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This paper presents a photovoltaic (PV) microgrid with battery and super
capacitor hybrid energy storage systems. The proposed microgrid system is
designed for both grid connected and standalone mode with coordinated
control-based energy management system, which controls DC link voltage,
voltage and frequency balance at point of common coupling. DC link voltage
control is implemented using dual loop PI controller-based voltage controller
and inverter control is based on D-Q reference frame technique. The microgrid
system is demonstrated in MATLAB/Simulink. The presentation of the
planned energy supervision system is analyzed for varying generation and
load condition. In the proposed microgrid the battery energy storage system is
utilized to provide long term energy during average power requirement and
supercapacitor energy storage system is utilized to provide short term power
requirements during sudden load variation, generation variation and during
transition of modes. Designed energy management system performs

effectively in grid connected mode, standalone mode with smooth transition
between the modes. And it maintains dc bus voltage of the microgrid constant
irrespective of load and generation variations and also during mode changing
conditions.
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1. INTRODUCTION

The increasing power demand and pollution produced by the conservative energy sources arises the
need for clean energy generation from renewable energy sources [1], [2]. Due to the vast reduction in the
photovoltaic (PV) panel price and installation price along with the improved techniques to boost the PV system
efficiency. PV based power generation is booming [3]. Intermittent and uncontrollable nature of the PV system
along with the need for continuous supply to critical loads poses a requirement for energy storage
devices [4], [5]. Energy storage devices are commonly used to reduce power fluctuation, to provide peak power
shifting, and to supply power during emergency conditions. Depending on the characteristics of the energy
storing devices, these devices are classified into high power and energy density devices. Heigh power density
devices can provide high power for short periods of time, whereas high-energy density devices can provide
energy for long periods of time. Some of the power electronics loads requires high power during the starting
only for short duration of time [6]. Designing the battery for such a high current rating will increase the cost of
the system, and this type of energy requirement creates stress on the battery during the charging process as
well as during discharging cycles. The battery responds slowly to these fast-changing loads causes stability
issues in the microgrid system. Due to these issues, hybrid energy storage system is implemented to decrease
the stress posed on battery and also to improve its life span [7]. In order to overcome difficulties of renewable
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energy sources microgrid is introduced. Microgrid helps in the smooth penetration of intermittent renewable
energy sources to the main grid [8]. Operating the microgrid in both grid connected and standalone mode helps
in achieving economic benefits by selling the electrical energy to utility grid during peak hours and by buying
deficit electrical power during the base load period. Renewable energy sources (RES) improve the reliability
of the DC microgrid, still efficiency may not be significant till proper energy management control methods are
applied to share the energy between RES, energy storage devices and loads [9]. Gui et al. [10]
and Pannala et al. [11] presented diverse power handling methods based on dc link voltage regulation for RES
combined DC microgrid.

Un necessary switching of power sources in Microgrid is overcome by regulating the several
generating power bases and loads concurrently, and supercapacitor is also combined to improve battery life
and to offer smooth mode transition. However, the control strategy proposed for energy management on the
battery, due to SOC restrictions, the battery is not being used to its maximum potential and the diesel generator
is being run consistently at its best efficiency to meet the proposed system's energy requirements. It does
contribute to the carbon emission [12]-[15]. In literature battery and super capacitor-based system are reported
validates the utilization super capacitor improves the battery life and better handling of transient power
requirements [16]-[19].

From the present literature energy management schemes are either rule based or optimization-based
energy management system [20]. Rule based Energy management scheme such as fuzzy logic and threshold
method is reported in the literature [21], [22]. In the case of fuzzy based system rules are fixed by experience
and expertise, however achieving global optimization is difficult in fuzzy based energy management systems.
In threshold-based energy management schemes threshold is applied on state of charge of the device that stores
energy to sustain the optimum operation of the grid. However, this method requires complex mathematical
formulation. Ali et al. [23] in case of optimization-based energy management schemes such as model predictive
control, neural network, dynamic programming was reported in the literature. In case of model predictive and
dynamic programming-based energy management schemes it involves heavy mathematical formulation and
calculation burden. Hence, a coordinated control-based energy management system is used in this work for a
microgrid with a hybrid energy storage scheme. Proposed system is designed to handle efficiently under
different operating modes and to provide smooth transition between the modes, attain power factor of the
system unity and quick dc bus voltage stabilization in both the modes, along with fulfilling the transient power
requirements due to sudden generation and load changes.

2.  MICROGRID STRUCTURE

The planned DC microgrid scheme consists of PV system with battery and supercapacitor energy
storage. The PV system is coupled to DC bus through boost converter and it is controlled by incremental
conductance maximum power point tracking (MPPT) algorithm. Battery and supercapacitor are connected
parallel to dc link via DC-DC bidirectional converter. The DC bus is coupled to the utility over single-phase
voltage source inverter as shown in Figure 1. Two controllers were designed to control energy storage devices
and voltage source inverter. Controls for the Inverter is designed such that it can act in either grid connected
mode or in standalone mode. Likewise, DC-DC bidirectional controller control is designed to control the
bidirectional control switching depending on the power requirement of load and generated power levels.

A perfect PV array consisting of 8 module strings is applied for the planned microgrid system. The
model, 1Soltech 1STH-250 W is applied. Specifications of the model presented is given in the Table 1.
Incremental conductance (IC) MPPT is algorithm [24], [25] is used maximize the output of the PV array system.
The Algorithm is depicted in Figure 2, In this algorithm voltage and current is sensed and compared with the
previous values. The IC algorithm is constructed based on the power curve slope of the PV array. The slope of
MPP is 0 at MPP. so that P = VI and P/V = 0. Taking in to account that AI/AV = —I/V if P = MPP and Al />
—I/Vif P < MPPand Al/AV < —1/V if P > MPP. The instantaneous conductance can be compared with the
rate of change of current with respect to voltage i.e with AI/AV .The reference is increased or decreased until
Al/AV = —1/V is reached. The operation of the PV array is maintained once the maximum power is attained.

Lithium-ion battery and supercapacitor combination is used as hybrid power reserve. The main
objective of the proposed energy storage scheme is to utilize high energy density of battery for average power
requirement and to use super capacitor which is high in power density for transient/sudden power requirements
due to sudden load or generation changes. Both the models implemented for this planned system is available
in MATLAB/Simulink library. The specifications of the battery and super capacitor is given in the Table 1.

Int J Pow Elec & Dri Syst, Vol. 14, No. 3, September 2023: 1791-1801



Int J Pow Elec & Dri Syst ISSN: 2088-8694

a 1793

: ILDa-:ITVE-'H

Boost Converter

Single-phase inverter

LCL filter

PV Array
_ gz
: d S
Battery Bidirectional DC-DC converter
iS[:
_},IYYI(Y'\_._
l + =
1 |
Swll.sc
Supercapacitor Bidirectonal DC-DC converter
Figure 1. Microgrid with hybrid energy storage system
" staRT
Sense V(k) , I(k)
dv = V(k) - V(k-1)
dl = 1{k) - I{k-1)
NO ~._ YES
D = Dopr
- \. /'
NO YES YES NO
D=D+dD D=D-dD D=D+dD ‘ 1 D=D-dD
r\ RETURN )
Figure 2. Incremental and conductance MPPT algorithm [24]
Table 1. Microgrid system parameters
Components Parameters Value Components Parameters Value
PV module Maximum power 250 Wp DC link Voltage 400 V
Battery Capacity 20 Ah DC load Resistance 320Q
Nominal voltage 12V AC load Power 1000 W
16V Utility (1 -phase)  Voltage and frequency 230 V(RMS) and 50 HZ
Ultracapacitor ~ Rated voltage Controllers Battery K,=0.2 K;i=0.05
Capacitance 58 F Ultracapacitor KP=0.2 Ki=0.05
170 A Outer voltage loop Kp=0.01 Ki=0.1

Maximum current
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3.  ENERGY MANAGEMENT

The proposed energy management control strategy consists of three controllers. One is DC link
voltage controller, MPPT controller for PV boost converter, Inverter controller. MPPT controller is explained
in previous section. The operation of DC link voltage controller and inverter controller is explained below.

3.1. DC link voltage controller

A standard dual cascaded PI Controller based current control method is utilized for maintaining the
DC link voltage constant. The presented control strategy consists of voltage regulating loop, battery current
regulating loop, super capacitor current regulating loop. Structure used is as shown in Figure 3. The outer loop
is a voltage regulating loop which produces current reference to the inner regulating loop. This reference
current value can be positive or negative depending on the load requirement and generation availability. This
reference current is divided into two components using filter controller as low frequency(average) load current
requirement and high frequency(transient) load current requirement. Average load current component is
compared with the available battery current and difference is given to PI controller for generation of switching
pulses for DC-DC bidirectional converter of the battery. In order to compensate the slow response of the battery
some portion of battery error current is added to transient current component and is considered a supercapacitor
reference current. And this reference current is compared with the actual supercapacitor current and error signal
is given to the PI controller to generate switching pulses for bi-directional converter connected to
supercapacitor. Depending on the duty cycle provided by the control approach the battery and supercapacitor
will be discharging/charging.

Vdc_ref That ref} Ibat_err
T - |
Pl

Pl ——

Vde_bat

de

tation factor

Pl —

Vdc_sc

Figure 3. Battery and super capacitor controller

3.2. Inverter control strategy

This paper presents a dual loop energy management control scheme of a single-phase voltage source
inverter for utility (grid) connected photovoltaic system with battery and supercapacitor energy storage. It
consists of current control loop and voltage control loop. The proposed method is based decoupling of active
power current and reactive power current components to feed the active power to the grid using vector control.
The goal of this research is to control the bi directional power flow at grid, improve efficiency of transferring
power of PV to grid, reduce the harmonic distortion by proper designing of LCL filter. The proposed LCL
filter is designed such way that the total harmonic distortion is kept within 5%. The simulation results of the
proposed system will be shown in next chapters.

The energy management system proposed is based on the power available from PV generation and
DC load is considered as critical load and Ac load is considered as non-critical load. The 800 W margin is
fixed for PV to maintain the charging levels of battery. The energy management system is designed in such
way that, in grid connected mode, if PV power is less than 800 W, grid will supply the AC load. And if the PV
is more than 800 W, it will contribute to AC load. Based on this reference current for inverter control is
generated in grid connected mode. In case of stand-alone mode, if PV power is less than 800 W, it will supply
half of the AC load, if more than 800 W it will supply full AC load. Based on this reference current for inverter
control is generated in stand-alone mode. Phase angle required for Park transformation and inverse park
transformation is generated using PLL.

The proposed inverter control strategy is shown in Figure 4, and is applied in dq reference frame.
Using Park transformation, the inverter current is converted/transformed to dq reference frame. The converted
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current components are synchronized with grid voltage phase angle using PLL. The converted current
components Id and Iq are reference currents corresponding to active and reactive power necessities compared
with actual currents and error signal is given to the two proportional—integral (PI) controllers to generate
voltage signals which are then inverse park transformed and provided to pulse with modulation generator to
produce switching pulses for inverter. Reference current for d-axis, i.e Idrr is designed in order to control DC
link voltage. Reactive current component Iqrr is maintained zero to feed only active power and achieve unity
power factor.
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Figure 4. Inverter control strategy

3.3. LCL filter design

Designing a LCL filter plays a vital role in grid connected system. Compared to filters like L and LC,
LCL filter efficiently reduces the inverter current harmonics [26]. In this proposed paper LCL filter is designed
such that THD is maintained within 5%. To design LCL filter, ripple current is considered as 10%. and L1, L2,
C, and frequency required are calculated as follows [27] and filter parameters are given in the Table 2.

Avvar = 10% Imax 1)
L = WVV% )
L, = et 3)
AL =222 4)

= Gastoant ©)
fres = g * s (6)
fo=10+f 7)
fis =05 % fi,, 8)

Table 2. LCL filter parameters

LCL filter Parameters Values
Inductor L1 7.7 mH
Inductor L2 0.7518 mH
Active power (S) 2000 W
Capacitor 6.02 uF
Dc Link voltage (Vdc) 400 V
Grid Voltage (Vac) 230 V(rms)
Grid frequency(f) 50 HZ
Switching frequency 7500 HZ
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4. RESULT AND DISCUSSION

The simulation of the planned system is given in the Figure 5. The PV array of capacity 2 KW is
utilized along with supercapacitor and battery hybrid energy storage scheme. A controlled voltage source is
utilized for simulation of utility grid. Battery and supercapacitor are combined to DC bus via bi-directional
DC-DC converter and PV system via Boost converter. DC bus is coupled to utility grid via two-way DC-AC
converter. In each mode the PV power generation is varied along with DC load. The performance analysis
based on maintaining persistent Dc link voltage and power factor at unity in grid connected mode, and harmonic
distortions within the limits. Analysis is carried out for three cases namely: i) standalone mode, ii) grid
connected mode, and iii) transition mode.
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— — [ Single phase
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Figure 5. Microgrid simulation

Inverter current ~

4.1. Standalone mode

Standalone operation of the microgrid is analyzed by varying PV generation along with ac and dc
load. From Figure 6, it is observed that PV power generation varies from 2000 W to 1500 W from 1 to 2 sec
and 1500 W to 1000 W from 2 to 3 sec, from 1000 W to 300 W 3 to 4 sec, and ac load is 1000 W and DC load
is 450 W. From 0 to 1 sec PV generation is 2000 W which more than the AC and DC load requirements, and
extra energy is employed to feed the battery as shown in Figure 6. Again from 1 to 2 sec PV power (1500 W)
more than generation, and PV supply power to both the loads. From 2 to 3 sec PV power is 1000 W which less
than the load requirement and it is provided by battery system and PV again from 3 to 4 sec PV power is
300 W which is less than the load demand and is supplied by battery and super capacitor. From Figure 6 grid
current drawn is zero as microgrid is operating in standalone mode and from Figure 7, it is observed that
irrespective of these variations in generation DC link voltage is maintained constant.

4.2. Grid connected mode
As the system is designed such that whenever generation from PV system is less than the 800 W, load
requirement will be fulfilled by the utility grid and for PV generation above 800 w it will contribute to grid. From
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Figure 8, it is observed that from 0 to 1 sec PV power generation is more than that of 2000 W and it is also more
than the AC load requirement 0f 1000 W and DC load requirement of 450 W. PV system supplies both the loads
and the extra power is used for charging the battery and supercapacitor. Similarly, from 1 to 3 sec as PV power is
more than the 800 W. PV and battery contributes to the both loads from 2 to 3sec as from Figure 8. It is also
observed that from 0 to 3 sec the Grid current is zero and the load power is supplied from the PV from 1 to 2 sec,
and from 2 to 3 sec PV and battery together supplied. But from 3 to 4 sec PV power generation is reduced to
300 W from 1000 w, which less than 800 W, hence now microgrid supplied from utility grid as observed from
the increase in grid current and power as described in Figure 8. In the Figure 9, It is also observed that regardless
of variations in generation and load requirements, DC bus voltage is maintained at 400 V.
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Figure 6. Simulation results for standalone mode
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4.3. Transition from utility connected mode to standalone mode

To analyze the sudden transition in modes of operation during emergency conditions, the microgrid
is suddenly changed into standalone mode at 1.1 sec from utility connected mode as shown in Figure 10. It is
observed that grid current and voltage is zero after 1.1 sec due to this change in the mode. And, from grid
power (Figure 10) it is been observed that at 1.1 sec sudden increase in power due to this sudden change. And
this transient power requirement is fulfilled by super capacitor followed by battery as shown in Figure 11 and
from Figure 10, it is noticed that DC bus voltage is maintained at 400 V regardless of this sudden change in
operating mode of the grid It is also noticed that DC load and AC load is supplied continuously irrespective of
this mode change as depicted in Figure 11 by battery supper capacitor power. Inverter voltage, current and grid
current for this transition mode is depicted in Figure 11. Inverter current total harmonic distortion is sustained
at 2.26% as shown in Figure 12 and it is within 5% as mentioned in the IEEE standard 519-2014.
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5. CONCLUSION

An energy management system is designed for the microgrid with PV as main energy source along
with battery and super capacitor hybrid energy storage systems. Pl Controller based coordinated control-based
energy management system is modelled for both grids connected as well as standalone mode. DC side of the
grid is controlled by dual loop controller which controls battery and supercapacitor bi-directional converters.
Inverter control for utility connected mode and islanded mode is designed using dq reference frame technique.
Based on the mode of operation switching pulses were generated for inverter and DC-DC converters. Operation
of the proposed system is verified at grid connected mode, standalone mode, and changeover of mode from
utility connected mode to standalone. From the results obtained the proposed energy management system
efficiently sustains the DC link voltage constant, and it maintains unity power factor in ac side of the grid. And,
it is observed that grid stability is maintained in all the operating modes of the microgrid by fulfilling AC and
DC load requirements and the LCL filter designed such that harmonics in the inverter current is limited to
2.26% which plays important role in grid.

REFERENCES

[1] N. M. Haegel and S. R. Kurtz, “Global progress toward renewable electricity: tracking the role of solar (Version 2),” IEEE J.
Photovoltaics, vol. 12, no. 6, pp. 1265-1272, 2022, doi: 10.1109/JPHOTOV.2022.3206532.

[2] A. Blakers, “Development of the PERC Solar Cell,” IEEE J. Photovoltaics, vol. 9, no. 3, pp. 629-635, May 2019, doi:
10.1109/JPHOTOV.2019.2899460.

[3] C.J. Huang, M. C. Hwang, H. C. Chen, and P. H. Kuo, “PV system power model application in smart cities,” Proc. 2nd IEEE Int.
Conf. Knowl. Innov. Invent. 2019, ICKII 2019, pp. 31-32, 2019, doi: 10.1109/ICK1146306.2019.9042691.

[4] M.H.Nehriretal., “A review of hybrid renewable/alternative energy systems for electric power generation: Configurations, control,
and applications,” IEEE Trans. Sustain. Energy, vol. 2, no. 4, pp. 392-403, 2011, doi: 10.1109/TSTE.2011.2157540.

[5] B. Pawar, E. Batzelis, S. Chakrabarti, and B. Pal, “Grid-forming control for solar PV systems with power reserves,” IEEE Trans.
Sustain. Energy, vol. 12, no. 4, pp. 1947-1959, 2021, doi: 10.1109/TSTE.2021.3074066.

[6] E.Naderi, K. C. Bibek, M. Ansari, and A. Asrari, “Experimental validation of a hybrid storage framework to cope with fluctuating
power of hybrid renewable energy-based systems,” IEEE Trans. Energy Convers., vol. 36, no. 3, pp. 1991-2001, 2021, doi:
10.1109/TEC.2021.3058550.

[71 M. H. Saeed, W. Fangzong, B. A. Kalwar, and S. Igbal, “A review on microgrids’ challenges perspectives,” IEEE Access, vol. 9,
pp. 166502-166517, 2021, doi: 10.1109/ACCESS.2021.3135083.

[8] N.Bazmohammadi et al., “Microgrid digital twins: concepts, applications, and future trends,” IEEE Access, vol. 10, pp. 2284-2302,
2022, doi: 10.1109/ACCESS.2021.3138990.

[91 P.J.D.S.Neto, T. A. D. S. Barros, J. P. C. Silveira, E. R. Filho, J. C. Vasquez, and J. M. Guerrero, “Power management strategy
based on virtual inertia for DC microgrids,” IEEE Trans. Power Electron., vol. 35, no. 11, pp. 12472-12485, 2020, doi:
10.1109/TPEL.2020.2986283.

[10] Y. Gui, F. Blaabjerg, X. Wang, J. D. Bendtsen, D. Yang, and J. Stoustrup, “Improved DC-link voltage regulation strategy for grid-
connected converters,” IEEE Trans. Ind. Electron., vol. 68, no. 6, pp. 4977-4987, 2021, doi: 10.1109/TIE.2020.2989720.

[11] S.Pannala, N. Patari, A. K. Srivastava, and N. P. Padhy, “Effective control and management scheme for isolated and grid connected
DC microgrid,” IEEE Trans. Ind. Appl., vol. 56, no. 6, pp. 6767-6780, Nov. 2020, doi: 10.1109/T1A.2020.3015819.

[12] A. Yasin, “Energy management of a stand-alone DC microgrid based on PV/Wind/Battery/ Diesel Gen. combined with super-
capacitor,” Int. J. Renew. Energy Res., vol. 9, no. 4, pp. 1811-1826, 2019, doi: 10.20508/ijrer.v9i4.10094.97784.

[13] H.P. H. Anh, L. V. Truong, and C. Van Kien, “Advanced intelligent fuzzy control of standalone pv-wind-diesel hybrid system,”
Proc. 2019 Int. Conf. Syst. Sci. Eng. ICSSE 2019, pp. 129-135, 2019, doi: 10.1109/ICSSE.2019.8823562.

Int J Pow Elec & Dri Syst, Vol. 14, No. 3, September 2023: 1791-1801



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1801

[14]

[15]

[16]
[17]
[18]
[19]
[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

S. R. Mhandu and O. Mary Longe, “Techno-economic analysis of hybrid PV-wind-diesel-battery standalone and grid-connected
microgrid for rural electrification in Zimbabwe,” Proc. 2022 IEEE Niger. 4th Int. Conf. Disruptive Technol. Sustain. Dev.
NIGERCON 2022, 2022, doi: 10.1109/NIGERCON54645.2022.9803058.

H. F. Habib, A. A. S. Mohamed, M. El Hariri, and O. A. Mohammed, “Utilizing supercapacitors for resiliency enhancements and
adaptive microgrid protection against communication failures,” Electr. Power Syst. Res., vol. 145, pp. 223-233, Apr. 2017, doi:
10.1016/j.epsr.2016.12.027.

Y. Zhang, X. F. Cheng, C. Yin, and S. Cheng, “A soft-switching bidirectional DC-DC converter for the battery super-capacitor
hybrid energy storage system,” IEEE Trans. Ind. Electron., vol. 65, no. 10, pp. 78567865, 2018, doi: 10.1109/T1E.2018.2798608.
N. Suganthi and P. Usha, “Modeling and analysis of dynamic energy management of DC microgrid using HESS,” Proc. 5th Int.
Conf. Electron. Commun. Aerosp. Technol. ICECA 2021, pp. 23-29, 2021, doi: 10.1109/ICECA52323.2021.9676105.

S. Neelagiri and P. Usha, “Energy management of PV wind based microgrid with hybrid energy storage systems,” Int. J. Power
Electron. Drive Syst., vol. 13, no. 4, pp. 2128-2138, 2022, doi: 10.11591/ijpeds.v13.i4.pp2128-2138.

H. Chen, R. Xiong, C. Lin, and W. Shen, “Model predictive control based real-time energy management for hybrid energy storage
system,” CSEE J. Power Energy Syst., vol. 7, no. 4, pp. 862-874, 2021, doi: 10.17775/CSEEJPES.2020.02180.

X. Feng, H. B. Gooi, and S. X. Chen, “Hybrid energy storage with multimode fuzzy power Allocator for PV systems,” IEEE Trans.
Sustain. Energy, vol. 5, no. 2, pp. 389-397, 2014, doi: 10.1109/TSTE.2013.2290543.

Y. Zhao, Xiahuan, J. Wang, Z. Yang, and F. Lin, “Control strategy of ultracapacitor storage system in urban mass transit system
based on dynamic voltage threshold,” Diangong Jishu Xuebao/Transactions China Electrotech. Soc., vol. 30, no. 14, pp. 427-433,
2015.

Y. Wang, Z. Yang, F. Lin, X. An, H. Zhou, and X. Fang, “A hybrid energy management strategy based on line prediction and
condition analysis for the hybrid energy storage system of tram,” IEEE Trans. Ind. Appl., vol. 56, no. 2, pp. 1793-1803, 2020, doi:
10.1109/T1A.2020.2967312.

M. N. Ali, K. Mahmoud, M. Lehtonen, and M. M. F. Darwish, “An efficient fuzzy-logic based variable-step incremental
conductance  MPPT method for grid-connected PV systems,” IEEE Access, vol. 9, pp. 26420-26430, 2021, doi:
10.1109/ACCESS.2021.3058052.

D. Sera, L. Mathe, T. Kerekes, S. V. Spataru, and R. Teodorescu, “On the perturb-and-observe and incremental conductance mppt
methods for PV systems,” IEEE J. Photovoltaics, vol. 3, no. 3, pp. 1070-1078, 2013, doi: 10.1109/JPHOTOV.2013.2261118.

M. Dursun and M. K. Dosoglu, “LCL Filter Design for Grid Connected Three-Phase Inverter,” ISMSIT 2018 - 2nd Int. Symp.
Multidiscip. Stud. Innov. Technol. Proc., 2018, doi: 10.1109/ISMSIT.2018.8567054.

J. P. Bonaldo, J. D. A. Olimpio Filho, A. M. Dos Santos Alonso, H. K. Morales Paredes, and F. Pinhabel Marafao, “Modeling and
Control of a Single-Phase Grid-Connected Inverter with LCL Filter,” IEEE Lat. Am. Trans., vol. 19, no. 2, pp. 250259, 2021, doi:
10.1109/TLA.2021.9443067.

M. Xue, Y. Zhang, Y. Kang, Y. Yi, S. Li, and F. Liu, “Full feedforward of grid voltage for discrete state feedback controlled grid-
connected inverter with LCL filter,” |EEE Trans. Power Electron., vol. 27, no. 10, pp. 4234-4247, 2012, doi:
10.1109/TPEL.2012.2190524.

BIOGRAPHIES OF AUTHORS

Suganthi Neelagiri B4 B © received the bachelor's degree in Electrical and Electronics
Engineering from Bharathiyar University in 2001, the master's degree in Electrical Power
and Energy System from Uttara Pradesh Technical University in 2013, and currently
pursuing philosophy of doctorate degree in Electrical Engineering from Visvesvaraya
University respectively. She is currently working as an Assistant Professor at the Department
of Electrical and Electronics Engineering, Dayananda Sagar College of Engineering. Her
research areas include microgrid, renewable energy systems, and energy storage systems.
She can be contacted at email: suganthi_neelagiri@yahoo.com.

Pasumarthi Usha (= E:J B8 © received the bachelor's degree in Electrical and Electronics
from J.N.T.U, College of Engineering Kakinada in 1990, the master's degree in Power
System with emphasis in High Voltage from J.N.T.U, College of Engineering Kakinada in
1992, and the Ph.D. in HVDC Power Transmission from Visvesvaraya Technical University
in 2013, respectively. She is currently working as a Professor and Head of the Department
at the Department of Electrical and Electronics Engineering, Dayananda Sagar College of
Engineering. Her research areas HVDC power transmission systems, microgrid, and power
electronics. She can be contacted at email: pu1968@yahoo.co.in.

Modelling and control of grid connected microgrid with hybrid energy storage system (Suganthi Neelagiri)


mailto:suganthi_neelagiri@yahoo.com
https://orcid.org/0000-0003-2222-856X
https://scholar.google.com/citations?user=boulHrYAAAAJ&hl=en
https://www.webofscience.com/wos/author/record/GQP-6145-2022
https://orcid.org/0000-0003-3621-0942
https://scholar.google.com/citations?user=W9EQfNUAAAAJ&hl=en&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=57193981793

