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 Where sun irradiation is not continuous throughout the day, photovoltaic 

(PV) cells are used to supply solar power to the grid. A suitable power 

management plan is required to provide a steady power supply to the grid. 

The hybrid renewable generation system (HRGS) interconnected to the grid 

is the subject of this study, which provides a revolutionary power 

management method and control strategy. PV devices, a battery storage unit 

(BSU) charged by electricity generated from solar energy, and an auxiliary 

unit make up the HRGS concept (AU). Maximum power point tracking 

(MPPT) uses an improved perturb and observe (P&O) method to track 

maximal energy from solar irradiation. The peculiarity of this approach is 

that it uses a modified MPPT algorithm to handle power management 

throughout the process, allowing it to manage continuous power delivery to 

the grid based on load demand. It is capable of working under any load 

situation. The action of an L-C filter is utilized to decrease the total 

harmonic distortion (THD). The HRGS scheme's performance appraisals 

work correctly, achieve maximum productivity, and continually managing 

the power provided to the grid in a satisfactory way. 
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NOMENCLATURE 

 

EES : Electrical energy storage  𝐼𝑀𝑃  : The current belongs to maximum amount 

power of the PV cell [V] 

HPS : Hybrid power system  𝐼𝑃𝑉/𝐼𝑝ℎ : PV panel output current [A] 

MPP : Maximum power point   𝑉𝑜𝑐  : PV panel open-circuit voltage [V] 

PCC : Point of common coupling  𝐼𝑆𝐶  : Photovoltaic cell current Short-circuit [A]  

pf : Power factor  𝐾𝐼  : Temperature coefficient related to ISC 

PLL : Phase lock loop  𝑁𝑠 : Photovoltaic cell or module 

PWM : Pulse width modulation  𝑅𝑠 : Series resistance [Ω] 

RESs : Renewable energy sources  𝑅𝑠ℎ/𝑅𝑝 : Parallel resistance [Ω] 

SCS : Supervisory control scheme  𝑉𝑀𝑃 : The voltage belongs to maximum amount 

power of the PV module [A] 

SOC : State of charge  𝑁𝑝𝑎𝑟 : Modules in parallel in a PV array 

TD : Tracking direction  𝐾𝑉 : Temperature coefficient related to 𝑉𝑜𝑐  

https://creativecommons.org/licenses/by-sa/4.0/
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THD : Total harmonics destruction  𝑃𝑎𝑢𝑥 : Output power of Boost converter connected 

to AU 

VSC  : Voltage source converter  𝑃𝑏  : Battery output power [W] 

VSCC  : Voltage source converter control  𝑃𝑏𝑎𝑡𝑡 : Buck-boost converter output power 

connected across BSU [W] 

𝐼𝑜 : Reverse threshold current [A]  𝑃𝑑𝑐  :  DC bus power [W] 

𝑎 : Completion or ideality factor (= 

1.3) 

 𝑄𝑚 : Maximum charge of battery [AH] 

𝑘 : Boltzmann’s constant [= 

1.3806503 × 10-23 J/oK] 

 𝑅𝑎 : Internal resistance [Ω] 

𝑉 : Terminal voltage of Photovoltaic 

panel [V] 

 𝑅𝑏 : Terminal resistance [Ω] 

𝐺 : Irradiation on the device surface 

[W
m2⁄ ] 

 𝑉𝑎 , 𝑉𝑏 , 𝑉𝑐 : Grid voltages 

𝑇 : Temperature of PV panel [K]  𝐼𝑎 , 𝐼𝑏 , 𝐼𝑐 : Grid currents 

𝑑 : Control action  𝑉𝑎𝑢𝑥 : Auxiliary voltage [V] 

𝑞 : Electron charge [=1.60217646 × 

10-19 C] 

 𝑉𝑏𝑎𝑡𝑡 : Battery voltage [V] 

𝐶𝑖 : Incipient Capacitance [F]  𝑉𝑑𝑐 : DC bus voltage [V] 

𝐶𝑝 : Polarization Capacitance [F]  𝑉𝑜𝑐𝑣  : Open circuit voltage of BSU 

𝐼𝑎𝑢𝑥 : Auxiliary Current [A]  𝐿1 : Constant load (priority load) 

𝐼𝑎𝑢𝑥𝑏𝑜𝑜𝑠𝑡  : Output current of Boost converter 

connected to AU [A] 

 𝐿2 : Fluctuating load (less-priority load) 

𝐼𝑏𝑎𝑡𝑡/𝐼𝑡𝑏  : Battery current [A]  𝑃𝐿1 : Constant load or priority load [W] 

𝐼𝑑𝑐  : DC bus current [A]  𝑃𝐿2 : Less priority or variable load [W] 

𝑃𝐿𝑜𝑎𝑑  : Total load [W]     

 

 

1. INTRODUCTION  

In recent years, HRGS have become more versatile and appealing, allowing them to satisfy load 

demand. It can be used as a stand-alone device or as part of a grid. Global warming is caused by traditional 

sources such as fossil fuels, thermal energy. As a result, it contributes to increased pollution and climate 

change around the planet. Furthermore, over the last two decades, electricity usage has skyrocketed. 

According to the survey, power usage would increase by roughly 56 percent to 60 percent between now and 

2050 [1], [2]. The primary problems we face are reducing pollution and increasing electricity generation in 

order to compensate for rising energy demand by utilizing renewable energy sources. Increased 

environmental pollution as a result of increased carbon emissions into the atmosphere from the use of more 

fossil fuels [3], which poses a health risk to all living things and leads to an increase in global temperature 

and climate change. Conventional power generations' typical statements are constrained. It's possible that it'll 

be depleted in the following years. In such a situation of increased requirement of power generation and load 

demand, other alternative of power generation is essential. As a result, renewable energy generation is critical 

for increasing the strength needed to compensate for conventional power generation's deficiencies. It is vital 

to create more electricity in a reliable method due to improvements in cutting-edge virtual technologies and a 

comfortable life style. 

The proposed scheme creates a strong desire to incorporate a HRGS that can send power to the grid 

or work in a standalone mode. When the HRGS system is attached to the grid, however, there may be a 

power management issue. Sometimes, it gives more power when there is a less demand and on the other way 

it gives less power at the time of more load demand. So, without maintaining proper power management, the 

HRGS unable to generate power without controlling the BSU and AU. To maintain proper power delivery 

throughout the complete day, an alternate control strategy of HRGS is required.  

The HRGS system makes use of a modified P&O algorithm to maintain optimum power 

management. At any time when load demand is high, HRGS with an L-C filter design unit is used to lower 

the harmonic content of voltage and current signals connected to the grid. The HRGS control approach is 

demonstrated while preserving power management under various SOC conditions of the BSU. The proposed 

scheme's ultimate goal is to ensure a constant power supply by regulating the power stored in the BSU and 

applying AU power to the grid. The AU could be a diesel generator, fuel cell, or super capacitor that can 

generate or store energy when the grid needs it. HRGS' power management and control approach are 

properly managed, depending on the grid's load requirement, thanks to a suitable algorithm. 
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The THD value of the voltage and current signal of the HRGS system connected to the grid has also 

been kept below the threshold value (less than 5 percent). This is the unique grid-connected power 

management and control strategy system, which is also detailed in the simulation results section. The HRGS 

technique utilized here is both environmentally benign and cost-effective in ensuring grid continuity in the 

event of a load outage. 

As we know that the renewable energy sources (RESs) are the clean sources of energy and found 

abundantly across the world. This HRGS scheme can be applied to any parts of the world. From all types of 

RESs, the solar power has been utilized since decades and promising alternative sources to meet the power 

demand growth. The main advantages of using this solar energy sources are available at an acceptable cost. It 

is estimated that around 11% of solar power generation has been utilized [4]. Therefore, there is a 

tremendous energy market growth using solar power generation. However, due to the weather condition 

(rainy, cloudy, less solar irradiation), solar energy alone cannot fulfil the energy demand. Therefore, an 

alternative hybrid energy system may be selected in order to fulfil the continuous demand of energy growth. 

The hybrid energy system may include various renewable energy system, sometimes it may not suitable to give 

continuous power supply to the grid (wind and solar) or sometimes it may provide more power generation to 

fulfil the market needs, but the extra surplus power must be stored using BSU and AU. The proper power 

management and maintaining continuous power supply to the grid is a very important aspect to understand. An 

alternative hybrid energy sources Wind, Solar and Tidal, battery, SC and FC are also integrated, but the 

complexity of power management aspect increases, which is difficult to control and better the performance of 

the system [5]−[7]. Some strategies are carried out to improve the implementation of PV system in residential as 

well as at utility scale. Among this payback period and cost reduction are the main significant issues of PV 

system utility holders. Reduced cost analysis and comparison to other renewable energy sources shows that the 

PV system performance is better with relation to life period. Innovation of technologies is further essential in 

these fields to enhance the performance of PV cell of HRGS system is described as follows: i) Components 

such as PV cells, batteries, switches and sensors are to be manufactured based on less cost and more life so as to 

have higher performance; ii) Advancement of power converter component leads to power maximization and 

less harmonic content to maintain the grid voltage and current waveforms; and iii) Using proper power 

managing scheme to improve the effectiveness of HRGS and its reliability.  

Countless efforts are made to improve the effectiveness of PV model that are connected to the grid 

[8]−[12]. In [8] 3Ø grid connected to single stage PV model. In this system MPPT algorithm, enhance the 

effectiveness of grid connected PV model with rapid change of irradiation. Intelligent PV module [9] is 

implemented so as to reduce the system loss. In this system, PV array with intelligent PV modules using 

MPPT are reordered. In [11] optimal sizing of the PV module is suggested, proper use of PV sizing type and 

inclination of AC/DC converter. The advantages of using this scheme are to enhance the performance of grid 

connected PV module. Battery storage optimization capacity in PV/battery hybrid system has been discussed 

in [12]. Battery capacity can be enhanced concerning on net present value and self – sufficiency ratio. Some 

improvement of output accuracy is also discussed [13] but the system becomes more complex and costly due 

to the large number of active-clamp circuit, ZVT-interleaved DC/DC converter and accurate state model. 

Multilevel DC/DC converter and quasi-Z-source inverter QZSI are also employed in grid connected PV 

system [13], [14] to reduce the harmonic components in the waveform and operates at unit pf. Several power 

management strategies have been worked out on PV/battery systems. However, it is unable to address the 

performance of the system, accuracy for elimination of harmonics. Power management strategy is also 

employed in multiple PV/battery system, which has been discussed [15], [16] in which particular unit load 

condition is allotted to different units but unable to address the power management control strategy and its 

performance. PV/battery hybrid system is presented [17], in which SOC of storage unit and micro grid 

voltages are operated by distributed control framework. In this BSU is employed with PV array for water 

pumping system supervision. The paper [18] is discussed on supervision strategy, which is based on SOC 

monitoring of BSU. In photovoltaic/battery system, a decentralized control and newly architectural approach 

has been discussed to control the power management, where the battery storage is connected to DC bus [19]. 

In [20], [21] the power management strategy of a PV/battery system linked to the grid or islanded manages 

the active and reactive power and regulates the voltages of DC and AC buses. Furthermore, the system 

performance under battery overcharging and deep charging modes, as well as the power consumption and 

cost that can be optimized by the smart power management system, may be thoroughly investigated. [22]. the 

modified genetics algorithm (GA) is also used in this smart management system with or without the 

preference of user for the load allocation and multi-objective optimization, which is used for the micro grid 

organization [23]. The main aim of using power optimization is to reduce the cost function and discharge for 

supplying power to the grid.  Thus, the continuity of supply is restored at any adverse situation. The decision 

about the sizing of generator according to the cost turn out to be more financial burden [24]. The 

optimization of HRGS has been suggested [25], [26]. PV in addition to BSU has been implemented in 
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residential and commercial building which is discussed [27], [28]. It is suggested that the different sizing and 

the analysis of different behavior of various combinational types of HRGS performs well to achieve higher 

accuracy of the system. PV with wind and BSU works as a back-up purpose, but it seems that it is not the 

perfect combination because PV as well as wind both are intermittent nature. The power generation is always 

varying in nature. Sometimes it may happen that solar radiation and wind speeds are not up to the mark for 

sufficient power generation. This system sometimes works as sluggish and will not be a more economical 

choice as compared to power management and continuity of power supply. Thus, the strong motivation 

behind this using the scheme is to model an alternative hybrid renewable generation system (HRGS) and 

implement an algorithm to manage the power and its control strategy to achieve higher performance and 

continuity of power supply and harmonic reduction as per the need of load at any unfavorable condition 

based on priority and less priority nonlinear load. In our HRGS system the analysis of proper power 

management strategy, control of power management and battery storage and auxiliary unit has also been 

discussed in the subsequent section. Further, as per the performance is concerned, harmonic reduction and 

THD calculation of voltage and current signal analysis has also been carried out before or after supplying the 

grid. This scheme is more economical, higher performance and accuracy compared to the existing analysis 

discussed in the above-mentioned literatures. 

The suggested HRGS model contain three components: PV, BSU, and AU. New power management 

and control approach has been designed for managing the power flow between the photovoltaic, BSU, and 

AU in line with the grid's load demand. Both higher and lower priority loads are factored into the grid load 

demand. The control approach proposed for maintaining the reliability of the HRGS system's power supply 

has been thoroughly presented in the simulation results section. The HRGS model is attached to the grid by 

VSCC. After synchronization, the grid voltage is properly matched with the HRGS voltage. An improved 

P&O algorithm is employed in the photovoltaic system to obtain maximal power. After attaining maximum 

power, the surplus electricity is stored in the BSU and then distributed to the microgrid. On the other hand, 

grid demand changes based on load demand. A power management strategy is required in this instance to 

meet the grid's adequate power requirements. Load shedding is an option if there is a disparity between the 

load required and the HRGS system's power generation. How will we ensure that the system receives 

adequate electricity without resorting to load shedding? The findings section goes into great detail on this. 

The harmonic reduction section is then examined in order to increase the power quality of the voltage and 

current signals. The harmonic content of a signal connected to the grid under any load state is determined via 

THD analysis of voltage and current signals. The HRGS model is now connect to the microgrid for the first 

time. The outline of the paper is divided into sections. Section 2 digs into the modelling of the proposed 

HRGS system as well as the elements of the PV system, in addition to section 1, which deals with the 

introduction to the proposed study. Section 3 looks at several types of control techniques for various systems, 

while Section IV goes through the HRGS simulation findings and analysis. 
 

 

2. GRID-CONNECTED HRGS MODELLING  

Figure 1 shows the suggested HRGS model coupled to a three-phase grid. PV/BSU/AU are the 

components. The entire system is powered by a three-phase AC load. The 3ϕ AC load may be a priority type 

load or a reduced priority type load depending on the load demand. In this case, a higher priority load denotes 

a non-linear or constant load, while a lower priority load denotes a variable load. The PV system uses MPPT 

to track maximum power and supplies it to a DC/DC converter. PV's output voltage has been raised with the 

help of a boost converter. Energy is stored in the primary storage unit (BSU) and delivered to the grid as 

needed. BSU supplies the load for a long time when PV power generation is unavailable, but it is unable to 

supply the power demand on its own. A bi-directional DC/DC converter is located across the BSU (buck-

boost converter). The purpose is to charge and discharge the BSU, with power stored in the BSU and 

distributed to the grid as needed. When both the PV and the BSU are not able to provide power to the load, 

an AU is used as a backup. The AU can also be used to store energy in the BSU until it reaches its maximum 

capacity (SOC level). These sources, which are connected in parallel, supply all three-phase local loads. An 

LC filter is developed and coupled across the HRGS to minimize harmonics and improve the power quality 

of voltage and current signals. The THD calculation was finished, and the outcome was within the tolerance 

limit (less than 5 percent) The HRGS system is depicted in Figure 1.  
 

2.1.  Photovoltaic (PV) model 

PV is a semiconductor device consisting of p-n junction diode. The equivalent PV cell circuit 

diagram is depicted in Figure 2. The mathematical model of a PV module has been referred from [28]. The 

MPPT algorithm is utilized to suggest the highest amount of power from a PV system using improved P&O 

method [29]. The equations from the article [28]-[30] were used to plot the PV system. Table 1 summarizes 
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the PV array specifications. In the proposed hybrid renewable energy system, the Sun Power SRP-305-WHT 

solar panel is planned and projected using MATLAB 2019 SIMULINK. 
 

𝐼 = 𝐼𝑃𝑉 − 𝐼𝑂 [𝑒𝑥𝑝 (
𝑉+𝑅𝑠𝐼

𝑉𝑡𝑎
) − 1] −

𝑉+𝐼𝑅𝑆

𝑅𝑃
  (1) 

 

Where 𝑉𝑡 =
𝐾𝑇𝑁𝑆

𝑞
 

 

𝐼𝑃𝑉 = (𝐼𝑃𝑉𝑛 + 𝐾𝐼∆𝑇)
𝐺

𝐺𝑛
 (2) 

 

Where ∆𝑇= 𝑇 − 𝑇𝑛 and 𝐼𝑃𝑉𝑛 =
𝑅𝑃+𝑅𝑆

𝑅𝑃
𝐼𝑆𝐶𝑛  

 

𝐼𝑂 =
𝐼𝑆𝐶𝑛+ 𝐾𝐼∆𝑇

𝑒𝑥𝑝(
𝑉𝑂𝐶+ 𝐾𝑉∆𝑇

𝑎𝑉𝑡
)−1

                                       (3) 

 

𝐼 = 𝐼𝑃𝑉𝑁𝑝𝑎𝑟 − 𝐼𝑂𝑁𝑝𝑎𝑟 [𝑒𝑥𝑝 (
𝑉+𝑅𝑆(

𝑁𝑠𝑒𝑟
𝑁𝑝𝑎𝑟

)𝐼

𝑉𝑡𝑎𝑁𝑠𝑒𝑟
) − 1] −

𝑉+𝑅𝑆(
𝑁𝑠𝑒𝑟
𝑁𝑝𝑎𝑟

)𝐼

𝑅𝑃(
𝑁𝑠𝑒𝑟
𝑁𝑝𝑎𝑟

)
  (4) 

 

 

 
 

Figure 1. HRGS Simulink model linked to the grid 

 
 

 
 

Figure 2. PV Array model with a single diode 
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Table 1. PV Panel Specifications 
Specification Value 

𝑁𝑝𝑎𝑟 66 

𝑁𝑠𝑒𝑟 05 

IMP 5.58 A 
Irradiance 1000 

ISC 5.96 A 

KI 3.5 mA/°C 
KV –176.6 mV/°C 

Maximum power of the PV panel (Pmax) 305 W 

NS 96 
Temperature (T) 25 

VMP 54.7 V 

VOC 64.2 V 

 

 

2.2.  Improved P&O with MPPT 

The standard P&O approach is useless for keeping the changeable solar radiation since it varies 

consistently about the MPP when the peak power of the photovoltaic system is fixed at a specific functional 

point and deviates from MPP during variations in solar radiation. The bifurcation is caused by variable 

degrees of irradiation. PV module energy losses arise as a result of this. The classic P&O technique has been 

addressed [31]−[35]. A improved P&O method was devised to address these limits. The voltage and current 

ware calculate first, and then the power is determined. The work flow of improved P&O method is depicted 

in Figure 3. The performance of improved P&O is enhanced by modifying the current (∆I) parameter. The 

modified P&O algorithm has a range of control actions, as shown in Table 2. There are eight scenarios to 

think about. The power differential (∆P) determines the tracking direction and control results. Examining two 

different types of test cases demonstrates this. Test Case-1: If the changes in voltage (V) and current (I) have 

opposing signs, the PV module is in continuous irradiation. Test Case-2: The PV module is irradiated 

differently if the changes in V and I have the same sign.  

Under steady radiation, the suggested MPPT approach performed comparable to standard P&O. 

When the radiation fluctuates, however, this MPPT technique performs differently than the traditional P&O 

approach. For speed tracking, the step size is increased to twice throughout the insufficient tracking period. 

As a final result, the updated P&O algorithm may smooth out power fluctuations caused by solar irradiation 

or reference voltage fluctuations. As a result, MPP divergence, as per to the article [36]. 
 
 

Read V(k) & I(k)

Calculate P(k) = V(k) x I(k)

START

ΔP > 0

ΔV > 0 ΔV > 0

ΔI > 0 ΔI > 0 ΔI > 0 ΔI > 0

d = 

d + 2Δd

 d = 

d - 2Δd

 d = 

d - 2Δd 

 d = 

d - 2Δd 

 d = 

d - Δd

Update

V(k) = V(k-1)

I(k) = I(k-1)

N

Y N Y

Y N Y

 d = 

d - Δd 

Y

N

N

YN N Y

Return

 d = 

d + Δd 

 d = 

d + Δd 

 
 

Figure 3. Work flow of modified P&O algorithm 
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Table 2. Modified P&O algorithm has several control actions 
Case ∆𝑉 ∆𝑃 ∆𝐼 G TD d 

1 ‘+’ ‘+’ ‘+’ Increase True ′𝑑′ = ′𝑑 + ∆𝑑′ 
2 ‘+’ ‘+’ ‘-‘ Constant True ′𝑑′ = ′𝑑 − ∆𝑑′ 
3 ‘+’ ‘-‘ ‘+’ Increase Wrong ′𝑑′ = ′𝑑 − 2∆𝑑′ 
4 ‘+’ ‘-‘ ‘-‘ Constant Wrong ′𝑑′ = ′𝑑 + 2∆𝑑′ 
5 ‘-‘ ‘+’ ‘+’ Constant True ′𝑑′ = ′𝑑 + ∆𝑑′ 
6 ‘-‘ ‘+’ ‘-‘ Decrease True ′𝑑′ = ′𝑑 − ∆𝑑′ 
7 ‘-‘ ‘-‘ ‘+’ Constant Wrong ′𝑑′ = ′𝑑 − 2∆𝑑′ 
8 ‘-‘ ‘-‘ ‘-‘ Decrease Wrong ′𝑑′ = ′𝑑 − 2∆𝑑′ 

 

 

2.3.  Battery storage unit (BSU) model 

Figure 4 depicted the mathematical model of BSU. The SOC, the voltages of a and b phase e_a, e_b 

are the state variables. The (5) to (9) has been alluded from [37]. The parameters for the BSU are listed in 

Table 3. The Lithium-ion battery model's specifications are listed in Table 3. The circuit diagram of the 

improved P&O approach as depicted in Figure 4. 
 

𝑉𝑜𝑐𝑣 = 338.8 x [0.94246 + 0.05754 x 𝑆𝑂𝐶] (5) 
 

𝑅𝑎. 𝐶𝑝.
𝑑𝑒𝑎

𝑑𝑡
+ (

𝑅𝑎+𝑅𝑏

𝑅𝑏
) . 𝑒𝑎 = 𝑉𝑜𝑐 +

𝑅𝑎

𝑅𝑏
. 𝑒𝑏    (6) 

 

𝑅𝑏 . 𝐶𝑖.
𝑑𝑒𝑏

𝑑𝑡
+ 𝑒𝑏 = 𝑒𝑎 − 𝑅𝑏 . 𝐼𝑡𝑏    (7) 

 
𝑑𝑆𝑂𝐶

𝑑𝑡
=

𝐼𝑡𝑏

𝑄𝑚
   (8) 

 

𝐼𝑡𝑏 =
[𝑉𝑜𝑐−√𝑉𝑜𝑐

2 −4(𝑅𝑎+𝑅𝑏)𝑃𝑏]

2(𝑅𝑎+𝑅𝑏)
                                       (9) 

 

 

 
 

Figure 4. BSU circuit diagram 

 

 

Table 3. Model specifications for lithium-ion battery 
Specification Value 

𝑅𝑎 0.21 Ω 

Initial SOC 90% 

Nominal voltage 500 V 
Rated Capacity 35.71 h 

 

 

3. HRGS PROPOSED CONTROL STRATEGY  

The different components in Figure 1 are used to regulate the systems that will be discussed later. 

The purpose of each block control strategy of HRGS connected to the grid is described in detail in the 

sections below. 

 

3.1.  PV Module’s boost converter control 

Figure 1 depicted the boost converter is connected to the PV section. The boost converter's job is to 

raise the PV module's input voltage level. The boost converter's input voltage is lower than the output 

voltage. MPPT generates gate pulses, which are used to operate the boost converter's switch. Because of air 
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conditions and the Sun's position, the sun's irradiation level varies and always varies from time to time. 

MPPT employs an improved P&O approach to correctly track maximum power.  

 

3.2.  Charging and discharging control strategy for BSU 

During day time, the BSU stores the energy generated by PV panels. The stored power is charged 

until it reaches its full capacity, and then it must be given to the grid during the night. Discharging is the term 

for this procedure. It will be tough to supply the grid if PV generation is not sufficient owing to poor weather 

conditions. However, the BSU's stored energy can manage power to feed the grid for a short period of time. 

At the same time, AU must be turned on right away in order to meet the grid's power needs. This sort of 

power management, which includes BSU and AU, must be appropriately coordinated with the grid. The BSU 

is connected to the common DC bus via a DC/DC bi-directional converter in this system. The converter 

circulates the power in both ways. Using the MPPT algorithm, this new power management, which includes 

PV cells, may be done during the day. The control approach for the bi-directional converter is depicted in 

Figure 5. When the Vdc output is compared to the Vdc, it is passed to the PI controller. The output of the PI 

controller is once again coupled with Ibatt, and the complete output is delivered to PWM. The circuit 

diagram of a BSU-connected buck-boost converter is shown in Figure 5. The control system's T1 and T2 are 

used to charge and discharge the BSU. 
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Figure 5. Control circuit for a BSU-connected buck-boost converter 

 

 

3.3.  AU control schemes  

In this project, an AU is employed, and its purpose is to give electricity during emergency 

situations. As a result, AU serves as a backup power source. If the PV system's power generation is 

insufficient, and the BSU is unable to give the store energy to the grid, the AU can produce electricity and 

meet the microgrid's requirements. When the PV module is not sufficient to charge the battery, the additional 

power is used to charge the BSU. Figure 6 depicts the AU connected to boost converter control circuit. 
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Figure 6. AU connected to the boost converter control circuit 
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3.4.  Control strategy for VSCC 

As revealed from Figure 1, the HRGS is coupled to the microgrid via the 3ϕ VSI. The HRGS 

voltage is synchronized with the grid voltage using VSCC. VSCC's circuit diagram is shown in Figure 7. 

𝑉𝑎 , 𝑉𝑏 , 𝑉𝑐 or (𝑉𝑎𝑏𝑐) and 𝐼𝑎 , 𝐼𝑏 , 𝐼𝑐 or (𝐼𝑎𝑏𝑐) of Voltage and current waveforms from three phases are combined 

into direct and quadrature axes such as 𝑣𝑑,𝑣𝑞 , 𝑖𝑑,𝑖𝑞  respectively using 𝑎𝑏𝑐 →  𝑑𝑞 converter. For controlling 

purposes, the benefits of converting AC components to DC components are exploited. Regulating DC 

components is easier than controlling AC components. In the VSCC, the PLL is utilized to calculate the 

phase angle Ө from the microgrid voltages. Figure 8 shows a schematic diagram of a PLL. This angle Ө is 

utilized in converting to 𝑎𝑏𝑐 →  𝑑𝑞 and 𝑑𝑞 →  𝑎𝑏𝑐 converters. 𝑃𝑔𝑟𝑖𝑑_𝑟𝑒𝑓 and 𝑄𝑔𝑟𝑖𝑑_𝑟𝑒𝑓  are used as the 

reference values of the inverter. 𝑃𝑔𝑟𝑖𝑑  and 𝑄𝑔𝑟𝑖𝑑  are the active and reactive powers after the transformation of  

𝑑𝑞 reference frame mentioned in (10) and (11) from [1], [38], [39]. The grid voltage is balanced in q-axis 

reference frame (𝑣𝑞 = 0)  𝑎𝑛𝑑 𝑖𝑑_𝑟𝑒𝑓  , 𝑖𝑞_𝑟𝑒𝑓 are obtained by dividing 𝑃𝑔𝑟𝑖𝑑_𝑟𝑒𝑓 and 𝑄𝑔𝑟𝑖𝑑_𝑟𝑒𝑓  with 𝑉𝑑. 

Then,  𝑖𝑑_𝑟𝑒𝑓 and 𝑖𝑞_𝑟𝑒𝑓 are compared with 𝑖𝑑 and 𝑖𝑞  respectively. The outputs are fed to the PI controllers to 

get, 𝑉𝑑_𝑟𝑒𝑓  and 𝑉𝑞_𝑟𝑒𝑓. The  𝑣𝑑_𝑖 and 𝑣𝑞_𝑖 are calculated by using (12) and (13). Then these values are given to 

the 𝑑𝑞 →  𝑎𝑏𝑐 converter and the output of 𝑑𝑞 →  𝑎𝑏𝑐 is fed to PWM to produces the pulses. Such pulses are 

fed to inverter as depicted in Figure 8.  

 

𝑃𝑔𝑟𝑖𝑑 =
3

2
(𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞)  (10) 

 

𝑄𝑔𝑟𝑖𝑑 =
3

2
(𝑣𝑑𝑖𝑞 − 𝑣𝑞𝑖𝑑)  (11) 

 

𝑣𝑑_𝑖 = −𝑣𝑑𝑟𝑒𝑓
+ 𝑤𝐿𝑓𝑖𝑞 + 𝑣𝑑  (12) 

 

𝑣𝑞_𝑖 = −𝑣𝑞𝑟𝑒𝑓
− 𝑤𝐿𝑓𝑖𝑑  (13) 

 

The 3Ø inverter in the synchronous reference frame, output voltages are; 

 

{
𝑣𝑑_𝑖𝑛𝑣 = 𝑅𝑓𝑖𝑑 + 𝐿𝑓
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𝑑𝑖𝑞

𝑑𝑡
+ 𝑤𝐿𝑓𝑖𝑑 + 𝑣𝑞

  (14) 
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Figure 7. Circuit diagram of VSCC 
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Figure 8. Diagrammatic representation of PLL 

 

 

3.5.  Supervisory control scheme (SCS) of HRGS 

Figure 9 depicts the work flow of SCS used in suggested HRGS model. The 2 types of loads are 

taken here. First, we have considered a nonlinear load (𝐿1) and second one is of variable load (𝐿2). When 𝑉𝑑𝑐 

is less than 𝑉𝑑𝑐
∗ , then BSU discharges its power and supply to the load, otherwise it checks the level of SOC. 

If SOC level is greater than 90% (0.9) then BSU provide the strength to the load. If the SOC range is between 

0.2 ˂ SOC ˂ 0.9, then the load demand is fulfilled by the HRGS supply. If 𝑃𝑝𝑣 > 𝑃𝐿𝑜𝑎𝑑 , then 𝑃𝑝𝑣 fulfills the 

load requirement (𝑃𝑙𝑜𝑎𝑑) and it charges the BSU. If 𝑃𝑝𝑣 + 𝑃𝑏𝑎𝑡𝑡 < 𝑃𝐿𝑜𝑎𝑑 , then 𝐿2 is disconnected and 𝐿1 is 

continued to supply in that situation the SCS checks the SOC level. If 𝑆𝑂𝐶 > 0.2 then the AU charges the 

BSU and continued to supply the 𝐿1 demand. 

 

 

 
 

Figure 9. Flowchart of HRGS using SCS 
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4. RESULTS AND DISCUSSION 

The suggested HRGS scheme shown above was created with latest version of the 

MATLAB/SIMULINK. The HRGS power management model performance and controlling scheme were 

explored in detail in the following sections. HRGS waveforms have been proven under a variety of grid-

connected load conditions. Figure 10 depicts the various irradiation levels of a PV system.  

Figure 11 represents the boost converter's power output when interconnected to the PV system, 

while Figure 12 depicts the load powers gained by various sorts of loads, like as priority load (L1) and less-

priority load (L2) The SOC level of the BSU as represented in Figure 13. Figure 11 represents the PV model, 

power is zero during the time interval 0-to-1.4 seconds, and then grows for the time interval 1.4-to-3 seconds 

as the radiation level grows, as illustrated in Figure 10. 

 

 

 
 

Figure 10. PV system’s irradiation level 

 
 

Figure 11. PV module power output  (𝑃𝑝𝑣) 

 

 

 

 
 

Figure 12. Power consumed by 𝐿1 𝑎𝑛𝑑 𝐿2 

 
 

Figure 13. SOC level of the BSU 

 

 

While a result, SOC level drops fast between 0 and 1.4 seconds as Ppv = 0 is used to give power to 

the load. Ppv grows in the region of 1.4 to 3 seconds, as shown in Figure 11. As a result, the SOC curve in 

this time period is less inclined, as seen in Figure 13. The similar event happens between the intervals of 6.7 

and 8.4 seconds and 8.4 and 10 seconds. Because Ppv = 0, the SOC curve is too disposed in this time interval 

from 8.4-to-10 seconds. Figure 14 shows the Buck-Boost converter's output power over the BSU. The 

generated power of the bidirectional DC/DC converter linked across the BSU (Pbatt) is provided to the load 

as the PV power section zero, as shown in Figure 11 and Figure 14. After that, as PV power grows and 

becomes capable of serving the demand, it gradually decreases. When the load demand remains in the range 

of 8.4 to 10 seconds, the Pbatt increases again as the PV power decreases to zero. In Figure 15, the boost 

converter output power is coupled across the AU. The AU is ready to move into position to charge the BSU 

when the SOC level is less than equal to 20% (0.2), as indicated in Figure 9. When PV and BSU power are 

inadequate to fulfil total load demand, or when both of these powers are insufficient, AU is given to L1, and 

lower-priority loads are disconnected from the supply. The DC bus voltage of HRGS is shown in Figure 16. 

The DC bus voltage holds nearly constant during the operation time interval, even when the load demand and 

HRGS power change, as illustrated in figure. During this time, Pbatt is increased from 0 to the maximum 

level, as seen in Figure 14. Figure 17 depicts the voltage waveform of HRGS, whereas Figure 18 discusses 

the subplot of the voltage waveform of HRGS during the time periods 7.9 and 8.1. The THD of the voltage 

waveform of HRGS connected to the grid is 0.17 percent, as shown in Figure 19. 
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Figure 14. Buck-boost converter output power when 

connected across the BSU 

 
 

Figure 15. Boost converter output power when 

connected across the AU 

 

 

 
 

Figure 16. DC bus voltage  

 
 

Figure 17. HRGS voltage waveform 

 

 

  
 

Figure 18. Subplot of HRGS voltage waveform 

 

 

 
 

Figure 19. THD study of voltage waveform of HRGS coupled to the grid 
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Similarly, Figure 20 depicts the current waveform of HRGS, whereas Figure 21 shows the 

equivalent subplot of the current waveform of HRGS. The present waveform time period continues between 

7.9 and 8.1, as shown in Figure 21. In Figure 22, the THD computed from the present signal is 0.14 percent. 

Figure 23 depicts the voltage waveform of the priority load, whereas Figure 24 depicts the matching subplot 

of the voltage waveform of the priority load from 7.9 to 8.1. THD is 0.17 percent in the voltage waveform 

under priority load, as shown in Figure 25. 
 
 

 
 

Figure 20. HRGS current waveform 

 
 

Figure 21. Subplot of HRGS current waveform 

 
 

 
 

Figure 22. THD study of current waveform of HRGS coupled to the grid  
 

 

 
 

Figure 23. Voltage waveform of 𝐿1 

 
 

Figure 24. Subplot of 𝐿1voltage waveform 
 

 

The priority load current waveform is represented in Figure 26, and the matching subplot of current 

waveform is depicted in Figure 27 between the time periods 7.9 and 8.1. In this case, the THD is 0.33 

percent, as illustrated in Figure 28. The priority load power waveform is shown in Figure 29 and the 

corresponding subplot of power waveform lies in range of 7.9 to 8.1 is as shown in Figure 30. The less-

priority load voltage waveform (variable load) is represented in Figure 31 and the corresponding subplot of 

voltage waveform of low-priority load lies in the range 7.9 to 8.1 shown in Figure 32. The THD found here is 

0.42% under less-priority load is shown in Figure 33. 

Similarly, current waveform under low priority load is represented in Figure 34, the corresponding 

subplot of current waveform under low-priority load lies in the range time period 7.9 to 8.1 which is 

represented in Figure 35. The THD found is 1.00% under low priority load shown in Figure 36. Figure 37 

depicts the power waveform of the less-priority load, whereas Figure 38 depicts the equivalent subplot of the 

power waveform of the less-priority load in the time period 7.9 to 8.1. 
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Figure 25. THD study of 𝐿1voltage waveform 
 
 

 
 

Figure 26. Current waveform of 𝐿1 

 
 

Figure 27. Subplot of 𝐿1 current waveform 
 
 

 
 

Figure 28. THD analysis of 𝐿1 current waveform 

 

 

 
 

Figure 29. Power waveform of 𝐿1 

 
 

Figure 30. Subplot of 𝐿1 power waveform 
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Figure 31. Voltage waveform of 𝐿2 

 
 

Figure 32. Subplot of 𝐿2voltage waveform 
 
 

 
 

Figure 33. THD analysis of 𝐿2voltage waveform 
 

 

 
 

Figure 34. Current waveform of 𝐿2 

 
 

Figure 35. Subplot of 𝐿2 current waveform 

 

 

 
 

Figure 36. THD analysis of 𝐿2 current waveform 
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Figure 37. Power waveform of 𝐿2 

 
 

Figure 38. Subplot of 𝐿2 power waveform   

 

 

5. CONCLUSION 

A novel power management technique as well as the control approach of HRGS coupled to the grid 

is explored. MATLAB/Simulink 2019 version was used to develop the HRGS model, which comprises of 

PV, BSU, and AU. At different load conditions based on more and less priority, the performance 

characteristics of each individual block of the HRGS system, as well as its control method, are shown. When 

PV power generation is small to charge the battery or the SOC level is below or equal to 20%, however, AU 

is utilized to charge the BSU on an emergency basis (0.2). To get the most power out of the PV section, a 

improved P&O approach is employed. In the results section, the Power controlling and managing of the 

suggested HRGS model that is coupled to the grid have been discussed. PV module and BSU are regarded as 

HRGS' principal energy sources, with the AU serving as a backup power supply in the event of a power 

outage. If PV and BSU are not able to fulfill the demand, AU can be used as an emergency power source. 

However, generation from is relatively costly, yet it is necessary to ensure power supply continuity. A unique 

SCS is used. The peculiarity of this proposed work is that it aims to improve the performance of power 

management and control strategies by employing various methods that are tailored to the load demand and 

restoring supply continuity. The grid voltage is synchronized with the HRGS output voltage using VSCC. 

Finally, THD analysis is performed for voltage, current, and power signals in order to examine the harmonics 

level of the waveform and ensure grid smooth functioning. 
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