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Abstract—This paper presents a green energy solution to a
microgrid for a location dependent on a diesel generator (DG) to
meet its electricity requirement. This microgrid is powered by
two renewable energy sources namely wind energy using doubly
fed induction generator (DFIG) and solar photovoltaic (PV)
array. The solar PV array is directly connected to common DC
bus of back-back voltage source converters (VSCs), which are
connected in the rotor side of DFIG. Moreover, a battery energy
storage (BES) is connected at same DC bus through a
bidirectional buck/boost DC-DC converter to provide path for
excess stator power of DFIG. The extraction of maximum power
from both wind and solar, is achieved through rotor side VSC
control and bidirectional buck/boost DC-DC converter control,
respectively. A modified perturb and observe (P&O) algorithm is
presented to extract maximum power from a solar PV array.
Moreover, the control of load side VSC, is designed to optimize
the fuel consumption of DG. A novel generalized concept is used
to compute the reference DG power output for optimal fuel
consumption. The microgrid is modelled and simulated using
SimPowerSystems tool box of MATLAB, for various scenarios
such as varying wind speeds, varying insolation, effect of load
variation on a bidirectional converter and unbalanced nonlinear
load connected at point of common coupling (PCC). The DFIG
stator currents and DG currents, are found balanced and
sinusoidal. Finally, a prototype is developed in the laboratory to
validate the design and control of it.

Index Terms—Wind Turbine, doubly fed induction generator
(DFIG), diesel generator, solar photovoltaic array, bidirectional
buck/boost DC-DC converter, battery energy storage, power
quality.

. INTRODUCTION

Diesel generators (DGs) are very popular for the
decentralized power generation as well as backup power in the
urban housing society for the following reasons [1]-[3].

e DGs are portable and dispatchable.

e They are of lower capital cost.

o DGs maintenance is easier.

e They have higher conversion efficiency as compared to
other sources of energy resulting in low specific
greenhouse gas emission.

For the above reasons, they are widely used for the power

distribution of islands, commercial and military ships etc [4].

However, DGs suffer from the higher running cost along with

noise and air pollution. The running cost is dependent on

amount of fuel consumption based on the power generation.

This cost is minimized by installing renewable energy (RE)
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sources such as wind, solar and biomass etc. Moreover, RE
based power sources are pollution free and abundant in nature.
Among RE sources, wind and solar are considered to be more
popular because of their reduced cost and technological
advancements [5], [6]. Wind turbines are mainly categorized as
fixed speed and variable speed type. Fixed speed wind turbines
have been used earlier due to their simple operating features.
However, they suffer with more power loss. Variable speed
wind turbines with doubly fed induction generator (DFIG), are
dominantly used for wind energy extraction due to its
advantages such as reduced converter rating, less acoustic
noise, highly energy efficient and low power loss [7].
Substantial literature on DFIG based wind energy conversion
system (WECS) both in standalone [8] and grid connected
modes, is available [9]-[11]. In [8], the authors have presented
DFIG based WECS operating in standalone with a battery
energy storage (BES) connected directly at the DC link.
Moreover, the comparative performance with and without BES
is discussed. In [9], the authors have described an extended
active power theory for effective operation of wind turbine
coupled DFIG both in balanced and unbalanced grid
conditions. Moreover, the DFIG is controlled with only rotor
side converter (RSC). Therefore, the topology suffers from the
power quality issues especially during harmonic loads. Liu et
al. [10] have investigated the influence of phase locked loop
parameters and grid strength on the stability of DFIG wind
farm in grid connected mode. However, an experimental
validation has not been performed. In [11], the authors have
discussed a synchronization control method for smooth
connection of DFIG to the grid. Moreover, it has been
implemented on a modified IEEE 39 bus system using real
time simulation platform. However, hardware realization has
not been done. In other side, there has been increasing power
generation through solar photovoltaic (PV) array worldwide.
The solar energy conversion system (SECS) can be single
stage or double stage. Some of the literature regarding solar PV
system is reported in [12], [13]. Shah et al. [12] have
demonstrated the single stage SECS connected to the utility
grid. Moreover, a fundamental current extraction technique
based on second-order generalized integrator with frequency-
locked loop has been implemented for voltage source converter
(VSC). In [13], the authors have presented the double stage
SECS interacting to the grid. In addition, an adaptive algorithm
of fast zero attracting normalized least mean fourth has been
implemented for VVSC to improve the power quality issues.

The operation of WECS and SECS separately, is not
economical and reliable because of their intermittency.
Therefore, the integration of both wind and solar sources,
improves reliability of power generation [14], [15]. Morshed et
al. [14] have presented wind-PV system with fault ride through
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capabilities. In its topology, the solar PV array is connected at
the DC link of DFIG based WECS through a boost converter
and a DC-DC converter. However, it increases the switching
losses and cost, because of additional DC-DC converter along
with grid side converter. In [15], the authors have demonstrated
the wind-solar PV system with BES in standalone mode. In its
configuration, the solar PV array is connected at the DC link of
wind turbine driven DFIG through a boost converter. However,
the current through BES is not controlled, because it is directly
connected at the DC link. Further, the microgrids based on DG,
wind and solar sources have been developed and reported in
the literature [16]-[18]. In [16], the authors have discussed the
capacity planning of BES for a microgrid based on wind, solar
and diesel sources that are located in island. However, optimal
fuel operation of DG has not been discussed. In [17], the
authors have demonstrated a wind-diesel microgrid for fuel
efficient zone with BES. However, the BES current is not
controlled due to its direct connection at the DC link.

Moreover, the chances of getting away from fuel efficient zone

is more due to connection of only one RE source. Venkatraman

et al. [18] have presented a wind-solar-diesel microgrid with

BES for certain remote area. However, the optimal operation of

DG has been ignored while developing the source and load

controllers. In any microgrid, the BES plays vital role during

the mismatch of generation and demand. Moreover, it helps in
extraction of maximum power both from wind and solar,
especially when the generation is more than the demand. There
are many maximum power point tracking (MPPT) techniques
discussed in the literature, both for wind and solar to extract
maximum power corresponding to particular wind speed and

insolation, respectively [12], [13], [15], [19], [20].

This work presents a microgrid based on wind turbine
driven DFIG, DG and solar PV array with BES, in order to
minimize the fuel consumption of DG. In this, the DG is
designed to deliver the base load requirement of a particular
household locality. The main contributions of this study are on
the control aspects of the scheme, which are as follows.

e A novel generalized concept is used to compute the
reference DG power output for the DG to remain operating
in optimal fuel consumption mode.

e The load side converter control (LSC) is designed to
control DG along with the power quality issues such as
load unbalance compensation, harmonics compensation and
reactive power compensation.

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

e The BES is connected to the common DC bus of back-back
connected VSCs through a bidirectional buck/boost DC-
DC converter. It aims to provide path for excess stator
power of DFIG. Moreover, a solar PV array is directly
connected at DC bus.

e The bidirectional buck/boost DC-DC converter control is
designed in a way to extract maximum power from the
solar PV array and to control the current through BES.

e A modified perturb and observe (P&0O) MPPT algorithm is
presented to obtain maximum power from a solar PV array.

e This microgrid configuration is implemented with minim-

2

um number of converters, thereby reducing the total system

cost and switching losses.

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

The wind-diesel-solar microgrid with BES, is modelled and
simulated using SimPowerSystems tool box of MATLAB. The
system performance is analyzed for variable wind speeds,
variable insolation, effect on buck boost converter at varying
loads and unbalanced nonlinear load connected at point of
common coupling (PCC). To validate the microgrid operation,
tests are performed on a developed prototype in the laboratory.

Il. CONFIGURATION OF MICROGRID

The schematic configuration of the microgrid is depicted in
Fig. 1. It consists of wind turbine, DFIG, DG, solar PV array,
BES, bidirectional buck/boost DC-DC converter, RSC, LSC,
interfacing inductors, A/Y transformer, linear and nonlinear
loads, circuit breakers (CB; & CBy), DC link capacitor and
ripple filters etc. This microgrid is designed to deliver a peak
load of 7.5 kW for a particular locality. The wind turbine
generator and solar PV array, are designed to deliver a power
of 7.5 kW each. In this scheme, the solar PV array is directly
connected to DC link, whereas BES is connected through
bidirectional buck/boost DC-DC converter. The DG is
comprising of a synchronous generator of 4 pole, internal
combustion engine of 4 stroke reciprocating type along with
automatic voltage regulator (AVR). A 7.5 kVA DG is selected
in line with rated capacity of the wind turbine generator. The
design of a wind turbine generator, solar PV array, DG, BES
and other components, is carried out based on the literature
reported in [12], [15], [17]. Moreover, the design parameters of
microgrid, are given in Appendices.
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Fig. 1. DFIG based microgrid.
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I11. CONTROL ALGORITHMS 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.
A. Control Algorithm for RSC

The control algorithm of RSC, is depicted in Fig. 2. The
RSC is used to supply the reactive power requirement of DFIG
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Fig. 2. RSC control algorithm.

and also to regulate the speed for achieving MPPT from the
wind turbine. The field oriented vector control (FOVC) is used
for RSC to generate the switching pulses, as shown in Fig. 2. In
FOVC, direct axis and quadrature axis components of rotor
currents (Iar, 1"qr) represent reactive and active components,
respectively. The 1"y is corresponding to no load magnetizing
current (Imso) of DFIG, which is computed as [21],

Y20 ®
3Xn

where X, denotes the magnetizing reactance of the machine
and V. is the line voltage at the machine terminals.

The Iy is estimated by passing the speed error through
proportional and integral (PI) controller as depicted in Fig. 2
and it is derived as,

I;r(k) = I;r(k—l) + pr (werr(k) _a)err(k—l)) + Kimwerr(k) )
where K, and K, represent proportional and integral constants
of Pl speed controller, respectively. The werg and werr(-)
denote speed error at kth and (k-1)th instants, respectively.

The wenr(, is obtained as,

Derr ) = a)*r(k) — W) @)
where " and wrg 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 [19] as,

o, =nAV, Ir 4)
where Vy, 47, 7 and r represent wind speed, optimal tip speed
ratio, gear ratio and radius of wind turbine, respectively.

The rotor transformation angle (6+r) is computed as,

6, = [95 —%j—(%)er 5)

where s is obtained from phase locked loop and 6 is

computed from the sensed rotor speed as,
t

0, = [ ()it (6)
0

Finally, reference rotor currents (i*ra, i" and i) are derived

from 1" and 1"y using an angle of transformation 6rg, as

depicted in Fig. 2. These reference currents along with sensed

rotor currents (ira, i and ir), are applied to pulse width

modulation (PWM) controller to produce RSC gating signals.

B. Control Algorithm for LSC
The LSC control algorithm is depicted in Fig. 3. The LSC

|m50 =

is controlled to achieve the following objectives.

e It maintains the DG and DFIG stator currents sinusoidal
and balanced.

e It regulates the DG power within the range of Ppmin t0
Ppomax to achieve optimal fuel consumption. Where Pppmin
and Ppmax refer to minimum and maximum DG power
output in pu for optimal fuel consumption.

A modified indirect vector control based on voltage
oriented reference frame, is used to generate the reference
currents as shown in Fig. 3. In this, both DG and DFIG stator
currents are added and controlled to extract maximum power
from the DFIG and to regulate the DG power within the range
for optimal fuel consumption. The d-axis component of LSC
is obtained as,

I*dg =1, +1, @)

where 1"44, I"aw denote the d-component current of DG and

DFIG, respectively. It is noted that the saturation block is

placed before the 1"s component to operate the DG in optimal

fuel efficient zone at change in load, as depicted in Fig. 3.

In this work, a generalized concept is used to calculate the DG

power based on state of the BES. The reference DG power in

pu (P*p) is computed as,

P|; = Pomin + klﬂ (8)

Here the value of $ varies from 0 to 1. The minimum value of

f is achieved when BES is charged to maximum voltage

(Vomax) Whereas f takes maximum value when BES voltage

falls to its minimum value (Vomin). The g is of the form as,
Vo — Ve

p= maliz 9)

In (8) and (9), ki and ko represent constant parameters. The
value of k; is selected such that P*p attains its maximum limit
of optimal fuel consumption as g tends to unity. Moreover, the
value of ks is selected such that the g attains unity at Vimin. In
this work, the chosen values of Ppmin, Ppomax, Vomax, Vbmin, K1
and k2 are mentioned in Appendices.

From (8), the 1”4 is computed as,

. P xV.
I :(\/%)X[ > vV ADGJ
L
where V. and VApg represent line voltage at PCC and VA

rating of DG, which is chosen as a base value.
The I"4w is computed as,

(10)
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Fig. 3. LSC control algorithm.
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. L

lyw = (L—:’j Iy (11)
The DG currents (iga, igb and igc) are transformed to g and I
using angle of transformation (6s), which is obtained from
PLL as shown in Fig. 3. The g-axis component of LSC current
(I"qg) is numerically same as lq of DG. The 1"y and 1" are
multiplied with in-phase and quadrature unit templates,
respectively and then added together to generate current
references (i"ga, i"go and i"yc). The unit templates are obtained
from phase voltages (va, v and v¢), as shown in Fig. 3. Unit
templates of in-phase components are obtained as,

v v, v
Uzp :V_a’ub =-.u :_C}
where, Vi, denotes the peak of phase voltage at PCC, which is
computed as,

V. ={2(v +VvZ+Vv2) I3} (13)
The unit templates of quadrature components, are obtained
from in-phase components as,

\/§uap Upp — Ug,

o3 B2 23
_ “/guap +ubp_u09

u
cq 2 2\/5
Finally, the generated reference currents and sensed currents

(iga, igp and igc) are applied to PWM controller to produce
pulses for LSC, as depicted in Fig. 3.

C. Solar PV Array MPPT Algorithm and Bidirectional

Buck/Boost DC-DC Converter Control

The bidirectional buck or bidirectional boost DC-DC
converter is used to regulate the DC link voltage by
controlling power flow through the BES. By doing so, the
solar MPPT is achieved. In this, a modified perturb and
observe (P&O) algorithm is used, which consists of sampling
pulse generation (X) and subsequently estimation of reference
DC link voltage (V') as depicted in Figs. 4-5, respectively.
Fig. 4 illustrates various steps involved in the generation of
sampling pulse “X’. Here, the sampling pulse is a name

(12)

u
(14)

Fig. 4. Sampling pulse generation.
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Fig. 5. MPPT algorithm of solar PV array.

given to variable ‘X’. It varies between digital bits 0 and 1. In
Fig. 4, the first step is to get the information of DC link
voltage or solar PV voltage (Vac) and solar PV current (lp,) at
kth instant and computation of instantaneous solar power. The
second step is the determination of running average solar
power (Pso1), which performs the same function as filtering. In
case the absolute difference between the running averaged
power (Pso) and previously sampled power (P’s) is less than
20 W combined with minimum time delay of 0.25 s from
previous sampling, the control senses that steady state has
arrived. On sensing the steady state, the output of the
sampling pulse ‘X’ becomes ‘1°. The sampling pulse decides
the instant of incremental change in reference DC link voltage
(V'4c) or solar PV MPPT voltage. The value of V*4 is updated
only if sampling pulse becomes ‘1’. This is clearly evident
from Fig. 5 that depicts the modified P&O MPPT algorithm.
Once X becomes ‘1°, the MPPT algorithm checks for Psoig >
Psaik-). IT it is yes, then it again checks for Ve > Vack-2). IT it
is also yes, then, the new reference DC link voltage becomes
V'4e = Viaey+ AVae. Where AVy. denotes the small incremental
change in DC link voltage. The other scenarios are evident
from the Fig. 5.

The bidirectional buck/boost DC-DC converter control, is
demonstrated in Fig. 6. The outer proportional-integral (PI)
controller of the bidirectional buck or bidirectional DC-DC
boost converter control, is used to regulate the DC link
voltage. Moreover, the output of the outer Pl controller is
reference battery current (I"y), as depicted in Fig. 6. The inner
Pl controller is used to track the reference battery current.
Moreover, the output of the inner PI controller is the duty ratio
(R) of the bidirectional buck/boost DC-DC converter. From
Fig. 6, the reference battery current (1",) is obtained as,

I;(k) = Il:(k—l) + Kpb (Vde(k) _Vde(k—l))+ Kibvde(k) (15)
Where, error of the DC link voltage at kth instant is
Vaeso =Vt ~Vaory - Here Vaegg and Ve represent the

reference DC link voltage and sensed DC link voltage at kth
instant, respectively. Ky, and Ki, denote the proportional and

Vic|Solar PV R

| MPPT: PWM S
—p Modified generator | : gl
lw[_P&O Sg2

Fig. 6. Control of bidirectional buck or bidirectional boost converter.
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integral constants of the outer PI controller.
Besides, the duty ratio (R) of the bidirectional DC-DC
converter, is computed as,

R(k) = R(k—l) + Kpr (Ibe(k) - Ibe(k—l)) + Kir Ibe(k)

Where, error of the battery current at kth
| = I;(k) =l -
battery current and sensed battery current at kth instant,
respectively.

The obtained duty ratio (R) is applied to PWM generator to
produce pulses for the switches of the bidirectional buck or
bidirectional boost converter.

(16)
instant is

be(k) Here 1" and lpgy represent the reference

IV. SIMULATION RESULTS

The microgrid based on wind turbine driven DFIG, DG and
solar PV array with BES, is simulated using MATLAB.
Various signals used to analyze the system performance, are
rms value of phase voltage (V), system frequency (f.), DFIG
rotor speed (wr), DG power (Pp), wind power from stator (Py),
solar PV power (Pso), load power (P.), LSC power (Prsc), DC
link voltage (Vqc), battery current (lp), battery voltage (Vy),
wind speed (Vw), insolation (G), rotor power coefficient (Cp),
a-phase stator current (isa), rotor currents (iranc), a-phase DG
current (iga), a-phase PCC voltage (vira), stator currents (isanc),
DG currents (idganc), load currents (iLa, io and icc), neutral
current (iLn) and LSC currents (icanc). The parameters used for
the simulation are mentioned in Appendices.

A. Performance of Bidirectional Buck/Boost
Converter at Change in Load

The performance of bidirectional buck or bidirectional
boost DC-DC converter at change in the load, is depicted in
Figs. 7 (a-b). The wind speed and insolation are kept at 7 m/s
and 700 W/m?, respectively. Initially a 3-phase balanced load
of 2.5 kW is connected at PCC. The DG is delivering 4.84 kW
(shown in Fig. 7 (b)), which corresponds to the battery bank
voltage of 125 V. Moreover, the DFIG and solar PV array
powers are 2.013 kW and 4.122 kW, respectively as depicted
in Fig. 7 (b). Since the total generation is more than the local
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Fig. 7. (a-b) Performance of bidirectional buck/boost converter at change in
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demand, the remaining power goes to BES through a
bidirectional buck/boost DC-DC converter as shown in Fig. 7
(). At t = 3 s, an additional load of 2 kW is connected and
again it is disconnected at t = 5.5 s. During this period, it is
observed that the power generation from all sources, remains
unchanged and the increased load power is met by the BES
through LSC. There is a minor sag and swell of DC link
voltage, however, the solar MPPT is unaffected as seen from
Psoi waveform. Moreover, the system voltage and frequency
are maintained constant, as depicted in Fig. 7 (b).

B. System Performance at Variable Wind Speeds

The performance of the system at variable wind speeds are
depicted in Figs. 8 (a-c). In this, a 3-phase load of 4 kW is
connected at PCC and the insolation is kept at 700 W/m?. The
DG delivers power of 5.67 kW based on the state of the BES,
as depicted in Fig. 8 (b). The pattern of wind speed variation
is depicted in Fig. 8 (a). It is observed that the controller
regulates the DFIG rotor speed as per wind MPPT algorithm,
as depicted in Fig. 8 (a). Moreover, it is observed that the DC
link voltage is regulated. The system dynamic response during
the transition of DFIG speed from supersynchronous to
subsynchronous speed region, is depicted in Fig. 8 (c). It is
observed that wind MPPT is obtained during the variation of
wind speed. Moreover, the frequency rotor currents, is
changed according to the speed of operation of DFIG.

C. System Performance at Variable Insolation

The performance of the system at varying solar radiation, is
depicted in Figs. 9 (a-b). In this, the wind speed is kept
constant at 7 m/s. Moreover, the DG delivers 4.2 kW power
based on the battery voltage, as depicted in Fig. 9 (b). In this, a
3-phase linear balanced load of nearly 4 kW is connected at
PCC. The insolation of solar PV array is varied from 700 W/m?
to 800 W/m? at t = 3 s and again it is reduced to 600 W/m? at t
= 55 s, as depicted in Fig. 9 (a). The DC link voltage is
regulated by the bidirectional DC-DC converter control for
achieving the solar MPPT. Moreover, the solar MPPT is
manifested by the Pso waveform, as depicted in Fig. 9 (a).

D. System Performance at Unbalanced Nonlinear Load

The dynamic performance of the system at unbalanced
nonlinear load, is depicted in Fig. 10. Initially, a balanced load
of 6.7 kW is connected at PCC. It includes a linear load of 0.5
kW and remaining be the nonlinear load, connected on each
phase. At t = 2.6 s, a-phase of the load is disconnected and
subsequently phase-b, is also disconnected at t = 2.8 s, as
depicted in Fig. 10. However, both voltages and currents of
DFIG and DG, are maintained balanced and follow the IEEE
519 standard. The LSC helps in unbalance and harmonics
compensation of the connected load at PCC. The LSC currents
and neutral current, are also shown in Fig. 10. Moreover, the
variation of power at unbalanced nonlinear load, is depicted in
Fig. 11. Fig. 11 demonstrates waveforms of Vi, Vac, lb, Psol, Pw,
Pp, PL and Py sc. From these results, it is observed that the DC
link voltage is regulated and moreover, solar PV and wind
MPPT operation is unaffected. The decrease in load power
goes to BES through LSC, which is evident from Iy, P. and
P.sc waveforms. Moreover, V. is maintained at constant value.
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V. HARDWARE IMPLEMENTATION OF A MICROGRID

An experimental prototype is developed in the laboratory
to realize a wind-diesel-solar microgrid. A 3.7 kW wound
rotor induction machine is used as DFIG. The separately
excited DC motor and a buck chopper, are used to emulate the
characteristics of a wind turbine. A V/F controlled induction
motor-generator set is used as a DG. The solar PV simulator
of a 5 kW capacity is used to realize the solar PV array. A
battery bank of 20 numbers of 12 V, 7 Ah, are used to obtain
the required voltage and kWh capacity. A bidirectional
buck/boost DC-DC converter is used for the control of BES
and to extract MPPT from the solar PV array. Moreover, two
IGBT based 3-phase VSCs are used as LSC and RSC. The
digital signal processor (ASPACE-1103) at a sampling time of
30 us is used to implement the RSC and LSC control
algorithms. The picture of the experimental prototype is

depicted in Fig. 12. Moreover, the experimental parameters of
the microgrid are given in Appendices.
A. System Performance at Varying Wind Speeds

The performance of microgrid at varying wind speeds and
at constant insolation, is demonstrated in Figs. 13 (a-f). Fig.
13 (a) depicts waveforms of Vu, wr, ira and iga. When the wind
speed is increased, the rotor speed also increases as per the
MPPT speed reference. In the similar way, the rotor speed
decreases when the wind speed is decreased. The frequency of
rotor current changes with change in wind speed. It is evident
from ir, that its frequency becomes DC exactly at synchronous
speed of DFIG. However, the DG current remains constant as
it depends on state of the battery and it is regulated by LSC.
Fig. 13 (b) depicts waveforms of wy, isa, ira and Ps at varying
wind speed. When the wind speed is increased, the stator
power increases. Moreover, Ps decreases with a decrease in V.
The stator current also increases and decreases, when the Vy is
increased and decreased, respectively. Moreover, the variation
of wr and ira With change in Vy, is apparent from Fig. 13 (b).
Fig. 13 (c) depicts waveforms of ira, Ps, Pp and Prsc. The wind
speed is increased and decreased such that the DFIG speed
changes between subsynchronous speed region to
supersynchronous speed and vice versa. It is clearly evident
from i waveform. Since the load is kept constant, the
increased stator power charges the BES through LSC.
Therefore, the change in Ps due to change in V., is reflected in
Pisc. However, the DG power is regulated and it depends on
state of the BES, in order to minimize the fuel consumption
and to operate the DFIG in fuel efficient zone.

Fig. 13 (d) depicts waveforms of wr, i, fL and V, at
varying wind speeds. The waveforms w, and ira change with
change in V,. However, the system frequency and peak of
phase voltage at PCC, are regulated at 50 Hz and 187.8 V,
respectively. In addition, Fig. 13 (e) illustrates waveforms of
Ps, Psal, Pusc and Pp. As Vy is increased, the stator power
increases. Since the connected load is constant, the excess
power goes to BES through LSC. It is clearly evident from
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PLsc waveform. Moreover, the generated power from solar PV
array and DG, are constant. Fig. 13 (f) demonstrates
waveforms of Vi, ira, Vac and Pp. It is evident from these
results that the DC link voltage is regulated by the
bidirectional buck/boost DC-DC converter.

B. Performance of Microgrid at Load Change

The microgrid performance at sudden change in connected
load is demonstrated in Figs. 14 (a-b). Fig. 14 (a) depicts
waveforms of P, Pisc, Vp and f_ at sudden disconnection and
connection of 3-phase 3 wire load. The load power decreases
and increases with disconnection and connection of the load,
respectively. The decrease/increase in load power
charges/discharges the BES, which is reflected in Pysc.

(AT -

DC motor

Nonlme‘u sm"lc

phase loads
I/ || B
Zoom view of DG

motor-generator set

Encoder ==

-~ A

Solar PV
simulator

Bidirectional buck/boost
converter

& AT
Fig. 12. Picture of the experimental prototype.

Moreover, the frequency and voltage at PCC, are maintained
constant. It is to be noted that the PV insolation and wind
speed are kept constant. In addition, Fig. 14 (b) depicts
waveforms of Vs, iLa, ica and isa at sudden disconnection of 3-
phase nonlinear load at PCC. When the load is disconnected,
the current through LSC (ica) increases, as it flows to BES.
However, voltage and stator current are unaffected and
sinusoidal. Moreover, Fig. 14 (c¢) demonstrates waveforms of
Vsa, iLa, Ica @Nd sy at steady state, when a 3-phase diode bridge
rectifier load is connected at PCC.

C. System Performance at 3-Phase 4 Wire Linear and
Nonlinear Unbalanced Load

A 3-phase 4 wire, linear resistive load is connected at PCC.
The steady state waveforms of three phase PCC voltages (Via,
vip and vi¢) and a-phase load current (i) is depicted in Fig. 15
(a) when the load in phase-a is suddenly disconnected. Fig. 15
(b) depicts the waveforms of vi,, neutral current (i.n), a-phase
LSC current (ica) and a-phase load current (ia) at linear load
unbalancing. Initially, the connected load is balanced between
each phase and neutral terminals and suddenly the load of
phase-a, is disconnected to make the load unbalance. From
Fig. 15 (b), it is noted that the neutral current is nearly zero
when the load is balanced. However, the neutral current
increases when the load is unbalanced. Moreover, the
decreased load current flows to BES through LSC. Therefore,
the LSC current also increases. Similarly, Figs. 15 (c-f)
demonstrate system response when 3-phase 4 wire unbalanced
nonlinear load is connected. From these results, it is evident
that DG’s voltages and currents are maintained balanced and
sinusoidal, which is done effectively by the control of LSC.
D. Performance of Bidirectional Buck/Boost DC-DC

Converter at Change in Solar PV Insolation

Figs. 16 (a-b) depict the waveforms of DC link voltage
(Vae), battery current (ly), solar PV current (l,v) and solar PV
power (Pso) at change in PV insolation. From Fig. 16 (a),
when insolation is increased, the PV current and PV power are
also increased. The increased current charges the BES, which
is evident from I, waveform. The bidirectional buck and
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bidirectional boost operation of the DC-DC converter, is
clearly depicted in Fig. 16 (a). Moreover, the zoom view of
BES charging to discharging transition when PV insolation is
decreased, is demonstrated in Fig. 16 (b). In addition, solar PV
MPPT performance at insolation of 743 W/m? is depicted in
Fig. 16 (c). From Fig. 16 (c), it is apparent that the solar PV
array MPPT is achieved close to 100%.

E. System Steady State Performance

Figs. 17 (a-b) show the steady state voltage and current
waveforms of DFIG stator and DG, respectively. Moreover,
the harmonic spectra of stator current and PCC voltage, are
shown in Figs. 17 (c-d), respectively. From these results, it is
noted that the total harmonic distortions (THDs) of both
currents and voltages, are as per the IEEE 519 standard.
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Fig. 17. System steady state performance (a-b) voltage and current
waveforms of DFIG stator and diesel generator (c-d) harmonic spectra of
DFIG stator current and PCC voltage.

VI. CONCLUSION

The microgrid based on wind turbine driven DFIG, DG and
solar PV array with BES, with minimum number of
converters, has been presented. The solar PV array is directly
connected to DC link of back-back connected VVSCs, whereas
BES is connected through a bidirectional buck/boost DC-DC
converter. The system has been simulated for various
scenarios such as variable wind speeds, variable insolation and
unbalanced nonlinear load connected at PCC. Moreover, the
performance of bidirectional buck/boost DC-DC converter at
change in the load has been investigated. Simulated results

have shown the satisfactory performance of the system to
achieve optimal fuel consumption. The DFIG stator voltages,
currents and DG currents, are found balanced and sinusoidal,
as per the IEEE 519 standard. A prototype has been developed
in the laboratory to validate the steady state and dynamic
performances of the microgrid. Test results have shown quite
good performance under variable wind speeds, linear and
nonlinear unbalanced loads and at variable PV insolation.
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APPENDICES

A. Parameters of Simulation

DFIG: 7.5 kW, 415 V, 4 pole, 50 Hz, Rs=1.06 Q, Lis=81.62
mH, R,=0.8 Q, L,=60.5 mH, Ls=206.5 mH, Inertia =1 kg-m?;
Wind turbine: Turbine rotor length, r=3.04 m, gear ratio
n=11.79, A"=5.67, rotor power coefficient, C,=0.441, rated
wind speed=9 m/s, minimum and maximum rotor speeds of
DFIG, wmin=110 rad/s and wmax=198 rad/s; Transformer: 12.5
kVA, 125/415 (delta/star); Solar PV array: array capacity of
7.5 kW, 240 V, module, Vinp=26.3, Inp= 7.61 A, number of
parallel strings Ny = 4, number of series modules in a string Ns
= 10; Diesel generator: 7.5 kVA, 415 V, 4 pole, K; of
governor=4.15, K, of governor=10, Kn=1, T:=0.031s, fuel
time constants of =0.1 s, 3=0.01 s, ki=0.4, k;=25,
P omin=0.65, P’pmax=1.05; Battery energy storage (BES):
Vionom=132 V, Vomax=144 V, Vpmin=119 V, 15.75 kWh, 1500
AH; value of boost inductor=2 mH; C4:=10000 pF.

B. Experimental Parameters

DFIG: Make- McFEC Ltd, stator windings connection-Y, 4
pole, 50 Hz, 400 V, 3.7 kW, Inertia=0.1878 kg-m?, L;;=6.832
mH, Ls=6.832 mH, L»=219 mH, R=1.708 Q, R«=1.32 Q; DC
motor of 230 V, 5 kW, Rr=220 Q,Ra =13 Q, Li=75H, L4
=7.2 mH, K4=1.3314; Diesel generator (Induction machine):
230 V, 3.7 kW, 50 Hz, Lis=2.01 mH, R=0.3939 Q, L,=2.5
mH, R=0.4791 Q, J=0.0011 kg-m? Ln=35.4 mH, A/Y
transformer of 230/400, 10 kVA; solar PV array capacity of 5
kW, 240 V, 3 A; BES: 20 units, 12 V, 7 AH; Interfacing
inductor=1.2 mH, Ripple filter of 5 Q, 10 pF.
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