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ABSTRACT

The microgrid comprises of distributed energy resources, battery energy storage (BES) and loads.
Microgrid operates in standalone as well as grid connected modes. The integration of microgrid to
the utility grid enhances the reliability and efficiency of system. The continuously increasing
demand of electrical power, fossil fuels diminution and environmental concerns have resulted in
the progression of renewable energy sources (RESs) i.e. hydro, wind and solar etc. Among the
RESs, the solar power generation is clean and inexpensive. In grid integrated solar PV system, one
PV array is used, however, due to the intermittent nature of solar PV power and loads, the off-grid
mode operation is not reliable. At the grid outage/fault and non-accessibility of the solar PV array
power, uninterrupted power is not delivered to the loads. Therefore, BES plays an important role
at grid outage and unavailability of solar PV power and supplies power to the critical loads.

This work aims at the design, control and operation for various configurations of three-phase three-
wire and three-phase four-wire single solar PV array-BES with a bidirectional converter systems
and multiple solar PV arrays-BES based microgrids with synchronization to the grid. In these
configurations above stated issues are addressed and continual power during the grid outage to the
load side is ensured. A single voltage source converter (VSC) is utilized for DC to AC power
conversion in three phase grid connected solar PV- BES with a bidirectional converter systems in
a single stage topology. VSC operates with a current control and voltage control corresponding to
the grid interactive and off-grid modes.

In three phase grid integrated multiple solar PV arrays-BES based microgrids, the DC links of
main and ancillary VSCs are integrated with individual solar PV arrays through an individual
maximum power point tracking (MPPT) technique. VSCs terminals are connected in parallel at the
point of common coupling (PCC), which increases the power rating of microgrid and facilitates
the microgrid expansion to distribute active power to the utility grid. It also improves the reliability
of microgrid in an autonomous mode of operation. Under normal operating condition, the current
control is used in the grid interactive mode for the main VSC, whereas at the grid disturbances, it
operates with the voltage control to maintain the frequency and voltage at the PCC. A quality
voltage is provided to the ancillary VSC, hence the current control is used for its operation. In the
grid interactive mode, the grid maintains the voltage and frequency at the microgrid. Therefore,
both VSCs operate with the current control algorithms.

In order to enhance the power rating of microgrid, resolving grid outage scenario and solve power
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quality (PQ) concerns of the distribution network, numerous configurations of three phase multiple
solar PV arrays-BES based microgrids are classified on the basis of battery connection at the DC
link of the main VVSC i.e. directly or through bidirectional converter, power conversion stages like,
single stage or double stage and three phase supply i.e. three-phase three-wire or three-phase four-
wire systems. In the three-phase grid integrated multiple solar PV arrays-BES based microgrids, a
PV array is integrated in a double stage configuration at main VSC DC link, in which a DC-DC
boost converter is utilized to obtain MPPT voltage in the first stage. Further, in the second stage,
the main VSC is connected to the utility grid. The BES is also integrated directly at main VSC DC
link and manages the load levelling. However, the second PV array is connected in a single stage
configuration. In three phase grid integrated multiple solar PV arrays-BES with a bidirectional
converter based microgrids, PV arrays are directly connected to the DC links of VSCs in a single
stage configuration. The BES is integrated via a bidirectional converter at the main VSC DC link,
which maintains its DC link voltage to the MPPT value and regulates the charging / discharging
current of BES. In three phase grid integrated multiple solar PV arrays-based microgrids, two PV
arrays of different power ratings, are connected to DC links of VVSCs in a single stage topology and
the main VVSC provides active power is to the grid. In both the modes, VSCs regulate the load
demands at their respective terminals. The PV power feed-forward component is utilized for the
enhancement of system’s dynamics and to distribute active power to the grid. The current control
technique utilized in these configurations, improves the PQ issues such as harmonics current
extenuation and power factor correction at the grid or at the grid forming converter. At no solar
PV array power availability, VSC mode changes into the distribution static compensator
(DSTATCOM) mode and the grid supplies the power to the loads. The three-phase four-wire
multiple PV arrays-BES microgrids are utilized for mitigation of neutral current and to perform all
other functions of three-phase three-wire system. These configurations are capable of distributing
power to rooftop residential, industrial and commercial buildings, electric traction, electric
vehicles, rural/remote areas and water pumping. The simulated performances of three-phase grid
integrated single solar PV array-BES systems with a bidirectional converter and multiple solar PV
arrays-BES based microgrids in the MATLAB/Simulink platform for various steady state and
dynamic conditions are validated with experimental results on a developed prototype in the
laboratory and through a real time controller OPAL-RT (OP4510) hardware in loop -test bench in
RT-LAB platform, correspondingly.
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generation in grid connected mode

Fig. 10.19 | (a)-(g) System behaviour at decrease in solar insolation in grid connected mode: (
(h)-(n) Behaviour at increase in solar insolation in grid connected mode

Fig. 10.20 | (a)-(g) Response of system under load increase in grid connected mode (h)-(n)
Response of system at load decrease in grid connected mode

Fig. 10.21 | (a)-(e) System response in off-grid mode at no solar insolation and load increase:
(f)-() System response in off-grid mode at solar power available and load decrease

Fig. 11.1 | system structure

Fig. 11.2 | Main VSC control

Fig. 11.3 | Ancillary VVSC control

Fig. 11.4 | Harmonic pattern of: (a) Load current, (b) Grid current

Fig. 11.5 | Harmonic pattern of load voltage

Fig. 116 | (a)-(b) Microgrid performance during grid connected mode to off-grid mode

Fig. 11.7 (@)-(b) Microgrid performance during off-grid to grid connected mode

Fig. 11.8 | (a)-(b) Response of system at load unbalance

Fig. 11.9 | (a)-(b) Performance at no solar power

Fig. 11.10 | (a)-(b) Behaviour at solar insolation variation

Fig. 11.11 | (a)-(b) Response of system at load change

Fig. 11.12 (a)-(b) System response in off-grid mode at variation in load

Fig. 11.13 | Harmonic spectra of: (a) Load current, (b) Grid current
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Fig. 11.14 | Harmonic pattern of load voltage
Fig. 11.15 (a)-(g) Performance of system for the duration of grid connected to islanded mode
Fig. 11.16 | (a)-(b) Performance of system for the duration of islanded to grid connected mode
Fig. 11.17 | (a)-(f) Response of system at load removal
(9)-(I) Response of system at load insertion
(m) Response of system at load removal and load insertion
Fig. 11.18 | (a)-(g) System performance at transition from peak solar PV power to no PV
power generation
(h)-(n) Performance for variation from no solar PV power to peak solar power
generation in grid connected mode
Fig. 11.19 | (a)-(g) System behaviour at decrease in solar insolation in grid connected mode:
(h)-(n) Behaviour at increase in solar insolation in grid connected mode
Fig. 11.20 | (a)-(f) Response of system under load increase in grid connected mode
(9)-(I) Response of system at load decrease in grid connected mode
(m) Response of system under load increase in grid connected mode
Fig. 11.21 | (a)-(f) System response in off-grid mode under variation in load
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