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ABSTRACT:  

This work aims to develop a solar- battery 

energy storage (BES) based system, which ensures 

an uninterruptable supply to loads irrespective of 

availability of the grid. This system comprises of a 

solar photovoltaic (PV) array, a BES, the grid and 

local residential loads. A new control is 

implemented such that the active power demand of 

residential loads, is fed from the PV array, a BES 

unit and the utility grid. In this system, the power 

control operates in different power modes, which 

delivers the benefits to the end users with an 

integration of BES and an excess of PV array 

power, which is sold back to the grid. For this, an 

effective control logic is developed for the grid tied 

voltage source converter (VSC). Moreover, this 

system deals with the issue of an integrating power 

quality enhancement along with the power 

generation from the solar PV source. The cascaded 

delayed signal cancellation (CDSC) based phase 

locked loop (PLL) is implemented for grid 

synchronization during the grid voltage distortion. 

The developed control is easily implemented in a 

real time controller (dSPACE1202). Test results 

validate the performance of the implemented 

control in different operating conditions such as 

varying solar power generation, load variations and 

unavailability of the grid. The simulation results 

are executed by using MATLAB/SIMULINK 

2018a Software 
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I. INTRODUCTION:  

II. The world faces a major challenge under the 

strain of fastgrowing energy demands and 

declining of fossil fuel resources. [1]. To resolve 

this issue, the global energy transforms toward 

an efficient and sustainable source of energy. 

Renewable energies are auspicious alternative 

resolutions and alternative technologies for 

electricity generation [2]. The generation from a 

solar panel is environment friendly and lower in 

the cost as compared to conventional sources of 

energy. Further, the addons like combination of 

lowering panel prices, rapid improvements in 

efficiency and the effects of rising power bill 

have contributed to an increase in demand 

investing in the solar PV array for generating 

their own electricity needs [3-4]. Therefore, the 

focus is on the installations of renewable energy 

systems to the local electricity network. The key 

benefits based on this system are the offset 
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portions of the premise daytime electricity use 

and the ability to add value by feeding excess 

power to the grid [5]. However, one of the main 

issues in solar power generation, is that the 

output power from the solar PV panel is 

irregular and stochastic, which brings 

intermittency and fluctuations in the operation. 

Therefore, a battery energy storage (BES) is 

equipped with the system for removing the 

intermittency in the PV power [6]. The 

additional cost of BES is justified by operating 

BES in islanding mode (IAM), where it delivers 

an uninterruptable power to critical loads 

connected to the system in the power outage. In 

addition, BES delivers the additional facilities in 

the grid tied system by smoothening the power 

fed into the grid. Many researchers have 

proposed various schemes [7-10] to control BES 

in order to optimize its size for high utilization. 

Jafari et al. [10] have proposed a predictive 

energy management control to optimally manage 

the available capacity of BES. Tran et al. [11] 

have reported a power management control for 

PVBES coupled grid interfaced system. In this 

to take the advantages of the time-of-use (ToU) 

electricity pricing, BES stores the energy from 

the grid during off-peak period and utilizes this 

stored energy during peak demand. Beniwal et 

al. 

III. [12] have developed a control with multi-

mode features to attain the power levelling in the 

system. Here, the solar PV array delivers the 

power to meet the load demand and the surplus 

power is injected to the grid or to charge BES 

depending on the grid peak demand. Moreover, 

this system is unable to provide uninterruptable 

power to the load at the grid failure. The main 

grid outages are frequent and very common in 

countries like India. Hence, the system should be 

capable of operating in an islanding mode (IAM) 

and in the grid connected mode (GCM). 

Therefore, BES helps to support the local loads 

at power outage of the utility. Arafat et al. [13] 

have reported a dual mode operated control 

considering linear loads and this scheme has 

reduced total harmonics distortion (THD) of the 

grid voltage and PCC (Point of Common 

Coupling) voltage to a great extent. However, 

Bhattarai et al. [14] have realized a small rating 

PV-battery based grid system with nonlinear 

loads and presented a non-detection zone (NDZ) 

of islanding. Most of the distributed generation 

system loads are nonlinear loads, which inject 

harmonics in the current and cause of distorted 

power quality at the PCC which, results in low 

power factor at the grid. However, it is required 

to control the THD of grid current below the 

prescribed limit as per the IEEE standard 519-

2014 [15]. Thus, optimal control is used to 

maintain the THD of the grid current by 

attenuating the harmonics present in the system. 

Consequently, many control algorithms [16-17] 

have been suggested for load compensation in 

the distribution network. In. this work, a 

modified novel sinusoidal second order 

quadrature signal generator (MNSOGI-QSG) 

based DQ control based current control [16] is 

utilized to find fundamental components of the 

current for load compensation. The phase-locked 

loops (PLLs) are widely used to estimate the 

grid voltage quantities such as phase angle, 

magnitude and frequency. The most popular 
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SRF PLL has quite robust structure and 

estimates the phase angle at high speed if the 

system performs under ideal grid condition [18]. 

In SRF-PLL, some periodic ripples are present 

in estimated quantities under the distorted grid 

[19]. In order to attain the improved 

performance under non-ideal conditions, filters 

are placed either inside the PLL as the in-loop 

filters or before the PLL as pre-filters. These 

filters are utilized to attenuate the effect of grid 

voltage harmonics on the PLL. Some of these 

filters comprise notch filter, second-order 

generalized integrator (SOGI) [16], and low pass 

filter (LPF). In [20], the study on single phase 

delay signal cancellation (DSC) based PLL is 

conducted in order to provide flexibility for 

undesirable harmonics. In DSC-PLL [21], the 

chain of DSC operator is combined with SRF-

PLL, to implement a αβ-CDSC-PLL, which is 

used to enhance its filtering ability at non-ideal 

grid conditions. The modeling and tuning 

procedure of the single phase CDSC-PLL are 

discussed in [20]. This paper presents a solar PV 

grid interfaced system with integrated a BES to 

supply residential nonlinear loads using single 

VSC converter. A boost DC–DC converter is 

used to operate the PV array at a maximum 

efficiency. For energy balance in the system, a 

DC–DC bidirectional converter (DBC) fed from 

BES is used. A power management control is 

developed for grid interacted solar PV-BES 

system, which operates in different modes to 

support peak load. Moreover, the MNSOGI-

QSG based DQ control is implemented to 

attenuate the current harmonics generated by the 

nonlinear loads. Another standalone voltage 

control is utilized to maintain stable voltage 

across the load during the absence or failure of 

the grid. Moreover, CDSC-PLL is utilized here 

for the grid synchronization at the distorted grid 

voltage. The controllers for this system, are 

developed based in Simulink platform, which is 

interfaced with the dSPACE-1202 to control the 

gating pulses for gate drivers of insulated gate 

bipolar transistors (IGBTs). The major 

contributions of this work are as follows. 

IV.  • The system has capability of an automated 

transition from GCM to IAM and vice-versa 

thus allowing continuous power for critical loads 

without any interruption. • In GCM, a power 

management control operates at different modes 

to support peak loads and to increase utilization 

of available sources to lower the electricity bill 

for end users. • The system feeds constant power 

to the utility, even under the moderate solar 

irradiation and load condition thereby enhancing 

the stability of the utility. This helps in gaining 

the profit of selling power to the utility. • The 

VSC controller improves power quality of the 

system while maintaining power factor near to 

unity. Moreover, the THD of the grid current is 

maintained less than 5% as per the IEEE 519 

standard. • The single VSC is used for multi-

mode operation as well as attaining power 

quality, thus ensuring high utilization rate of 

power electronic devices. 

Electric Energy Storage Systems  
 

Energy storage Systems 

One of the distinctive characteristics of the electric 

power sector is that the amount of electricity that 
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can be generated is relatively fixed over short 

periods of time, although demand for electricity 

fluctuates throughout the day. Developing 

technology to store electrical energy so it can be 

available to meet demand whenever needed would 

represent a major breakthrough in electricity 

distribution. Helping to try and meet this goal, 

electricity storage devices can manage the amount 

of power required to supply customers at times 

when need is greatest, which is during peak load. 

These devices can also help make renewable 

energy, whose power output cannot be controlled 

by grid operators, smooth and dispatchable. 

They can also balance microgrids to achieve a 

good match between generation and load. Storage 

devices can provide frequency regulation to 

maintain the balance between the network's load 

and power generated, and they can achieve a more 

reliable power supply for high tech industrial 

facilities. Thus, energy storage and power 

electronics hold substantial promise for 

transforming the electric power industry. 

High voltage power electronics, such as switches, 

inverters, and controllers, allow electric power to 

be precisely and rapidly controlled to support long 

distance transmission. This capability will allow 

the system to respond effectively to disturbances 

and to operate more efficiently, thereby reducing 

the need for additional infrastructure. A major 

challenge being addressed by DOE is to reduce the 

cost of energy storage technology and power 

electronics and to accelerate market acceptance.  

 

OE'S ENERGY STORAGE PROGRAM 

As energy storage technology may be applied to a 

number of areas that differ in power and energy 

requirements, OE's Energy Storage Program 

performs research and development on a wide 

variety of storage technologies. This broad 

technology base includes batteries (both 

conventional and advanced), electrochemical 

capacitors, flywheels, power electronics, control 

systems, and software tools for storage 

optimization and sizing. The Energy Storage 

Program works closely with industry partners, and 

many of its projects are highly cost-shared. 

The Program also collaborates with utilities and 

State energy organizations such as the California 

Energy Commission, Massachusetts Clean Energy 

Center (MASS CEC), Oregon DOE, Vermont, 

Hawaii, Washington, and New York State Energy 

Research and Development Authority 

(NYSERDA), to name a few, to design, procure, 

install, and commission major pioneering storage 

installations that are up to several megawatts in 

size. It also supports analytical studies on the 

technical and economic performance of storage 

technologies as well as technical evaluations of 

both ES systems components and operating 

systems. Enhanced energy storage can provide 

multiple benefits to both the power industry and its 

customers. Among these benefits are: 

 Improved power quality and the reliable 

delivery of electricity to customers; 

 Improved stability and reliability of 

transmission and distribution systems; 

 Increased use of existing equipment, 

thereby deferring or eliminating costly upgrades; 
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 Improved availability and increased market 

value of distributed generation sources; 

 Improved value of renewable energy 

generation; and 

 Cost reductions through capacity and 

transmission payment deferral. 

The Energy Storage Program also seeks to improve 

energy storage density by conducting research into 

advanced electrolytes for flow batteries, 

development of low temperature Na batteries, 

along with and nano-structured electrodes with 

improved electrochemical properties. In Power 

Electronics, research into new high-voltage, high 

power, high frequency, wide-band-gap materials 

such as silicon-carbide and gallium-nitride is 

underway. In addition, advanced power conversion 

systems using advanced magnetics, high voltage 

capacitors, packaging and advanced controls to 

significantly increase power density and 

performance is ongoing. 

 

Energy storage systems include various 

means of storing and recovering energy for later 

use (Table 1). Electric energy storage systems 

accept and return the stored energy as electric 

power, although they may store the energy in 

another form. Non-electric energy storage units 

store the energy in some other form. Despite this, 

they may be of interest to electric utilities and 

power engineers since they can materially affect 

the shape of daily demand curves.  

Among other benefits and features, energy 

storage of either type permits peak shaving in 

electric usage: power can be consumed at one time 

(off peak or slowly over a long period to time) and 

the energy actually used at another time and 

perhaps at a much higher rate than when put into 

storage. The most widely used energy storage 

system is one most people to not think of as energy 

storage: the storage water heater, which retains 30 

to 100 gallons of hot water that it heats gradually 

over an hour or more but in a way that it can 

deliver it for us in only a few minutes if asked. 

This and other non-electric energy storage devices 

are discussed elsewhere (see References at end of 

this page). The rest of this discussion will focus on 

electric energy storage. 

 

Energy Storage Technologies  

A number of very different methods exist 

to store “electric energy,” Only two of those shown 

actually store the energy in electric form: super-

capacitors and SMES (Superconducting Magnetic 

Energy Storage which keep the energy as electric 

charge or magnetic fields respectively.  

Batteries (first four lines in table) actually 

store the energy in a chemical form, but the natural 

operation of the battery converts the power to 

direct current electric power upon being provided 

with a pathway for the power to flow. Mechanical 

storage includes several types of flywheels, 

compressed air, and pumped hydro systems. The 

last two are practical and widely used on a system 

(100 MW peak capacity or larger) scale.  

Thermal storage systems use electricity to heat a 

liquid to very high temperatures and then use that, 

via a heat exchanger, to heat steam to drive a steam 

turbine generator or a sterling cycle generator. 

Parts of an Energy Storage System 

An energy storage system consists of four 

main components as shown in Figure 2. The first 
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and the element that sets the basic system storage 

capability limits is the energy storage medium 

itself: the battery, or flywheel, compressed air 

reservoir or the lake or reservoir that can be filled 

with water in pumped hydro systems.  

 

 

Fig.1 Basic components of Energy storage 

systems. 

 

Second is the charging mechanism, which 

takes power from the utility system and converts it 

into the form that can be put into and stored by the 

storage medium. For example in flywheel systems 

this is basically an electric motor that can rev up 

the flywheel to very high speeds. In a thermal 

storage system, it is a set of heating elements.  

Third is the equipment that takes energy 

from the storage and converts it back to electricity 

and inputs it out onto the grid for an energy 

consumer‟s demand. In a flywheel, this is just the 

aforesaid motor (its field is reversed to turn it into 

a generator that produces electric power while 

gradually slowing the momentum of the rapidly 

spinning flywheel). For thermal storage it is a heat 

exchanger and steam generator. Regardless, it is 

this component that shapes what the unit looks like 

to the system and electric demands as far as the 

quality and quantity of power provided, voltage 

regulation and other aspects it provides.  

Finally there is the control system, which 

consists of two sub-systems. First, there is the 

equipment needed to monitor and control the unit 

itself: for example with a flywheel, signals need to 

be sent and equipment activated to turn the motor 

generator into a motor, to permit power flow to the 

motor so it accelerates the flywheel, storing 

energy. This must include sensors that can 

determine when the unit is “full” (the flywheel is 

spinning at its maximum allowed rate) and shut off 

this process. Similarly it must control the discharge 

cycle, too. And typically the equipment acts as a 

diagnostic and protection system, monitoring the 

unit, setting alarms if there is any anomaly in 

condition or operation, and activating protective 

equipment such as fuses, breakers, brakes, etc., in 

the event of a contingency.  

The second part of the control system is the 

electrical energy storage system control – the 

system that determines how, when, and why the 

unit performs. This may be a simple UPS control 

system (when you sense power from the grid has 

stopped, you provide power from the battery 

backup system). Or it could be a very complex 

computer algorithm that takes a number of factors, 

including weather (the forecast is for record 

temperatures tomorrow – demand will likely be 

high), utility load (its peak season, demand is 

already high), generation on line (the big nuke unit 

south of here is down for emergency inspection 

and thus electric prices are 12% higher than 

normal) and perhaps many other factors (status of 

renewable energy and other storage owned) into 

account to determine when it should charge, how 
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much it should charge, and when it should release 

energy.  

 

. 

A) SYSTEM CONFIGURATION 

The configuration of a grid interfaced PV-BES 

system is illustrated in Fig. 1, which comprises of a 

utility grid, a solar PV array and the BES unit. A 

boost converter is used to achieve the maximum 

power extraction (MPE) and a DC-DC 

bidirectional converter (DBC) is used to couple the 

BES unit to the DC link. The real power transfer 

among the PV array, the battery and the grid, is 

achieved by the VSC. The ripple filter (R-C) is 

connected across the point of common coupling 

(PCC) of the system.  

 

 

Fig. 1 System configuration 

 

This R-C filter is used to remove the high 

switching ripples generated by switching of VSC. 

This system is connected to the main grid via a 

controllable solid-state switch (SSS) for grid-on 

and grid-off controls. The SSS is closed during 

GCM. Conversely at off-grid condition, the grid is 

disconnected from PCC by opening SSS. The 

nonlinear loads are connected at PCC of the 

system. 

 

 

B) CONTROL STRATEGY  

The functions of controller utilized in the system, 

include MPE from the solar panel, the power 

control for a different mode of operation in GCM, 

the voltage control for IAM of operation at the grid 

outage condition. The additional functionalities 

provided by VSC are harmonics mitigation, load 

compensation and power factor correction at the 

grid. The DBC adds a feature of charging and 

discharging of BES in the system. Details of 

utilized controls are provided in this section. A. 

MPE Control for PV Panel. The PV array is 

interfaced to DC link of VSC with VDC through a 

boost converter. For MPE, a P&O-MPPT 

technique [12] is used in the PV array. This 

technique generates the reference voltage (Vmpp) 

for generating the switching pulses of the boost 

converter. For this, a proportional integrator (PI) 

controller (with proportional gain KPB and integral 

gain KIB) is utilized to reduce the error between 

the PV array voltage, VPV and Vmpp for 

generating of gate pulse for the boost converter. 

The output of the PI controller is considered as the 

modulation index, is expressed as, 

 

 

B. DBC (DC-DC Bidirectional Converter) 

Control for BES  

To take care for an intermittent power generation 

from the PV array as well as to provide the power 

equilibrium, the BES is coupled in this topology. 

For this, controlled charging and discharging of 

BES, are essential for preventing it from deep 

discharging and overcharging. When the generated 

power by the PV array exceeds then the demanded 
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power, it stores this power for backup. For 

regulating power flow through BDC involves two 

feedback loops, 1) outer control loop for voltage 

regulation, and 2) inner current loop for BES 

charging/discharging current regulation and these 

are illustrated in Fig. 2. The transfer function (TF) 

is obtained via linearization of DBC model given 

as, 

 

Where, Cdc, is capacitance of VDC. LB and Rdc 

are the output inductance and resistance of 

converter, respectively. 

C. Control of Voltage Source Converter (VSC)  

The control of VSC, consists of MNSOGI-QSG-

DQ current control in GCM and the voltage control 

in IAM, as shown in Fig. 3. The grid current 

control is designed in MNSOGI-QSGDQ based 

current control to operate in different modes such 

as deficient power mode (DPM), surplus variable 

power mode (SVPM) and constant grid power 

mode (CPM). In GCM, the current control is 

utilized to generate the switching pulses of VSC in 

different modes. The estimation of reference grid 

current is decided by the fundamental current of 

the loads, DC link loss component, availability of 

BES and generated PV power. The phase and 

frequency of grid voltage are derived by αβ-

CDSC-PLL from the grid voltage. In GCM, the 

main function of VSC control in this work, is to 

offer peak shaving, power smoothing in the grid 

along with harmonics mitigation and power factor 

correction (PFC). 

 

 

Fig. 2 Circuit of bidirectional convertor with 

cascaded voltage loop control 

1) Fundamental Frequency 

Component of Load: 

 The MNSOGI filter used as a QSG, which 

generates quadrature load current (iβ) in 

single phase and filters low-order harmonics 

of the load current. The MNSOGI-QSG [16] 

achieves a harmonic-free fundamental 

current from nonlinear load current. The 

MNSOGI-QSG block diagram is illustrated 

in Fig. 4, where iL is the input to MNSOGI-

QSG, ω is the cut-off frequency, iα and iβ 

are fundamental αβ components of iL. The 

transfer functions of MNSOGI-QSG [16] 

are defined as, 

 

2) Single Phase PLL Using αβ-CDSC 

OperatorIn DSC-PLL, the DSC operator is 

combined with the SRF-PLL, to construct 

the αβ-DSC-PLL. A single DSC block can 

also mitigate certain orders of harmonics 

present in the signal. In CDSC-PLL, a 

chain of αβ-DSC operators with delay 

factors 2, 4, 8, 16, and 32, is included in 

SRF-PLL. This combination of operators 
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can reject the all harmonics and DC off-set 

of the grid voltage. In proposed structure, 

three cascaded DSC blocks are used to 

eliminate harmonics, including DC offset in 

highly distorted grid voltage. In this 

structure, the Clarke’s transformation is not 

required as there is only one input signal. A 

single-phase grid voltage is considered as 

α-axis input signal by multiplying 2 and β 

axis input signal set to zero to the operator 

are defined as, 

 

A αβ-DSC operator [20-21] is used in Laplace 

domain for defining the extraction of the 

fundamental frequency positive sequence 

component of the grid voltage (vg)as, 

 

Where, T is the fundamental period of vg and n 

is the delay factor. The αβ-DSC operator used 

in the rotation matrix R(θr) for transformation 

as shown in Fig. 5, is defined as, 

 

However, the transfer function of the αβ-DSC 

is defined as, 

 

The expression of αβ-DSC operator is negative 

up to the aliasing point excluding some high 

order harmonics (-31, +33, -63, +65) etc. In αβ-

DSC, the grid voltage is considered as αaxis 

input signal by multiplying as illustrated in Fig. 

4. The modeling and transfer function of the 

single phase CDSC-PLL are discussed in [20]. 

3) PV Feed Forward Term (IPVFF)  

The grid tied system suffers from 

oscillations due to variation in the PV 

insolation and load changes. Thereby, 

 

 

 

4) DC Link Loss Component (ILoss) 

for DC Link Voltage (VDC) 

Regulation 

VDC is desired to be controlled at constant 

level in order to attain satisfactory 

operation of VSC. The voltage error, Vdce 

between the reference DC link voltage, V * 

DC and sensed VDC is fed a PI controller 

(with its integral gain kidc and proportional 

gain kpdc) to compensate this error. The 

resultant error of PI controller is considered 

as ILoss (Power Loss Component). The 

governing equation of PI controller for 

VDC regulation is defined as, 

 

This DC link loss component is added in 

the net component of reference current for 

regulating VDC. 

5) Constant Power Component for 

Constant Grid Power: 

 In constant grid power mode (CGPM), the 

predetermined reference power (Pcgr) is 

delivered to the grid. For this, a constant 

current component (Icd) is defined as, 
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Where, Pcgr is defined as the constant power fed 

into the grid at moderate PV insolation and 

nonlinear load conditions. According to load 

demand (PL) and available PV power (PPV), and 

BES power (Pbat), the magnitude of reference 

power (Pcgr) to be delivered into the grid is 

changed to maintain the power balance. The 

reference current on the grid side is generated by 

using these components. The reference current is 

in-phase with vg in the event of the power is fed 

to the grid and similarity in case of the power is 

drawn from the grid, vg is phase opposition with 

reference grid current. The flow-chart for mode 

selection is demonstrated in Fig. 6. The 

generation of reference grid current in each 

mode, is described here. 

D. Reference Current in GCM for Real 

Power Injection 

Modes are classified in the system as follows: 1) 

Deficient Power Mode (DPM; PPV<PL); 2) Surplus 

Variable Power Mode (SVPM), 3) Constant Grid Power 

Mode. The estimation of reference grid current for VSC 

control mode in each defined mode is as follows: 

 

 

1. DPM (PPV<PL): 

During this mode of operation, the deficit 

power(PL-PPV) is taken from the grid taken from 

the grid, otherwise drawn by discharging BES. 

Instead of the grid, if SOCmax>SOC>SOCmin, 

the BES is discharging to supply the deficient 

power. The peak value of reference grid current 

for VSC control in DPM is expressed as 

 

 

Once SOC of BES reaches its limits. BES is 

disconnected from the DC link and the deficit 

power is delivered by the utility grid. In this case, 

the peak value of reference current is estimated as 

 

2. SVDPM (PPV<PL): 

During this mode, the total peak load demand is 

fed by PV array via VSC. If there is surplus 

power, then this power is used to charge the BES 

until it reaches upper limit of SOCmax, otherwise 

rest PPV is fed to the grid. 

If SOCmax>SOC>SOCmin, the BES is charging. 

The peak value of reference current for VSC is 

generated as, 

 

If SoC>SOCmax, means that BES is fully 

charged. Therefore, BES is removed from the DC 

link and BES is used in peak power demand and 

as a backup in emergency conditions. In this  

 

 

Fig. 3 Block diagram of power control of system 

for different modes of operation 
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Fig 4 Block diagram of MNSOGI-QSG 

 

 

 

 

Fig. 5 Single-phase CDSC-PLL 

3. CPM (PPV>PL) 

During this mode, a constant power (Pcgr) is 

injected into the grid at the off-peak loading and 

moderate irradiation conditions. The peak value 

of reference current for VSC control is 

generated as, 

 

If PPV is less than PL and the reference power 

(Pcgr) to be supplied to the grid (PL+Pcgr>PPV), 

then this power difference is delivered by 

discharging BES unit.  

Using inverse Park transformation, the estimated 

peak component of the current is utilized to 

generate instantaneous reference grid current (isα 

and isβ) for each mode. The actual ig is compared 

with reference current and calculated error is fed to 

the hysteresis current controller to generate the 

switching signals for VSC. 

F. Mode Selection Logic: The mode selection 

logic decides in which mode (Mode 1: GCM or 

Mode 2: IAM), the system should work. When the 

grid is restored, the mode transition logic checks 

the grid voltage amplitude (Vt) and its frequency 

(fg) are within the limit to initiate the transition. 

The output signal (SSSS) of mode selection control 

is applied to SSS for disconnecting or re-

connecting the grid from the PCC, and its logic is 

designated as,   

 

The synchronization signal of SSS is set to a high 

value (SSSS = ‘1’) only when all conditions 

presented in (17) are fulfilled; else SSSS is set to a 

low value (SSSS = ‘0’). Where Δθe (= θg-θL), is 

defined as the phase error of θg and θL. This error 

Δθe is fed to a PI controller (proportional K θ p 

and integral K θ I gains) and resultant is added to 

θL, and the final value is processed to produce a 

phase angle for VSC in IAM. Due to the change in 

phase, vL matches with the PCC voltage phase. 

The selection of the load phase angle (θL) is given 

as, 

 

When the grid voltage amplitude (Vt) and its 

frequency (fg) cases are satisfied. Phase error ∆θe 

is processed with a PI controller. As Δθe decreases 

to its defined limit (i.e. Δθmin<Δθ. 
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SIMULATION RESULTS 

Performance of a grid interfaced PV-BES system is 

studied in MATLAB/Simulink platform to show the 

operation in different modes according to power 

management control. Table I shows simulated 

parameters of the system used for simulation. Fig. 7 

shows dynamic performance of grid interfaced PV-BES 

system in different modes under GCM. 

 

 

Fig. 6 Flowchart diagram of the system in different 

modes of operation 

1) DPM: During time interval t=0.15s to t=0.3s, 

this system operates in DPM. The load demand of 

the system is PL>PL_peak and extracted PPV is 

less than load demand. This deficient power is 

provided by the grid to feed the load. During this 

mode of operation, PPV is fed to the local loads 

via a VSC. The BES discharges to meet power 

losses of the system and to maintain power balance 

in the system. The deficient power for the load is 

drawn from grid assuming as positive value of the 

grid power from t=0.15 s to t=0.3 s as shown in 

Fig. 7.  

2) SVPM: From t= 0.3s to 0.5s, the load demand 

of the system is PL>PL_peak and SOC of BES is 

SOC>SOCmin. Here, the load power is less than 

the generated PPV, thus the surplus power (PPV-

PL) is delivered to the grid as Pg (assumed as 

negative value). At t=0.5s. the solar PV array 

irradiation is increased from 700W/m2 to 1000 

W/m2 , which is also reflected in PPV. However, 

at the load remains same (t =0.3s to 0.5s), thus this 

excess PV array power is delivered to the grid after 

meeting the load demand. This mode feeds the 

variable power into the grid irrespective the change 

in PPV and the load demand.  

3) CGPM- The load is decreased (PLSOCmax. In 

this mode, PPV is higher than PL available on the 

system. Thus, PPV and Pbat are used to supply 

constant power to the grid through VSC. Here, the 

PV array feeds a constant power (Pcgr) to the grid. 

At 0.7 s, the load is increased so that BES is 

discharging to maintain constant grid power mode. 

As result at 0.7 s, the BES charging current starts 

decreasing as shown in Fig 7. 

 

 

SIMULATION PARAMETERS: 
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SIMULATION DIAGRAM: 

 

                                                 

 Fig: Simulink model 
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IBAT(A) 

 

                                                                                          SOC 

 

POWER(W) 

 

CONCLUSION 

The main contributions of this work are on 

the robustness of the system operating in different 

operating modes. The performance of a grid 

interfaced PV-BES system is validated through 

experimental results where the worst case of PV 

array insolation, load variation and grid 

unavailability are used for transition between 

modes. In addition, the system is operating in 

constant and variable power modes to provide 

power smoothening and a decrease the burden on 

the distribution grid during peak demand. This 

system is also found capable to work in an 

islanding mode to deliver the uninterruptable 

power to the load. The CDSC-PLL provides 

synchronization to the grid and MNSOGI-QSG-

DQ control uses for current harmonics elimination 

and power quality improvement. The THD of ig 

and vL are achieved within limits of an IEEE-519-

2014 standard. 
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