processes and fuzzifies the numerical inputs in Fuzzy
Inference System (FIS) by applying relevant rules and generates the linguistic output, then defuzzifies the
linguistic output back to numerical output during defuzzification process. The translation of fuzzy values is
exposed in figures 2a to 2c by membership functions[15].
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The linguistic control rules are stored in the rule base, the rule evaluator uses these rules for decision making
and table 1 presents the 49 rules used.

TABLE 1. Rule base of fuzzy controller[15]
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The main concentration of this DC link operator is to sustain steady voltage. The evaluation is created for
recommendation value and also the actual market value of currents at de hyperlink and also the error is sent out
to FLC operator which moderates the current at dc-link. The FLC controller's result is considered as direct-axis
of recommendation present, Id_ref, for the inner current controller.

4. Experimental Procedure and Results Discussion

4.1 Control Methods for Operation of Microgrid
The complete description of control algorithms of RSC and LSC, MPPT algorithm of solar PV array, bidirectional
buck/boost DC-DC converter, are given in following subsections.

4.2 Control Algorithm for RSC

The RSC control algorithm is shown in Figure 2. The RSC controls the speed to achieve MPPT from the wind
turbine and provides the reactive power needed by DFIG. As illustrated in Fig.3, RSC generates the switching
pulses using field oriented vector control (FOVC). Reactive and active components of rotor currents are
represented by the FOVC, direct axis, and quadrature axis components (I*, I*4), respectively. The no load
magnetizing current (Imso) of DFIG is represented by the I'*4, which is calculated as

| .= \/EVL
ms0 \/éxm

where X, denotes the magnetizing reactance of the machine and V, is the line voltage at the machine terminals.
The I*; is estimated by passing the speed error through Artificial Intelligence (AI) controller as depicted in
Figure 2 and it is derived as

@ [2]
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Figure 3. RSC control algorithm
lrgo = largeny A (a)err(k) _a)err(kfl))—i_ Al @y, 4y (2 [12]

where AI present Artificial Intelligence contoller constant of speed controller. The wer(k) and wer(k-1) denote
speed error at kth and (k-1) th instants, respectively. The werx), is obtained as

Dprr (k) = @ 1) T Drqi (3) [19]

where ©*x and w,x) denote the reference and sensed rotor speed of DFIG at kth instant, respectively.
The reference rotor speed is obtained from the tip speed ratio MPPT control as

o, =nA,Ir
Finally, reference rotor currents (i*., i*s and i*. ) are derived from I*qr and I*dr using an angle of

transformation Orz, as depicted in figure.3. These reference currents along with sensed rotor currents (i, irp and
1rc), are applied to pulse width modulation (PWM) controller to produce RSC gating signals
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4.3 Control Algorithm for LSC

The LSC control algorithm is depicted in Figure.3. The LSC is controlled to achieve the following objectives. It
maintains the DG and DFIG stator currents sinusoidal and balanced. To attain the best fuel consumption, it
controls the DG power between PDmin and PDmax. In order to achieve the best fuel consumption, PDmin and
PDmax stand for the minimum and maximum DG power output in pu. The reference currents are produced
using a modified indirect vector control based on a voltage-oriented reference frame, as seen in Fig. 5. In order to
maximize the power from the DFIG and control the DG power within the range for ideal fuel usage, both DG and
DFIG stator currents are added and managed in this.
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Figure 4. LSC Control Algorithm

4.4 Solar PV Array MPPT Algorithm and Bidirectional Buck/Boost DC-DC Converter Control

By managing power flow through the BES, the bidirectional buck or bidirectional boost DC-DC converter
controls the DC link voltage. The solar MPPT is attained in this way. As shown in Figure 4, a incremental
conductance MPPT algorithm is employed in this, which entails sampling pulse generation (X) and then
estimating the reference DC link voltage (V*dc). The several stages that go into creating the sampling pulse "X"
are shown in Figure 4. The sampling pulse is a name in this case.
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Figure 5 Incremental Conductance algorithmFlowchart

Figure 6 illustrates the bidirectional buck/boost DC-DC converter control. The DC link voltage is controlled by
the bidirectional DC-DC boost converter control or the outside artificial intelligence (AI) controller of the
bidirectional buck. Furthermore, as shown in Fig. 6, the outer AI controller's output equals the reference battery
current (I*b). The reference battery current is monitored by the inner Al controller. Additionally, the duty ratio
(R) of the bidirectional buck/boost DC-DC converter is the output of the inner AI controller. The reference
battery current (I*b) is derived from Figure 5 as

*

I h = I*b(k—l) = (Al)(V de) —V de(k—l))+(A| NV de(k)

Where, error of the DC link voltage at kth instant is
Vde(k) = Wdc(k) 'Vdc(k)
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Here V'a(k) and Vgc(k) represent the reference DC link voltage and sensed DC link voltage at kth instant,

respectively. AI denote the Artificial intelligence controller constants of the outer AI controller
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Figure 6 Control of bidirectional buck or bidirectional boost converter

Besides, the duty ratio (R) of the bidirectional DC-DC converter, is computed as
Ry =Ruay = (Al)( be(k) — be(kfl))_'_(AI)Ibe(k)

Where, error of the battery current at kth instant is

Ivey = I'vi - Iny

Here I'yq) and I represent the reference battery current and sensed battery current at kth instant, respectively.
Using the determined duty ratio (R), a PWM generator generates pulses for the bidirectional buck or
bidirectional boost converter's switches.

4.5 Simulation Results for Validation

Figure 7 Simulation diagram of the proposed system

The proposed system is modelled in MATLAB and the system parameters are analyszed. PV array is designed to
generate an output power of 12.5 kW (peak power) at 300 volts. The following are the PV characteristic
considered in this simulation. The Wind Turbine model is taken from the MATLAB library. To The wind turbine
the reference speed of 12 m/s and pitch angle 0° are given as inputs and the output of the turbine is negative
torque which is fed to Asynchronos machine. The DFIG is an asynchronous machine which is taken from the
MATLAB simulink. When a negative torque is given to the asynchronous machine it will operate as generator.
The stator and rotor are connected to the converters respectively. The two-level converters are considered for as
RSC and LSC. The rating of DFIG is 10 kW at 300 voltage. The following are the system parameters. The diesel
generator is a synchronous machine taken from the MATLAB library which is designed to delive an ouput power
of 25 kW. The load is considered at the PCC. Initial load of 20kW is present with the system and it is increased to
20KkW at t= 2 sec, to observe the dynamics of the system. The smulations are shown in the following sector.

1) O<t<1.5 sec
During this period, the PV power is kept constant as shown in figure 7 and it delivers a power of 11kW at the 300
V. The PV is connected to the DC link terminal which is common for battery RSC and LSC. The PV power is fed
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to the grid via the LSC Converter. Diesel generator delivers power of 6kW and DFIG delivers power of 8 kW. The
battery is charged in this period as power is available. The following figure shows the power

Active Power (W)
‘V‘
T
T

[V

o 0n.s 1 1.5 P 3 3s 4 4.5 s

ime (s)

Figure 7 Power waveform of the proposed system

ii) 1.5 sec < t< 2.5 sec

The PV power is reduced by reducing the Insolation to 500 W/m?2 at t=1.5 sec which is shown in the figure 8 (a)
and (b) The battery which is in charging will now moving towards discharging mode or floating mode as there is
no extra power. All the power generated is feeding to the load of 20 kW only. The variation of the power is shown
in the below figure. At t = 2 sec, the load is increased to more 20 kW which is shown in the figure 7 and 8 hence a
40 kW is on the system. Corresponding to this increased load, the output power from the diesel generator
increases to 25kW as shown in figure 10 and Batter delivers the power of 2 kW which is shown in the figure 12.
The wind power is kept constant as there is no change in the wind speed wihcihc shown in the figure 11
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Figure 8 (b) Load Voltage and Current

iil) 2.5 sec < t< 3.5 sec

In this period, the PV power is further reduced, to oberve the battery dynaics. All the power generators have
reached their maximum power limit. At t= 2.5 sec, the battery discharges the power and delivers to the load as
shown in figure 9 (a) The effect on the diesel generator is reduced because of the battery. Battery is used when
during the absence of PV power power. The battery state of charge shows a decline in its characteristics as it is
discharged.

iv) t> 3.5 sec
After t= 3.5 seconds, the Insolation is increased to 500 W/mz2. The battery reduces its power to maintain the
system balance which is shown in figure 9 (b), Figure 10 (a), Figure 10 (b), Figure 11, Figure 12 (a) and Figure 12

(b)
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5. Conclusion

A microgrid with a minimal number of converters that is powered by wind turbines and consists of DFIG, DG,
and solar PV arrays with BES has been introduced. While the BES is connected via a bidirectional buck/boost
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DC-DC converter, the solar PV array is directly connected to the DC link of back-back connected VSCs.
Numerous scenarios, including variable wind speeds, variable insolation, and an unbalanced nonlinear load
linked at PCC, have been studied for the system. Additionally, research has been done on the bidirectional
buck/boost DC-DC converter's performance when the load changes. The system's ability to achieve optimal fuel
economy has been demonstrated by simulation results. It is discovered that the DG currents, DFIG stator
voltages, and currents are balanced.
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