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Abstract- Rising demand of renewable energy sources based distributed generation poses several challenges in utility grid 

operation.  These shortcomings have been solved by microgrid. Power quality improvement is the main technical challenge in 

the applications of microgrid. Renewable energy sources can be integrated with microgrid in a better way by introducing a 

battery energy storage system. Power quality improvement, voltage and frequency regulation and catering the intermittency of 

renewable energy sources are few advantages of battery energy storage system. Integration of voltage source-based battery 

energy storage system in solar photovoltaic connected microgrid is presented in this paper. Voltage level between main grid and 

generation of solar power is maintained with the help of battery energy storage system. Power quality improvement of 

integrated microgrid system is done with control strategy of bidirectional converter used in battery energy storage system. 

Hysteresis band current controller is used in this paper to control the currents of battery energy storage system. It is a simple 

as well as robust technique for reduction of total harmonic distortion and voltage profile improvement as shown in the 

simulation results. Total harmonic distortion of system voltage is reduced 0.20%. This paper also presents the power flow to 

the loads using hysteresis band current controller. It is also shown by results that 45kVA is the most feasible rating of VS to 

deal with both linear and non-linear loads. MATLAB/SIMULINK environment is used to model and simulate the overall system 

performance. Proposed control technique can be used in autonomous microgrids to fix critical disturbances in future. 
 

Index Terms-- Battery energy storage system, microgrid, nonlinear loads, solar photovoltaic, total harmonic distortion, voltage source 

 

I. INTRODUCTION 

Management of the grid is changing from centralized schemes to 

decentralized schemes due to the rising trend of distributed 

generation (DG) in grid. This may lead to various issues that must 

be handled carefully for the proper operation of electrical grid. 

The conventional network of distribution suffers from issues of 

reliability, efficiency and quality [1]. The concept of microgrid 

(MG) is a promising solution for renewable energy sources (RES) 

integration as it is a weak grid on a small-scale and can operate 

in grid-connected mode as well as islanded-mode [2]. Several 

advantages are offered by MG for example, utilizing RES that are 

environmentally friendly and lower financial responsibility as 

compared to wholesome power generation [3]. Furthermore, 

distribution networks have also become more reliable with the 

introduction of MG, as transmission network interruptions didn’t 

affect sensitive loads. In a nutshell, deployment of MG can help 

in achieving valuable goals such as saving of cost, lower carbon 

emission and reliability [4]. On the other hand, various technical 

and regulatory issues are still faced by MG systems. 

Requirements of landscape, uncompetitive electricity market and 

regulated pricing of government are included in regulatory issues, 

whereas stability issues of dynamic system, protection relaying 

coordination and Power quality (PQ) are the main technical 

issues. Hence, MGs have become more popular in recent years 

due to the above-mentioned advantages. PQ and stability related 

issues may be caused with the penetration of RES due to their 

stochastic nature [5]. Use of RES is increased due to various 

reasons regarding economic aspects, environmental issues and 

policies of government. 

Solar energy sources are being used effectively in varied 

hybrid power systems, as illustrated in Fig. 1 amongst all 

developed RES [6, 7]. Solar photovoltaic (PV) systems have 

lately received much interest from utility companies worldwide 

[8]. Although this renewable energy production is localized in a 

few geographic places around the country, it cannot be called 

marginal generation, and substantial consideration must be paid 

to balancing its fluctuation. There is an achievable target to boost 

renewable power; therefore, figuring away ahead intended for 

easing large-scale integration of such RES while maintaining grid 

security in mind is critical. Power safety has become a significant 

concern, with more renewable energy being generated and more 

nonlinear loads. Battery energy storage systems (BESS) is used 

to overcome the issues of stability due to dynamic nature of RESs 

as they cause voltage sags and swells [9-11].  
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FIGURE 1.  Classification of Renewable Energy Resources 

In the literature, various control strategies based on energy 

storage have been demonstrated. In [12], it was proposed that 

technique of Fuzzy logic controller is used to control BESS based 

MG system. Dynamic response of the proposed controller was 

much better than classical PID controller. In [13], control strategy 

of BESS was proposed based on active and reactive power to 

restore voltage and frequency of MG during contingencies. 

Conventional microgeneration, Fuel Cell (FC), PV and wind 

turbine (WT) system was included in MG system. An adaptive 

neuro-fuzzy algorithm was employed by author to tune controller 

gains. In [14-17], other control techniques to enhance dynamic 

response of system was proposed during abnormal conditions. 

Dynamic performance of these control methods was good but, 

complex calculations were involved in them and power quality 

was also not improved significantly by them [18-20]. Therefore, 

these techniques are not highly recommended.  

Owing to the above-mentioned discussion, hysteresis band 

current control (HBCC) based novel control technique of BESS 

under normal and abnormal conditions is presented in this paper. 

It is a very good and easy technique to compare the reference 

current (𝐼𝑟𝑒𝑓) with the current of inverter’s output known as 

actual current (𝐼0).  Switching signals of inverter is generated in 

the result of this comparison in order to get quick response. In 

this way, a band is created around 𝐼𝑟𝑒𝑓 known as hysteresis band. 

𝐼𝑟𝑒𝑓   is generated by using inverse park transformation which is 

also known as dq0 to ABC transformation. Power quality 

improvement is the main technical issues regarding MG 

applications as mentioned earlier and different unknown 

disturbances are subjected due to this issue. Hence, this problem 

can be solved with the use of innovative HBCC based control 

technique [21]. Voltage and frequency must be maintained at 

point of common coupling (PCC) within specified limits to 

improve MG’s power quality. Furthermore, it is also shown by 

several investigations that a certain number of harmonics, 

variation in power factor (PF) and current unbalancing are added 

into PCC to the grid by connecting RES and nonlinear loads [22]. 

Sinusoidal pattern of voltage source (VS) is altered due to 

nonlinear load by introducing frequency distortions into the 

power grid. Voltage and current outputs will be distorted at PCC 

by interlinking power electronic devices-based loads with grid. 

As a result, production of heat is increased and efficiency and 

lifespan of VS is also affected [23].   

This paper mainly focusses on the following objectives: 

 To control the three-phase currents of BESS with the help 

of HBCC to improve power quality of MG 

 To investigate the technoeconomic size of VS by 

incorporating different non-linear loads in the network 

 To perform FFT analysis with HBCC and without HBCC 

to shown the reduction in total harmonic distortion (THD)  

The rest of the paper is structured as: system model is presented in 

section 2. Section 3 illustrates modeling of solar farm. The next 

section 4 describes the comprehensive modeling of proposed BESS 

and its control system. In section 5, results and discussions are 

illustrated. Finally, section 6 concludes the whole discussion. 

II. SYSTEM MODEL 

The details of proposed MG system are presented in this section. 

PV array is connected at DC link in MG system under 

consideration. After that, PV array connected with the main power 

grid that is modelled as three-phase voltage source with the rating 

of 400V. The ac side frequency and voltage are maintained at 50 

Hz and 400V (line to line), respectively. Another local VS such as 

uninterruptable power supply (UPS) is also connected to the 

system for transient conditions when there will be no renewable 

source. Fig. 2 shows the detailed model of the MG system under 

consideration. Table 2. illustrates the complete specifications of the 

proposed MG system.  

Local VS is implemented as three-phase programmable VS 

block in Simulink while executing the simulation. The BESS is 

also connected at PCC through an inverter to offer an extra support 

of active power (P) and reactive power (Q) for the MG system. 

Both critical loads and non-critical loads of single-phase as well as 

three-phase are included in the system. The MG system is operated 

in two modes; grid-connected mode and islanded mode. A three-

phase circuit breaker is used to disconnect the main grid from the 

rest of the network. 
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FIGURE 2.  Model of proposed microgrid system 

TABLE I 

SPECIFICATIONS OF MICROGRID SYSTEM 

 

S. No 

 

Source/Load Type 

 

Specification 

 

1 
 
Main Grid Rating 

 
400 V, 50 Hz, 500 kVA 

 

2 
 
BESS Rating 

 
100 kW and 50kWh 

 

3 
 
Local VS 

 
3-phase 400 V, 50 Hz 

 

4 

 

Solar Photovoltaic 

 

100 kW 

 

5 

 

Three-phase Load 

 

6.45 kVA, 0.93 PF 

 

6 
 
Single-phase Load 

 
Ph-1: 12kVA, 0.80 PF 

Ph-2: 14.3kVA, 0.6 PF 

Ph-3: 3.5kVA, 0.67 PF 
 

III. SOLAR SYSTEM MODELING 

Basically, it is fundamental element of solar system. Direct current 

(DC) is generated when light falls on solar cell [24, 25]. The 

relationship between solar irradiance and generated DC current is 

linear. Fig. 3 shows the equivalent circuit of PV cell. A diode and 

a resistance are present in parallel with an ideal current source in 

cell along with a series resistance. The characteristics of voltage 

and current of solar cells are described by the following equations: 

       𝐼 = 𝐼𝐿 − 𝐼0 (𝑒
𝑞(𝑉+𝑅𝑠)

𝐾𝑇 − 1) −
𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
                  (1) 

V and I represents output voltage and current of cell, IL and I0 

denote light generated current and saturation current of diode, 

respectively in (1). q is the electron charge. RS and RSh denotes the 

series resistance and parallel resistance. K and T denotes 

Boltzmann constant and temperature (Kelvin), respectively.  This 

equation is only valid when the value of ideality factor will be 1 

and named as single diode model. 

       𝐼𝐿 = (
𝑌

𝑌𝑟𝑒𝑓
) [𝐼𝐿,𝑟𝑒𝑓 + 𝐶𝑇(𝑇 − 𝑇𝑟𝑒𝑓)]              (2) 

 

 

FIGURE 3.  Equivalent circuit of solar cell 

In (2), solar irradiance is denoted by Y, whereas CT shows the 

coefficient of temperature. 

   𝐼 = 𝑁𝑝𝐼𝐿 − 𝑁𝑝𝐼0 (𝑒𝑞
(

𝑉+𝐼𝑅𝑠
𝑁𝑝+𝑁𝑠

)

𝐾𝑇 − 1) −
𝑁𝑝

𝑅𝑠ℎ
(

𝑉

𝑁𝑠
+

𝐼𝑅𝑠

𝑁𝑝
)      (3) 

Number of cells connected in series and parallel are represented 

as NS and Np in (3). Maximum Power Point Tracking (MPPT) of 

solar panels is performed by Perturb & Optimization (P&O) 

algorithm [26]. The tracking speed and accuracy of PV array is 

improved by this method. A function block is used for MPPT 

algorithm.  Boost converter steps up the voltage to the higher value 

which is then converted to the AC voltage with the help of a 

Voltage Source Inverter (VSI) [27]. P-V and I-V Plot of PV array 

is presented in Fig. 4 [28]. The photovoltaic system is illustrated 

in Fig. 5. Parameters of PV array used for the performance of paper 

is as follows: Temperature=298K, irradiance=1000𝑤/𝑚2,open 

circuit voltage=65V, short circuit current=6A.  

 

FIGURE 4.  Solar cell P-V and I-V characteristics [28]  

 

FIGURE 5.  Block diagram of solar system 
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IV. BESS MODEL AND ITS CONTROL SYSTEM 

BESS acts as energy buffer to feed all loads individually under 

certain conditions to achieve specific goals and it is placed within 

distribution subsystem [9]. Mostly, all the loads are fed by grid 

directly, and battery is also charged by the grid at the same time 

when excess energy is available [29]. Excess energy is supplied to 

the loads when consumption is more. When the supply of grid is 

interrupted, BESS supports the microgrid temporarily as 

emergency backup power [30]. Model of BESS consists of two 

main parts, a DC source and a voltage source inverter (VSI) as 

shown in Fig. 6. DC source is the main “Battery storage block” of 

BESS, VSI is used to integrate the DC source with PCC. A filter is 

also provided at the input and output side of BESS [31]. 

Currents of BESS in both d and q-axis are described by the two 

equations given below, respectively; 
𝑑𝑖𝑑

𝑑𝑡
=

−𝜔0𝑅𝑉𝑆𝐼

𝐿𝑉𝑆𝐼
𝑖𝑑 +

𝜔

𝜔0
𝑖𝑞 +

𝜔0

𝐿𝑉𝑆𝐼
(𝑚𝑉𝐷𝐶 cos(𝛳 + 𝜑) − 𝑉𝑑) (4) 

𝑑𝑖𝑞

𝑑𝑡
=

−𝜔0𝑅𝑉𝑆𝐼

𝐿𝑉𝑆𝐼
𝑖𝑞 +

𝜔

𝜔0
𝑖𝑑 +

𝜔0

𝐿𝑉𝑆𝐼
 (𝑚𝑉𝐷𝐶 sin(𝛳 + 𝜑) − 𝑉𝑞) (5) 

where, RVSI and LVSI is the resistance and inductance of VSI. VDC 

indicates the voltage of DC link capacitor, whereas m and φ is the 

VSI modulation index and phase angle, respectively. ω0 and ω are 

the reference frequency and system frequency. The voltage of DC 

link capacitor is: 
𝑑𝑉𝐷𝐶

𝑑𝑡
=

𝑚

𝐶𝐷𝐶
(𝑖𝑞 cos(𝜑) + 𝑖𝑞 sin(𝜑)) +

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦−𝑉𝐷𝐶

𝑅𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝐶𝐷𝐶
      (6) 

In (6), CDC denotes the capacitance of DC-link. 𝑅𝑏𝑎𝑡𝑡𝑒𝑟𝑦 is the 

resistance of battery or DC source. 

A.  HYSTERESIS BAND CURRENT CONTROLLER 

Essentially, this is a robust technique of feedback current control. 

Reference current (𝐼𝑟𝑒𝑓) is followed by the actual current through 

the branch of BESS inside the defined upper and lower limits 

hysteresis band. Reference current is generated by the controller 

by sensing the 𝑉𝐷𝐶  across capacitor and ac terminal voltage in the 

inverter’s dc side. Load current’s reactive component starts 

increasing with the increase in reactive component of load power 

[32]. The magnitude of 𝐼𝑞component of  𝐼𝑟𝑒𝑓  is obtained by 

sensing the rise in reactive current. After sensing 𝑉𝐷𝐶 across 

capacitor and compared with the value set as reference. The 

magnitude of 𝐼𝑑 component of  𝐼𝑟𝑒𝑓  is obtained by passing the 

signal of error through PI controller. Actual signals of currents 

and reference currents for BESS are compared by a comparator. 

 

FIGURE 6.  Block diagram of battery energy storage system  

Then, gate signals are generated for the multiple times switching 

of switch pairs in inverter leg per cycle so that the 𝐼𝑟𝑒𝑓  must be 

followed by the actual current of inverter within the defined 

hysteresis band limits [33]. Current waveform through the branch 

of inverter, 𝐼𝑟𝑒𝑓  for a phase and switching instants are shown in 

Fig. 7 [32]. The controller generates the lagging 𝐼𝑟𝑒𝑓  consumed 

by the load, given as: 

                𝐼𝑟𝑒𝑓 = 𝐼𝑚 sin(𝜔𝑡 − 90° − 𝜃°)                   (7) 

where: 

                     𝐼𝑚 = √𝐼𝑑
2 + 𝐼𝑞

2                                   (8) 

(−90° − 𝜃°) = Angle of lag 𝐼𝑟𝑒𝑓  of concerning VS 

The current upper and lower band limits are described as: 

𝐼𝑟𝑒𝑓(𝑢𝑝𝑝𝑒𝑟) = 𝐼𝑚 sin(𝜔𝑡 − 90° − 𝜃°) + 𝐻𝐵            (9) 

𝐼𝑟𝑒𝑓(𝑙𝑜𝑤𝑒𝑟) = 𝐼𝑚 sin(𝜔𝑡 − 90° − 𝜃°) − 𝐻𝐵             (10) 

Relay output will be one when difference between 𝐼𝑟𝑒𝑓  and 𝐼0 

will be less than or equal to -0.5. Similarly, Relay output will be 

zero when difference between 𝐼𝑟𝑒𝑓  and 𝐼0 will be greater than or 

equal to +0.5. 

B.  INVERSE PARK TRANSFORMATION 

In the proposed technique, dq0 to ABC transformation is used to 

generate reference current signals of BESS. Another name of dq0 

to ABC transformation is Inverse Park Transformation [34, 35]. 

  [

𝜇𝑎

𝜇𝑏

𝜇𝑐

] = [

cos(𝛳) −sin(𝛳) 1

cos(𝛳 −
2𝜋

3
) −sin(𝛳 −

2𝜋

3
) 1

cos(𝛳 +
2𝜋

3
) −sin(𝛳 −

2𝜋

3
) 1

] [

𝜇𝑑

𝜇𝑞

𝜇0

]      (11) 

V.  RESULTS AND DISCUSSION 

Power flow during transient time and steady state period is 

performed by executing the simulation for three different events; 

1st event is when grid is connected to the system, 2nd scheme is 

when grid is out and VS is supplying power, and in last event, 

BESS is ramped up and fed all the loads. During the above-

mentioned three events, power required by loads, power supplied 

by VS and BESS considering nonlinearity and current unbalancing 

is shown in Table 2. VS kVA rating varies between 35-45 kVA. In 

transient time-interval, 140-190 % of overload capabilities should 

be possessed to handle the loads. It is also observed that the 

uniform balanced current is supplied by BESS through all three-

phases after ramping up completely. 

 

FIGURE 7.  Switching patterns and Controller waveform [32] 
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TABLE II 

EFFECT OF CURRENT UNBALANCING AND NONLINEARITY ON 

POWER SUPPLIED BY VS AND BESS 

S. 

No 

Non 

linearity 

(%) 

Current 

Unbalancing 

(%) 

Power Fed 

by VS 

(kVA) 

Power Fed 

by BESS 

(kVA) 

Power of 

the Loads 

(kVA) 

 

1 
 

6.8 
 

3.2 
 

35.7 
 

76.8 
 

93 

 

2 
 

17 
 

10.9 
 

40.1 
 

85.6 
 

100 

 

3 

 

10.5 

 

5.1 

 

37.9 

 

77.4 

 

97.3 

 

4 

 

5 

 

14.5 

 

37.44 

 

66.5 

 

84.5 

 

5 

 

21.02 

 

15 

 

42.67 

 

92 

 

108.1 

 
6 

 
23.01 

 
16.98 

 
44.59 

 
96 

 
110 

 
7 

 

17.2 
 

11.1 
 

39 
 

70.9 
 

89 

 

A.  ACTIVE AND REACTIVE POWER BY VS, BESS AND LOAD 

Active and reactive power of load is 6000W and 2400kVAR 

respectively. Active and reactive power fed by VS and BESS is 

given in Fig. 8(a) and 8(b), respectively.  

B.  VOLTAGE ACROSS THE CAPACITOR 

In this system, source itself provide the active power losses in the 

branch of BESS. Therefore, only reactive power is provided by 

capacitor. Voltage across capacitor must be a constant value. In this 

case, the value of voltage across capacitor is 600V.  

C. COMPARISON OF PROPOSED TECHNIQUE WITH 

PREVIOUS TECHNIQUE USING FFT ANALYSIS 

THD an essential feature for evaluating harmonics level in 

waveforms of system voltage and current, could also be used to 

describe power quality under various load situations, in contrast to 

the fundamental waveforms of the system voltages and currents. 

Intermittent nature of RES and nonlinear loads cause harmonics in 

the system. FFT analysis is performed for harmonics investigation 

using MALAB-Simulink. THD of system voltage without 

applying proposed control strategy and with control system is 30% 

and 0.20% tool and shown in Fig. 9(a) and 9(b), respectively and it 

is according to the specified limits in standard IEEE 519-119.

 
 

FIGURE 8.  Power by VS, BESS. (a) Active and reactive power fed by VS, (b) Active and reactive power given by BESS 

 

 

 
FIGURE 9.  FFT Analysis for Comparison. (a) Harmonics without HBCC [32], (b) Harmonics with HBCC 

VI. CONCLUSION 

PV and an effective coordinated control of battery energy storage 

system is presented in this work for power quality improvement of 

microgrid system. Performance of hysteresis band current 

controller-based system is investigated by running a simulation 

into MATLAB-Simulink using different loads. In this paper, Effect 

of current unbalancing and nonlinearity is also taken into 

consideration. An effective control is shown by HBCC over BESS 

operation. Simulation results clearly presented that THD is 0.20% 

with the proposed technique and 30% without using proposed 

technique. Moreover, voltage is also regulated at 1pu at load bus 
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during normal and transient conditions and make this system more 

reliable. 45 kVA is the most feasible rating of VS as shown by 

simulation results. For future work, proposed control technique can 

be used in autonomous microgrids to fix critical disturbances. 
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