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ABSTRACT 
BACKGROUND: This paper deals with Hybrid wind-solar power generation system, Energy storage device with grid interface. The 
solar and wind distributed generators (DG’s) have been connected together with Energy Storage System (ESS). The ESS is a 
combination of a pair of batteries and a super capacitor. The DG’s along with ESS is interfaced with a three phase grid. 
OBJECTIVE: To design a supervisory controller in such a way that it balances the power generation and the load demand. Also the 
controller decides the mode of operation, Charging/discharging of ESS through ANFIS based Energy Management Algorithm and 
transfers the remaining energy to the grid. RESULTS: The result shows that (i) an adaptive ANFIS controller regulates the common 
DC bus voltage and maintains the state of charge (SOC) of batteries within the safe limit. (ii) Supervisory controller provides fast 
communication interface between source and the central controller in order to receive data required for adaptive identification of 
virtual resistances (VRs) and controls the mode of operation. CONCLUSION: The simulation results demonstrate the effectiveness of 
the proposed controller by effective management of energy and smooth transition between the modes. 

 
KEYWORDS: Hybrid System, Energy Storage System, Supervisory Controller, Grid Interface.  

 

INTRODUCTION 

 

Technological development in Power Electronics in the past few years has led to a situation where wind and 

solar combined hybrid system can be practically considered as fully controllable, within the limits of nature [1]. 

The Renewable Energy Sources (RES) combined with other Distributed Generation (DG) are becoming 

competitors in electricity grids which tend to minimize the fossil fuels intake and increase the flexibility. 

Opposing to the traditional one way power flow, it was considered that an integration of recent technologies into 

a grid is very difficult if done independently. Thus an idea of Micro-grid [2] was brought by merging Energy 

storage system (ESS) into a controllable unit can work standalone or Grid-connected. Based on the voltage AC 

and DC Micro-grids can be distinguished. Many works has been done in improving the performance and 

operation of AC Micro-grids [3]-[5].  DC Micro-grids are getting attracted more nowadays because of its high 
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efficiency and also there is no reactive power, frequency control issues as in AC grid. Some of the applications 

of DC Micro-grids are rural areas, hybrid vehicles, telecommunication systems, space craft’s [6]-[10]. 

Most of the authors have focused on off-grid solar or wind systems [11]-[13]. The key challenges in the 

operation and reliability of the renewable energy is required in order to achieve the major production in the 

renewable sources. Hybrid system is the combination of solar and wind energy, which utilizes the wind and 

solar resources for power generation. Individual solar and wind renewable energy sources have impulsive 

behavior. So it is good to use hybrid power generation system which is improved than individual solar or wind 

power generation system and also it increases the system reliability. There are many works which focused on 

standalone hybrid solar-wind energy generation. A supervisory control was established to satisfy the load 

demand and SOC of the battery bank is maintained to prevent blackout [14]. However, very few works are 

based on grid connected hybrid solar-wind energy generation. But, no work has been carried out in the 

development of ANFIS based Supervisory controller for hybrid power generation system, taking into account 

the optimal distribution of generation systems. 

Precisely, during the unexpected drop/rise in the wind or solar energy system may require the energy 

storage system to start supplying /absorbing the energy. A controller is required to achieve fast communication 

between parallel sources. However, if the number of units is increased hardware wiring and circulating current 

problems are likely to occur. Hence, a traditional droop control method [15] is used which is based on the 

subtracting voltage reference with the converter output current comparative to virtual resistance (VR). Also it 

can be proposed as a multiplication of a value mutual to VR with the voltage deviation [16]. In [17] several 

distributed generators (DGs) have been merged together with a pair of batteries and loads to form a self-

governing dc microgrid (MG). 

To extract maximum available power from RESs, Maximum Power Point Tracking (MPPT) algorithm is 

used. If excess energy is generated it may lead to overcharging of ESS because it has some specific 

requirements to obtain the optimum life of the battery. Super capacitor and battery will provide high power and 

energy requirements respectively [18]. Therefore, ESS will prevent the system to operate in high Depth of 

Discharge regions (DOD)  Hence a proper control of units in the hybrid system is required. For this purpose, an 

ANFIS controller based Energy Management algorithm was developed in this paper.  

 

2. Conficuration And Control Of Hybrid System: 

Fig.1. shows a proposed Hybrid System. It consists of Wind turbine generator (WTG), Solar System, two 

battery banks, Super capacitor, DC bus, Communication bus, Inverter and a three phase grid. The WTG consists 

of a Permanent Magnet Synchronous generator (PMSG), wind turbine, boost converter and a diode rectifier. The 

solar system consists of PV array and a boost converter. A super capacitor and a pair of batteries are connected 

to a common bus through DC/DC converters to enhance the bidirectional power flow. DC/DC converters are the 

key elements because they connect the common bus with different sources and control the flow of current 

between them. 

 

 
 

 

Fig. 1: Proposed Hybrid System. 

 

The controller divides the work into two layers: Primary control and a supervisory controller. The Primary 

control is used for injecting current into the DC bus with automatic regulation. The supervisory controller is 

used for coordinating the power generation and providing the requirements to the sources using the 

communication link. 
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The primary control consists of two loops: the outer loop is used for producing the reference current value 

and the inner loop is used for checking whether the output current follows that reference value. Based on the 

control strategy fused in outer loop, the classification of units is made on Current Source Converters (CSCs) and 

Voltage Source Converters (VSCs). Generally, MPPT operating mode in RES and Regulated Charging mode in 

batteries act as CSCs, because their power extracted/injected does not depend on the DC bus voltage condition. 

But the ability of regulating the DC bus voltage at the point of coupling makes VSC units important in forming 

a grid system.  

 

2.1. Conventional Droop Control: 

When a number of VSCs are connected in parallel, voltage control must not be stiff to realize the current 

sharing between them. Hence, the output reference voltage of every converter must follow Voltage Droop (VD) 

characteristics distinct with Virtual resistance (VR), which sets the stiffness value. Here, the output of the 

converter is regulated based on the DC bus condition and is used as control signals. This control method uses 

two control loops and is combined to produce output reference current. The VR loop produces the voltage 

reference value followed by voltage loop.   
*

0out ref d
V V R i 

                (1) 

 

Where, V*
out - the voltage reference for voltage loop, Vref - the outer voltage reference, Rd -  the virtual 

resistance, i0 - the output current. 

In equation (1), when Rd value is zero, it acts as VSC and if Rd value is infinite, it acts as CSC. In the 

second case, the current reference will be set such that the unit inject/extract constant power. Hence, Constant 

Power Source (CPS) or Constant Power Load (CPL) shoots from CSC concept. 

Solar and wind turbine generator are chosen to operate in Power regulation/MPPT mode as they inject 

maximum power. However, the conversion of common DC voltage is mandatory for some units like batteries to 

operate as VSC. The difference in power between load consumption and RES production will be handled by 

ESS automatically. When the batteries are charged/ discharged, the SOC value gets increased/ decreased and it 

is important to maintain the safe value of SOC (60% - 100%) [19]. When the batteries are full, the voltage 

control should be taken care by RESs. Hence, RESs and batteries can act as CSCs or VSCs. 

 

2.2. Droop Controlled Load flow Analysis: 

The representation of static performance of a voltage droop controlled source is a virtual resistance in series 

with voltage source [20], whereas operating point of a CPL can be sequenced as a negative resistance in parallel 

with a current source [21]. The CPSs and CPLs is almost same in the load flow study, but the current and 

equivalent resistance signs are opposite as shown in Fig.2. The formulas for calculating the DC bus reference 

voltage and the equivalent virtual and load resistance are taken from [21]. 

 

 

.  

Fig. 2: Equivalent diagram of droop controlled DC bus 

 

3. Modeling and control of ESS: 

3.1. Battery Model: 

This paper uses Lithium-ion battery model as given in [22]. It is important to regulate the State of Charge 

(SOC) value of the battery within the limits min maxSOC SOC SOC  . Fig.3. shows the electrical model of the 

battery used in the simulation. 
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Fig. 3: Electrical Model of the Battery 

 

min
( )
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V  - Open-circuit voltage dependent on SOC and ( )R s - equivalent battery resistance. 
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si
R - Instantaneous Resistance, 

ts
R &

ts
C , 

tf
R &

tf
C - RC pair representing slow and fast relaxation terms  

 

In this paper valve-regulated lead-acid (VRLA) battery bank of 10h capacity of 420 Ah is considered [23].  

A 24 VRLA battery cells connected in a series [24] has following parameters: 

 

Voc (SOC) = 0.035582*SOC + 47.698 V 

Rsi =  0.0401*e-0.0908*SOC+0.03655 Ω 

Rtf  =  3.041*10-10*e (0.1874*SOC) +0.03437 Ω 

Rts = 0.101*e-0.02025*SOC+0.02188 Ω             (4) 

 
Fig. 4: Battery - control circuit 

 

Fig 4 is the battery control circuit. The upper part of the circuit is for regulated charging, while the lower 

part is for VD control. The change in mode is performed by the supervisory controller. Smooth transition is 

achieved by implementing PI controller and is controlled by supervisory controller as well. 

 

3.2. Super Capacitor: 

Fig.5 shows the simplified model of a super capacitor. The effective capacitance C* is defined by the 

nonlinear function of terminal voltage [25, 26].  

 

 
Fig. 5: Electrical Model of the Super capacitor 
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The super capacitor voltage can be described as 

*

1
( )sc

sc sc sc esr

leak

V
V I dt I R

C R
  

           (5)

 

leak
R - Leakage Resistance, 

esr
R  - Series resistance. It can be determined from manufactures data or by 

measurement based on number of series/parallel super capacitor cells. This super capacitor module was 

configured using a mixture of standard available [27] super capacitor cells with parameters, 

  

4. ANFIS based Adaptive droop calculation: 

When the load in the system increases, it has to be taken care by increasing the production of RES or by 

increasing the storage capacity. Adding new battery cells to the existing system is not practical hence; a new 

string is interfaced with the system. In this system, batteries operate in VD mode and their flow of current 

depends on Virtual Resistance. Therefore it is not practical to use the equal value of VRs to both batteries of 

different capacities. When more batteries are connected to a system, a battery which has maximum SOC value 

will be discharged first. Based on the SOC value the priority will be given to other batteries. Highest SOC will 

discharge fast whereas lowest SOC will be discharged slowly, Vice-versa for charging. 

To implement this we prefer ANFIS based Adaptive droop method for changing the value of virtual 

resistance based on SOC. The value of resistance (Rd,i) depends on current SOC and battery capacity i. Lower 

Rd,i  will have Higher charge/discharge rate while Higher Rd,i  will have lower charge/discharge rate. Therefore 

while charging a battery with high SOC, the value of Rd,i  should be made high. Likewise, while discharging a 

battery with low SOC, the value of Rd,i  should be made high. While calculating the value of SOC, the capacity 

of the battery Cbat has to be considered for calculation because the percentage change in SOC is inverse 

proportional to Cbat.  

ANFIS (Adaptive Neuro-Fuzzy Inference System) mixes both neural network and Fuzzy Logic. It is a 

universal estimator and its structure is shown in Fig.6. Fuzzy inference system corresponds to IF-THEN rules 

which performs mapping between input and output based on fuzzy theory [28]. FIS consists of subcomponents 

like rule base and data base are referred as knowledge base. The other components like Fuzzification, decision 

making unit and defuzzification are referred to as reasoning Mechanism. The mixture of ANN and Fuzzy is to 

use the learning skills of ANN to mechanize the fuzzy system which uses the peak level human reasoning skills. 

 

 
 

Fig. 6: ANFIS Structure 

 

Here we use voltage and current as input variable and State of Charge (SOC) as output variable. 

 

 
Fig. 7: SOC prediction using ANFIS model diagram 
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5. Energy Management Algotithm: 

This Supervisory controller has three main functions: 1. finding the best mode of operation, 2. transferring 

the charging/discharging tokens, 3. calculating the value of Virtual Resistance based on SOC. In this hybrid 

system, we have two battery banks connected with a common DC bus. The supervisory controller was designed 

to adjust the charging and discharging in a synchronized manner to save their life cycle without compromising 

the DC bus voltage. To implement this few instructions have to be followed: 

1. Under normal operation, the SOC of the batteries are imposed to approach each other by ANFIS based 

adaptive VR calculation. 

2. Higher SOC battery will be charged first  

3. If the RES production is sufficient then, batteries are fully charged 

4. If both are charged, the one which was charged first has to discharge first as well 

The batteries are charged in a round robin fashion.  

There are four different modes of operation: 

 

Mode I – Power Regulation: 

In this mode both Solar and Wind operate under Power Regulation mode while batteries are under VD 

mode. ANFIS based Adaptive calculation is activated to find the value of VRs. Based on the production and 

demand the batteries are charged/discharged. The value of SOC is identified based on Coulomb Counting 

Method. 

 

SOCi (t) = SOCi (0)-∫ɳi (Ibat,i(𝛕) / Cbat,i ) (𝛕)d 𝛕  

SOCi (0) – initial SOC, ɳi – Charging /discharging efficiency, Ibat,i – battery current, Cbat,i - nominal capacity 

ALGORITHM: The supervisory controller compares SOC of both the batteries and then provides the 

charging token to high SOC battery as shown in fig.8. In this case battery1 receives the charging token first. The 

Solar and Wind operate under Power Regulation mode while batteries are under VD mode. The difference in 

power is handled by the ESS. Here the production is more and the battery1 is charging. When the battery1 

reaches Vtrig, then the controller changes the RESs to VD control and the battery1 to regulated charging. 

Once if the battery1 is full (SOC=100%) it automatically gets the discharging token and transfers the 

charging token to battery2. Again the power regulation mode for RESs is activated by the supervisory 

controller. Now the battery2 will start charging. When the battery2 reaches Vtrig, then the controller changes the 

RESs to VD control and the battery2 to regulated charging. At any point of time, if there is a reduction in the 

RESs (or increase in load consumption) and the batteries are not enough to supply the load, then automatically 

the common DC bus voltage decreases. Therefore, Vlow is a threshold value used to detect this situation and the 

controller moves the RES back to Power Regulation mode. Still if there is deficiency then the controller moves 

the system to mode II. 

 

 
 

Fig. 8: Transfer of Charging and Discharging Tokens 

 

Mode II – Solar MPPT: 

In this mode Solar operates under MPPT method, Wind operates under Power Regulation mode while the 

batteries are under VD mode. In solar the Modified Incremental Conductance Algorithm is used for extracting 

the maximum power under partial shading conditions. The algorithm remains the same. If the DC bus voltage 

reaches the value Vlow then the controller moves the system to mode III. It is possible to move from Mode II to 

Mode I based on the situation.  

 

Mode III – Both MPPT: 

In this mode both Solar and Wind operate under MPPT mode while batteries are under VD mode. Solar 

uses the Modified Incremental Conductance Algorithm and the conventional method is used for tracking the 

maximum power in wind. The algorithm remains the same. If the DC bus voltage reaches the value Vlow then the 
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controller moves the system to mode IV. It is possible to move from Mode III to Mode II/Mode I based on the 

situation.  

 

Mode IV – Load Shedding: 

During the above modes of operation, if the dc bus voltage still reduces below Vlow, then it is necessary to 

remove the loads from the system. This mode is out of consideration of the proposed work. 

 

6. Experimental Results: 

Simulation has been carried out for the system level operating modes and its performance during transients 

is analysed. 

 

6.1. Testing the operation in Mode I : 

Virtual Resistance value is calculated and the SOC of the batteries are compared to transfer the charging 

token. In this case battery1 receives the charging token first. The Solar and Wind operate under Power 

Regulation mode while batteries are under VD mode. The difference in power is handled by the ESS. Here the 

production is more and the battery1 is charging. When the battery1 reaches Vtrig, then the controller changes the 

RESs to VD control and the battery1 to regulated charging. 

Once if the battery1 is full (SOC=100%) it automatically gets the discharging token and transfers the 

charging token to battery2. Again the power regulation mode for RESs is activated by the supervisory 

controller. Now the battery2 will start charging. When the battery2 reaches Vtrig, then the controller changes the 

RESs to VD control and the battery2 to regulated charging. At any point of time, if there is a reduction in the 

RESs (or increase in load consumption) and the batteries are not enough to supply the load, then automatically 

the common DC bus voltage decreases. Therefore, Vlow is a threshold value used to detect this situation and the 

controller moves the RES back to Power Regulation mode. Still if there is deficiency then the controller moves 

the system to mode II. The test results under various conditions re shown in fig.9. The wind speed decreases 

from 12m/s to 9m/s at t=3s with a constant 1000w/m2 solar irradiation. The DC link voltage remains constant for 

change in wind speed, which is supported by the ESS and the power changes in battery and super capacitor is 

shown below. 

 

 
Fig. 9: the change in wind speed and solar irradiation maintains the VDC constant 

 

6.2. Testing the operation in Mode II, III: 

This mode is reached from Mode I, if the production of RESs is less than the load demand. In mode II, 

MPPT algorithm for solar is activated and tested for various conditions. Still if the production is less then it 
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moves to mode III were MPPT for solar and wind is activated. The test results under various conditions were 

shown in fig.10.  

 

 
Fig. 10: the battery and Super capacitor charging and discharging 

 

7. Conclusion And Future Work: 

The development of a supervisory controller for energy management and smooth operation of hybrid wind-

solar energy generation system with grid interface is presented in this paper. The simulation is carried out under 

various conditions like over and under generation conditions. The ESS balances the power generation and the 

demand as shown in the result. From the simulation result it is concluded that this ANFIS based Energy 

Management Algorithm stabilizes the DC bus voltage and improves the performance of the battery by accurate 

calculation of VR value. The super capacitor absorbs the high frequency components and helps the battery by 

avoiding the high DOD value during its operation. When the battery is charged, the battery current value is 

negative and positive for discharging which is clearly shown in graph.  By integrating the system with the grid 

the real and reactive power is maintained within the limits. The transition between the modes has been carried 

out and the result shows the smooth transition between them.  

 

Future Work:  

Though the suggested system was verified, by simulation, there are still many areas which could help from 

additional research and development activity before this technology can be viable for industrial applications. 

Most of these areas are focused on improving efficiency and growing overall energy yields. Among them, 

besides constructing a hardware prototype, photovoltaic/wind turbine monitoring systems. Irrespective of the 

system they operate, failures and faults must be sensed and revamped immediately. This could be accomplished 

only by optimizing these system performance and eradicate any ruin at early stage. 
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