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Abstract-This paper presents an energy efficient
autonomous grid synchronized photovoltaic (PV) array-
battery energy storage (BES) based microgrid with power
quality improving capabilities under weak grid conditions.
The microgrid is developed to supply consumer loads even
at disappearance of the weak grid. The BES is not only
beneficial on daily energy saving but it is also sized to
furnish smoothening facilities to the PV-BES microgrid. A
pseudo-linear synchronization scheme is used, which is
based on extraction of fundamental positive sequence
components from the polluted grid voltages. The islanded
controller furnishes reliability by maintaining the voltage
and frequency and continuous power to the consumer load.
The multi-variance generalized adaptive controller is
proposed to control the microgrid and to improve the power
quality aspects. The effectiveness of microgrid is
demonstrated experimentally with estimation of phase and
frequency at grid synchronization and de- synchronization
with polluted grid conditions.

Index Terms- PV array, BES, utility synchronization, power
quality and microgrid.

L. INTRODUCTION
Recently, microgrids based on the renewable energy and
storage have received wide attentions because of their
autonomous operation, increased efficiency, ease of control and
compactness [1]. However, energy management scheme is the
key challenge for an autonomous operation of a microgrid. A
residential microgrid with optimal energy management scheme
with vehicle to grid facility, is proposed in [2]. A hybrid
microgrid with the power management scheme, is presented in
[3], which has also discussed the issue of independent power
sharing. A microgrid works in either grid tied mode or
standalone mode based on the accessibility of the grid. Aviles
et.al [4] have presented a utility interfaced microgrid with fuzzy
logic control including the renewable energy sources and
storage for residential electrification. However, for interaction
of these microgrids to the main utility grid, the estimations of
fundamental grid voltage, phase angle and frequency, play a
significant role under grid voltage perturbation, harmonics
pollution and voltages unbalancing [5]-[6]. The phase locked
loops (PLLs) are the extensively trusted schemes for
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synchronization of power converters to the main utility grid.
However, the accuracy and response of conventional PLL, are
deteriorated at polluted grid conditions [7]. Therefore, grid
synchronization and de-synchronization are important
challenges, which have also been found in [8]. A new adaptive
notch filtering technique for grid synchronization, is reported in
[9]. The proposed technique is robust and PLL is not required
for synchronization. Few attempts of islanding detection and
grid synchronization for the grid connected converter have been
found in [10]-[11]. In [10], the authors have developed a unit
templates based synchronizing technique to connect the voltage
source converter (VSC) to the main grid. However, the reported
system has not the capability to operate at failure of utility. In
[11], the reported system has worked well in both the modes of
operation. Moreover, criteria and identical standard for sharing
of energy of distributed resources to the main distribution grid,
have been found in [12]. The power requirement in rural areas
in night time, is slightly low as compared to evening and
morning peaks. Therefore, at disappearance of PV source and
distribution grid, the battery can take care of loads at night.
Therefore, microgrid with PV generation and a storage,
furnishes the opportunity to feed a small consumer load for long
hours overnight utilizing a BES bank and, as per the capacity of
PV array, to envelop partly or fully the early day and mid-day
load. In this paper, the BES is utilized as a backup to supply
nonlinear loads at insufficient PV irradiance or complete outage
of PV source and utility. Therefore, no external power is
utilized to charge the BES bank. The import/export of battery
storage power is controlled through the buck-boost converter
[13].

In present days, power electronics loads have become the major
concern of power quality disturbances in the distribution grid.
The harmonics produced by nonlinear loads, cause mal-
operation of relay, overheating of magnetic core and
disturbances in the communication network. In [14], a
comprehensive research is carried out to identify the causes and
to provide the cost effective retrofit solution for enhancement
of power quality. In [15]-[17], various control strategies for
harmonics mitigation are discussed with the control of PV
system and hybrid PV-BES-utility system. The proposed
topologies provide filtering activity like power factor
improvement, load balancing, and harmonics mitigation and
when PV array output is not available (during the night hours,
cloudy and rainy season) than it works as a distribution static
compensator (DSTATCOM) and provides filtering activity
alone. In this way, the VSC can be utilized more efficiently and
economically. Moreover, the IEEE-519 standard defines the
power quality and limits of total harmonics distortion (THD)
[18]. The motivation of this work, is to design and develop a
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multi-variance generalized adaptive (MVGA) controlled [19]
PV-BES based three phase microgrid in order to feed the three
phase loads with multimode operation at weak grid condition.
In grid connected operation, a reliable synchronizing algorithm
is needed for various industrial applications. Now a days,
unbalanced nonlinear loads are increasing at point of common
coupling (PCC), which make the synchronization process more
challenging. In addition, a minimum variance adaptive filter is
presented to control the three phase microgrid in grid tied mode
to synchronize VSC to the utility. However, in islanded control
mode, the phase, frequency and amplitude of load voltages are
supervised by voltage control. The contribution of the proposed
microgrid system is given as follows.

e The major contribution is demonstrated to supply
uninterrupted power to the critical loads in grid tied and
islanding modes. The microgrid is still operated even at
disappearance of the grid only the algorithm is changed from
MVGA control to voltage control. Hence, it enhances the
operation adaptability of PV-BES microgrid.

¢ The MNRE (Ministry of New and Renewable Energy) has
taken several steps for abutment of diesel generator (DG) set
because it is very dangerous for human health. Therefore, to
avoid the DG set, an energy storage is required to avoid the
outage of electricity. The PV array with a battery and grid
synchronization/de- synchronization is a good solution for a
residential area.

® A mode transition is implemented using the information of
utility voltage, phase and frequency. The proposed
synchronization control enables smooth change of control
scenarios from utility integrated to standalone and re-
synchronization without experiencing any spikes across load
and to protect dedicated loads from severe faults.

e The microgrid operates even at variation of phase and
frequency as per prescribed value at de-synchronization of
the grid, reconnection and polluted grid conditions. The
estimation of phase and frequency through PLL, experiences
substantial variation at de-synchronization and re-
synchronization. However, the use of pseudo-linear -
enhanced phase locked loop (PL-EPLL) rectifies the
drawbacks of conventional PLL. The evaluation of utility
variation in phase and frequency PLL, experiences wide
frequency and phase changes at fault in the grid. As
frequency and synchronizing signals, are evaluated within a
single loop [20].

e Using bidirectional static transfer switches (STS) for
synchronization and de-synchronization, the reliability of the
system is improved. Moreover, there is no need of bulky
magnetic circuits/transformers for stepping up BES voltage.

II.  MICROGRID CONFIGURATION AND CONTROL
APPROACHES

The microgrid with a PV array, BES and distribution network,
is shown in Fig. 1. Under the faulty condition, the voltage falls
rapidly below a particular value. Therefore, the microgrid is
isolated from the distribution network and islanding process
takes place. Apart from the injection of active power to the main
grid, a compensator provides the functionalities of improved
power quality. The problem of oscillations, is resolved by
integrating the battery due to the intermittery nature of PV

array. For DC-AC conversion, a MVGA controlled converter
with AC inductor, is selected. Moreover, the sharing of active
and reactive powers by each component, is included in Table-I.
The control techniques applied to microgrid with PV array and
a storage, include current control and islanded control as
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Fig. 1 Microgrid configuration

TABLE-I
Type of Components Sharing of | Sharing  of
Operating Active Reactive
modes Energy Energy
Qrid ) PV Array Active -
interactive
and Battery Energy Active -
standalone Storage (BES)
modes Voltage source Active Reactive
converter (VSC)
Utility grid Active Reactive

shown in Fig. 2. Under sudden restoration of utility, the multi-

variance generalized adaptive (MVGA) based current
controller is responsible for the active power injection and
compensation of nonlinear load tied at PCC. At outage of
utility, the voltage controller is activated and the microgrid
feeds the power to the load and the battery (according to SOC
%). If the PV array generation is larger than the load demand
and the battery SOC is maintained then the microgrid operates
in off-MPPT mode. Here, the detailed description of current
controller and mode transfer control, is presented here.

A. Multi-Variance Generalized Adaptive (MVGA) Controller
The principle of extraction of active weight component (W,14)
of load currents, is based on variance rate and feed-forward
concept, which is shown in Fig. 2. The proposed adaptive
current controller mitigates the uncertainties, and
accommodates the noise and disturbances recover the loop by
feedback of the extracted component of load current. Moreover,
the extracted component using adaptive controller, reaches
desired value when the load currents are unspecified and/or
varying in time. Here, the utility currents include four dominant
parts: equivalent weight power of the load, losses of PV-BES
microgrid, contribution of BES and PV array contribution.

1)  Estimation of Unit Templates and Amplitude Peak Voltage
The PCC sensed line voltages (vsw, Vac) are used to get
instantaneous phase voltage for three phases as,

—V,, tV -V, =2V

— zvsab +V5bc — sbe LV = sab sbe (1)

vsa 3 ’ vsb 3 sc 3
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The peak of PCC voltage is calculated as, Wi = (W W, +W, )/3 )
PLA =\ Wpa T Wp pe

V=132 92 +02) )

The in-phase unit vectors are computed using PCC voltages,
which are given as,

v V.

U, = ‘;“ s Uy, z“/—"’, u, zﬁ 3)
2)  Fundamental Weight Extraction of Load Currents

The MVGA based adaptive current controller is used to extract
fundamental components of load currents. This algorithm
enhances the speed of extraction of weights maintaining proper
accuracy. The weight of the fundamental active component of
load current of phase ‘a’ (iL.) is calculated as,
W, (k+1)=W,  (k)+24,,(ku, (k)xe, (k)

+6,, AW, (k)-W, (k-1)

pa pa

“

—ale(k)**e(k-1)
e (k) =n{1—e ) ®
Where a, n, & are the gains of adaptive controller, which
controls the steady state and transient response of current
controller and ey, is the exponential factor for the controller.
The error between the estimated fundamental and input load
current, is computed as,

€,,(k) =iy, (k) —u,, (k)*W,, (k) Q)

where, Uy, ira and W), are the in-phase unit template of phase
‘a’, load current of phase ‘a’ and weight of active reference
component.

Similarly, the weights for fundamental active components of
load currents of phase ‘b’ (iLp) and ‘c’ (irc) are estimated as,
W, (k+1) =W, (k)+24,(ku,, (k)xe,, (k)

+6,,iW,,(k)-W,, (k-1)
W (k+1)=W (k)+24, (ku,(k)xe, (k)

pc pc pc pc (8)
+8, W, (k)=W, (k=1)

(N

The load unbalancing is supervised by estimated average active
weight, which is evaluated as [21],

3)  Estimation of PV Feed-Forward and BES Contributions

The estimated PV power is considered identical to utility power
by assuming lossless PV inverter. Hence, the injection of
generated PV power to the grid, is mathematically computed as,
W,y =2P,, [(3xV, ) (10)

Here, the voltage and current PI controllers are used to regulate
the DC link voltage (Vq4) and battery reference current (Ip*).
The DC link voltage across the capacitor, is sensed and the error
between Vg and Vg * is estimated as,

Vicerr=Vae*Vac (11)
The estimated error is fed to the voltage PI controller to get the
battery reference current (I*) as,
I,*(n+D)=1,*(n)+k,{V,,, (n+D)-V,,  (n)}

+kV,,, (n+1)

Where k;, and ki, are proportional and integral gains of the PI
controller.

This I* is compared with the sensed battery current (Iy) and the
error is given to the PI current controller to estimate the duty
ratio for the bidirectional converter as,

D(n+1)=D(n)+k,{1,, (n+1)-1,,(n)}
+k,1,, (n+1)

berr
The MVGA based algorithm is also responsible to manage the
charging/discharging of the battery bank. If the SOC is less than
90% then the battery is charged generally when the unit cost of
the energy is low. Moreover, the battery is discharged and there
is drop in the DC link voltage as PV array and the grid,
disappear. Hence, the component of the BES is computed as,

W= {(2v,1,)/ V)] (14)

Where V, and I, are BES voltage and current. Under the
unavailability of the utility grid, the three-phase microgrid is
switched to the islanded mode seamlessly and the battery is
controlled depending upon the PV generation and load demand.

12)

(13)
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4)  Reference Grid Currents Generation

For computation of net active component (W), the average
component is subtracted from the PVFF and BES contribution.
Mathematically, it is formulated as,

Wer = WpLA - W;nf -w, (15)
The reference grid currents are found as,

Pk ¥ Pk ¥ Pk ¥

Ly _VVpD upa’ Ly _W/pll upb’ L _VVpD upc (16)

5)  Generation of Gating Pulses for VSC

To generate gating pulses for VSC, current error signals are
estimated from the variation between reference grid currents
(isa*, isp™, isc™) and sensed grid currents (i, i, isc). The derived
error is utilized to originate the gating sequences of VSC.

B. State Space Based Mode Transition Approach

The state space based mode transition approach comprises of
an islanding detection unit to detect the outage of utility
network monitoring the grid voltage, frequency and angle
variation between the grid and load voltage, which is shown in
Fig. 3. The state space mode transition approach based
islanding detection unit sends a switch over signal (‘0” or ‘1)
to the STS. The PV-BES microgrid switches from current
control to voltage control mode at variation in the grid voltage,
phase angle and frequency, which are larger than £10 % V, >3°
and + 0.5Hz. The concept of state space based mode transition
approach is based on the number of states and the response to
transfer from one state to the other state. The mathematical
model of state of mode transitions, is given as,

State space model = (I, O, S, Si, T, F) (17)
where I and O are a set of input and output states; S is a set of
finite states; Si is the initial state of the system; T represents the
transition function and F is the output function. Thus, based on
these conditions, the VSC is transferred from one mode to
another based on conditions. Here, the PL-EPLL structure [22],
is used to synchronize the PV-BES microgrid to the utility as
presented in Fig. 4. The estimated phase angles (O, OL),
frequency and amplitude of grid voltages from PL-EPLL
structure, are monitored by the state space model and
accordingly the grid fault is detected. The error between
estimated phase angles (O, OL) are passed through the sine
function to reduce the phase angle error between them. If grid
parameters are not in prescribed limits then the grid fault is
considered and the control is shifted from the current control to
the voltage control. Simultaneously, state space based mode
transition approach sends ‘0’ it, the STS and microgrid are
switched to the standalone mode. A vice-versa procedure is
observed after clearing of fault and recovery of the grid. Hence,
state space based technique determines the operating modes as
per the given signals and delivers the output to the STS.

C. Detection of Fundamental Positive Sequence Voltages at
Polluted Grid Conditions
The three phase grid voltages are converted to of reference
frame by utilizing the Clark transformation then given to the
PL-EPLL control for estimation of harmonics free fundamental
positive sequence components for the synchronization as shown
in Fig. 5. The three phase polluted voltages are transformed into
symmetrical coordinates by using the Fortescue’s theorem [23].
Here, the microgrid is synchronized using the fundamental

positive sequence voltages. The harmonic components in the
grid voltages are mitigated using PL-EPLL based control.
Moreover, a PL-EPLL algorithm [21] is also used for
evaluation of grid voltage angle (6s), load voltage angle (6.) and
grid and load voltages frequencies. The attributes of PLL and
EPLL, depend on amplitude of input signal. If the input grid
voltage is polluted, the PLL does not estimate the fundamental
frequency and phase signals precisely, which is main limitation
of PLL block. By utilizing pseudo-linear EPLL algorithm

Grid voltage load voltage
(Vs) (VI )

PL-EPLL
oL
Ji

Estimation
e LPL-EPLL

Js
]

A’ A’
Monitoring of V4, rate of change in frequency and 6.,,

oerr=3"_0.90 pu>V, >1.1pu
Af>+ 0.5Hz=
Grid tied mode, STS= *1 Islanded mode STS= 0

VSC shifted to current VSC shifted to voltage
control mode

Open STS and
send 0’
Islanded mode

Grid fault
detection

Yes

Fig.4 Structure of PL-EPLL based control

Y abc Ta» V,; " (IBO Vsabe T
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Estimation of ¢!
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A

Fig.5 Estimation of positive sequence component using PL-EPLL control
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the drawback of PLL is avoided. Here, PL-EPLL algorithm also
works as an adaptive filtering, therefore, the steady state error
remains zero in frequency as well as in phase angle estimated
through the PL-EPLL algorithm. Mathematically, the grid
voltage components Vg, Vi, Vs3, Vs and vgs from the PL-EPLL
structure, are expressed as,

vsal = vxa _vfm (18)
Vv, =G *(v, —v,, )Sin6 (19)
,=[v,G, sin6do 20)

Where O is evaluated phase angle error. The vy is updated to
make control operation tolerable, if the grid voltage is polluted
and varying in nature. Such attributes are crucial where the
input signal is not in the limit. Therefore, following equation
presents the limit of input signal as,

Sign( v, )
Vo =7 1.,
vs3 + :U (21)
Sign(v )
- +ﬂ 53 s3
Vs4 =
0 otherwise
(22)

Where sign (vs3) constitutes a block, which estimate the sign of
the input function of extracted grid voltage component (vs3), u
is the small positive number and v,3™" and v;"* are minimum
and maximum limits of grid voltage.

III. RESULTS AND DISCUSSION
The prototype of a microgrid consisting of PV array generation
based renewable energy source with a battery energy storage
and its control, is built and operated in grid tied and islanded
mode based on the accessibility of the distribution grid. The
insulated gate bipolar transistors (IGBTs) of Semikron
(SKM200GB12V) make are utilized for DC/AC and DC/DC
conversions. The MATLAB/Simulink models of control
techniques are interfaced to the controller. The sensed
quantities are given to the analog to digital (ADC) conversion
set and digital I/O channels are used to get the pulse width

modulation (PWM) pulses of VSC. The parameters used in test,
are illustrated in Appendix. The experimental rig developed in
the laboratory along with the DSP (dSPACE-1103),
programmable power supply for realizing the PV array, is
demonstrated in Fig. 6.

A.  Assessment of Traditional PLL and PL-EPLL at Utility

Synchronization With Polluted Grid Conditions

Fig. 7 shows the distorted grid voltages, nonlinear load currents
and respective percentage of harmonics in grid voltages and
load current at adverse grid conditions. The PL-EPLL control
is configured to estimate the fundamental component of grid
voltages. However, using the PL-EPLL based robust control,
irrelevant harmonics components are mitigated and
fundamental components are extracted. Fig. 8 shows the
comparative assessment of conventional and proposed
controller under sudden grid recovery scenarios. The polluted
grid voltage (vsq), the extracted fundamental voltage through the
PL-EPLL (vy,) and grid voltage angles using PLL and PL-EPLL
(Opr1, Opr-eprr) at sudden availability and unavailability of the
utility grid, are explained through Figs. 8 (a)-(b). The extracted
voltage is nearly sinusoidal with good dynamic response at
appearance and disappearance of the utility grid, which show
the magnificent filtering capability of proposed control. The
variation in grid voltage angle estimated through PLL, is clearly
visible, which introduces the chattering effect and deteriorates
the synchronization process. However, the grid voltage angle
estimated through PL-EPLL control is smooth and error free
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Moreover, at outage of utility, there is no change in grid voltage
angle estimated with conventional PLL and PL-EPLL control.
Figs. 8 (c)-(d) present the evaluated phase angles, phase angle
errors and variation in frequencies by using conventional PLL
and PL-EPLL controls at sudden appearance of the polluted
grid. It is observed that the difference in angles determined
using PLL, is substantial. However, PL-EPLL is accurate
enough to provide less difference between the load and grid
voltage angles at sudden appearance of the grid. The
frequencies are also estimated through PLL and proposed
control. The frequency tracking capability of proposed control,
is fast enough and there is no variation in the frequency
extracted using the PL-EPLL control. However, there is around
2 Hz frequency variation evaluated through the PLL and takes
five to six cycles to reach the steady state at recovery of the
utility grid.

B.  Assessment of Proposed Current Controller as Compared
to Traditional Algorithm

Fig. 9 shows the assessment of proposed and traditional current
controllers. Here, response is compared for these controllers
experimentally in order to demonstrate the steady state and
dynamic accuracy. It is observed that the dynamic response of
proposed current controller is good, which is shown in Fig. 9.
Moreover, the overshoot and undershoot of the DC link voltage,
are influenced by the sudden connection and disconnection of
the load. Therefore, for this application the dynamic response
of the controller must be good to avoid the overshoot and under
shoot in the DC link voltage.

C. Synchronization of Microgrid to the Main Utility

Figs.10 (a)-(b) show the synchronization performance of the
microgrid at sudden grid availability. The response is validated
through the grid voltage (vs), load voltages (vi), grid and load
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Fig. 9 Steady state and dynamic response of current controllers

currents (i; & ir). Under utility appearance, angle, frequency
and amplitude of v,, v, are observed by state space based mode
transition approach and STS switches to ‘1’ on at appearance of
the grid. However, switching pulses of VSC, are supervised by
MVGA based current controller and feeds excess power to the
distribution network. It is observed that the load current is not
interrupted at sudden appearance of distribution network and
utility current appears as the grid is connected to the microgrid.
The VSC carries only load power before appearance of
distribution grid. The VSC current is increased and has also
furnished load compensation as the utility is connected. Under
appearance of distribution network, the mode of the battery is
transferred to non-operation mode from the charglng mode
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Fig.10 (a)-(b) Synchronization of microgrid with the main utility

D.  De-synchronization of Microgrid with Main Utility

Figs.11 (a)-(b) show the response of microgrid at grid outage
appearance. The response is validated by showing the grid and
load voltages (vsa & Via), grid current (isa) and load current (ira)
as depicted in Fig. 11 (a). The system is shifted to the standalone
mode from the grid connected operating mode, when the grid
voltage reduces from a particular voltage level and the STS
signal is switched to ‘0’ from ‘1’ as the grid voltages are
vanished. In this scenarios, the microgrid must be disconnected
from the main grid. However, the PV array delivers continuous
power to the local load without any interruption as the load
current is steady even in mode transfer. For this purpose, the
microgrid that is developed to provide surplus power to the grid,
is generally required to have autonomous functionality. The
extraction of PV power remains same throughout the process as
the surplus energy is utilized to charge the BES bank in islanded
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operation as shown in Fig. 11 (b). As the microgrid is switched
to the islanding, the battery starts charging and VSC carries
only power required by loads.

E.  Behaviour of Microgrid at Constant Power Mode

Fig. 12 presents the behavior of microgrid for feeding constant
power at weak grid conditions. The three phase distorted grid
voltages and nonlinear load currents applied in the microgrid
are presented in Fig. 12 (a). However, after compensation, the
three phase voltages (vs) and grid currents (is) are balanced,
sinusoidal and out of phase (as power is being fed to the grid)
as shown in Fig. 12 (b). Fig. 12 (c) shows vy and VSC currents,
which mitigate the harmonics of load currents and hence, the
utility currents are sinusoidal. The harmonics spectra of
distorted utility voltage THD (11.31 %) and load current THD
(22.80 %) before the compensation are shown in Fig. 12(d).
However, after the compensation, in Fig. 12(e), the harmonics
percentage of grid voltage and current, are found below 5%,
which shows the fundamental extraction and harmonic-
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rejection robustness capability of proposed controls. The
supplied power to the grid, is presented in Fig. 12(f). The crest
PV power is fed to the grid at close to unity power factor.

F.  Performance of Microgrid at Interruption
Appearance of PV Generation and Grid
The behavior of system at interruption and recovery of PV
generation, is presented in Figs. 13 (a)-(d).The performance is
validated by exhibiting PV current (7,,), utility current (i),
VSC current (ivsca), DC link voltage (V}), battery current (1),
battery voltage (V,) and grid voltage in Figs. 13 (a)-(b). At
interruption of PV generation, the current from the PV array, is
vanished. However, the distribution network is still connected
so the system works as a DSTATCOM and VSC carries only
harmonics currents and provides power quality compensation.
Moreover, the direction of iy, is changed as now the grid starts
supplying energy to the load. As the utility is available so it
keeps the BES in non-operating zone. Moreover, the behavior
of micorgrid at recovery of PV source, is shown in Figs. 13 (¢)-
(d). After recovery of PV source, VSC carries the active power
extracted from the PV array as well as the harmonics power.
The DC link voltage and grid voltage, are sustained to their
prescribed limit even under failure of PV generation. After
disconnection of PV array in night, the grid may also disappear
in rural areas, hence, Figs. 13 (e)-(f) present the experimental
results of microgrid at the grid failure and restoration. At these
scenarios, the residential microgrid is shifted to islanding and
the VSC is controlled by the voltage control technique. The
BES starts exporting energy to supply critical loads in
interruption of both PV array and the grid. After the recovery
of utility, the load is fed by the grid and the battery reaches the

and

13-

[ Screen || Cursor I Scroll ] _fold N Screen 1| ] Cursor | Scroll ] Hold N Sereen | ] Cursor ] Scroll | fold |

©)

Freq 50.08 Hz 8
Order 1 Frea[llz]

50.081

. Urms[V]
v 232.92
1 232.69 228.74
230.15

Ofvar]
- 0.068k
- 0.062k
- 0.071k
- 0.167k

1 - 0.65%
2 - 0.658k
3 - 0.601k
SUM - 1.870k

0.663k
0.662k
0.655k
1.977

i
- ‘ 14915 A
(it .00 2
R
ol : 0.0000K Wh
0:00:00

Active energy WP+
Elapsed time

50
[ Screen 1 [ ] ] fold |
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compensation (f) surplus PV power injected to the utility
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Fig. 13 (a)-(f) Behavior of microgrid at outage and recovery of PV generation and utility
floating mode. Moreover, under all operating scenarios, IV. CONCLUSIONS
attributes of power quality are always maintained. Experimental response of proposed microgrid has demonstrated

the transient free switching from one mode to other and
harmonics mitigation because of nonlinear load. Under
transitions from grid interactive to islanding and light load to
large load and vice-versa operations, the proposed algorithm
has mitigated the transient and distortion across the critical
loads. The microgrid has also mitigated the power quality issues
because of variety nonlinear loads along with extraction of
maximum power, and ensures the optimum utilization of PV
array and BES. The fundamental goals have been achieved,
namely, accurate estimation of fundamental component,
injection of extracted PV array power to the grid, and
suppression of harmonics. The MVGA based algorithm has
been utilized in utility connected mode. Although, a state space
based transition approach with PL-EPLL control for mode
transitions, has been executed at utility appearance and
disappearance. The microgrid has been tested and verified in
order to show the behavior at various conditions.

APPENDICES

G.  Performance in Standalone Mode

Figs. 14 (a)-(f) show the experimental analysis of load voltages
in standalone mode along with their harmonics spectra. Under
grid connected mode, the magnitude of grid voltage is around
230 V and therefore, magnitude and frequency are maintained
by the grid. However, after outage of utility grid, the load
voltages are also maintained to 230 V by providing the
reference frequency to the control, which is shown in Figs. 14
(a)-(c). Moreover, the harmonics distortion is also less than 5%
as per the IEEE-519 standard. Therefore, it is realized that the
PCC voltage remains same in both the modes of operation
under highly nonlinear load.
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Appendix-1

Experimental data: PV array MPP power =3.5 kW, PV MPP
voltage =350 V, PV MPP current=10 A, Boost inductor=4.5
mH, BES parameters=240 V and 7Ah, bidirectional inductor =
5 mH, =10 kHz, VSC: capacitor (Cq) = 2250 uF, three phase
utility = 230 V, 50 Hz, Grid Impedance: R=0.2 Q, L=5 mH
Interfacing inductors = 5 mH, ripple filter = 6 Q, 12 puF, Voltage
PI regulator=0.2 and 0.01, Current PI regulator =0.1 & 0.001,
T hwnsenvaso il Cisnunaanvaso i) "synrananwass current controller gains a=0.2, n=0.1 and 8 =0.4

BACK RECALL MW [12] [] BACK RECALL MW [15] [] RECALL MW []
(d) (e) ® Appendix-I1
Fig. 14 (a)- (f) Magnitude of load or PCC voltage (Vi,, VipVic) in islanded mode The Comg arisons with Related and Avallabl.e lflterat.ure
along with harmonics analysis 1) In this work, a two stage topology is investigated. In
available literatures, a single stage topology is investigated.
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The advantages of single stage system is that it does not
require the boost converter, therefore, free from the
inductor and switching losses, in which both the functions
(extraction of maximum power and control of battery
charging/discharging) are achieved by the bidirectional
converter. However, selection of IGBT device is according
to the open circuit voltage of PV array as it is larger in case
of single stage system, which is one of major constraint of
the single stage system. Moreover, under sudden change in
the insolation from 1000 W/m?to 200W/m?, there is
significant drop in the DC link voltage, which does not
maintain required performance of PV-BES microgrid.
Therefore, to address above issues in this work, a two stage
topology is selected so that the DC link is decoupled from
the PV array via a boost converter.

2) The method of extraction of fundamental active component
of load current is new. The proposed controller is compared
with the conventional controllers experimentally in order
to demonstrate the steady state and dynamic responses. It
is observed that the dynamic response of current controller
used in this work is good.

3) Here, a dq based voltage controller is used to control the
microgrid in islanded mode. Here, a PI controller is used in
dq components, which are DC quality. However, in [17], a
PI controller is used in AC voltage error (after subtraction
of generated reference sinusoidal load voltage and sensed
sinusoidal load voltage), which may lead to error in
tracking of fundamental load voltage.

4) 1In [6] [9] and [17], the proposed topology and control are
verified experimentally by considering the ideal grid
voltages. However, under grid voltage distortions, it may
lead to wrong synchronization and the system may fail to
operate. In this work, the proposed topology is tested under
ideal as well as in distorted grid voltages conditions by
modifying the control only.

5) In this work, a pseudo-linear -enhanced phase locked loop
(PL-EPLL) is used for estimation of phase and frequency
of grid voltages.
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