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The rapid integration of renewable energy sources (RESs), battery energy storage systems 

(BESSs), and electric vehicle (EV) charging infrastructure into grid-interactive DC 

microgrids presents complex challenges for DC-link voltage stability and power quality. 

This paper proposes a sophisticated Adaptive Neuro-Fuzzy Inference System 

(ANFIS)-based control strategy for a PV-wind-battery-EV integrated DC microgrid. The 

system architecture features a bidirectional DC-DC converter at the DC bus side to manage 

EV charging and facilitate vehicle-to-grid (V2G) power exchange, alongside a similar 

interface for controlled battery operation. To ensure resilience under distorted grid 

conditions, the proposed method utilizes an Anti-Windup Mixed-Order Generalized 

Integrator (AWMOGI) and an Adaptive Delay Operation Period Filter (ADOPF) to 

precisely extract fundamental positive-sequence components for grid synchronization. The 

ANFIS controller serves as the primary regulator for the common DC-link voltage, 

generating the necessary control components while incorporating feed-forward terms from 

solar and wind power to enhance dynamic response and mitigate battery stress. A 

coordinated energy management strategy is implemented to optimize power sharing among 

the grid, renewable sources, and EV loads. The effectiveness of this approach is demonstrated 

through improved DC-link voltage regulation, enhanced renewable utilization, and 

superior grid current quality, ensuring the system remains compliant with power quality 

standards even under variable operating conditions. 

 

I. Introduction 

The increasing penetration of renewable energy sources 

(RESs), distributed energy resources (DERs), battery 

energy storage systems (BESSs), and electric vehicles 

(EVs) has accelerated the development of advanced 

microgrid architectures for modern power systems 
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[1]–[4]. Among these, dc microgrids have received 

considerable attention because photovoltaic (PV) 

systems, battery storage, EV batteries, and several 

modern electronic loads are inherently dc in nature [5], 

[6]. A common dc bus can reduce unnecessary power 

conversion stages, improve conversion efficiency, and 

facilitate the integration of renewable sources, energy 

storage, EVs, and dc loads [7], [8]. However, renewable 

intermittency and power-electronic loads introduce 

challenges in dc-link voltage regulation, power-flow 

coordination, battery management, and grid-side power 

quality [9]–[12]. PV and wind energy systems are 

strongly dependent on environmental conditions. PV 

output varies with solar irradiance and temperature, 

whereas wind generation depends mainly on wind 

speed [13], [14]. Consequently, renewable power at the 

dc bus can vary significantly, while EV charging and dc 

loads introduce additional changes in demand. The 

resulting power mismatch must be compensated by the 

BESS and utility grid to maintain the dc-link voltage at 

its reference value [15], [16]. Therefore, coordinated 

operation of renewable sources, battery storage, EVs, 

loads, and the utility grid is essential for reliable 

grid-interactive dc-microgrid operation. Several control 

strategies have been developed for dc microgrids. Droop 

control is widely used because of its simple 

decentralized implementation and power-sharing 

capability [3], [17]. However, conventional droop control 

can produce dc-bus voltage deviations and inaccurate 

power sharing because of line impedance, converter 

parameter variations, unequal converter ratings, and 

changing operating conditions [18]. Hierarchical control 

incorporating primary, secondary, and tertiary levels has 

been proposed to improve voltage regulation, power 

sharing, and energy management [3], [19]. Nevertheless, 

its performance can depend on controller tuning, 

communication requirements, and the characteristics of 

the connected distributed resources. 

Proportional-integral (PI) controllers are also extensively 

used for dc-link voltage and converter current regulation 

because of their simple structure and ease of 

implementation [20]. However, fixed-gain PI controllers 

may provide limited dynamic performance under 

renewable intermittency, EV charging variations, battery 

SOC changes, and load disturbances. The nonlinear 

behavior of power converters and the coupling among 

renewable sources, BESS, EVs, and the grid further 

motivate the use of advanced control techniques, 

including adaptive control, fuzzy logic, artificial neural 

networks (ANNs), model predictive control, and hybrid 

intelligent approaches [21], [22]. Among these 

techniques, the adaptive neuro-fuzzy inference system 

(ANFIS) combines the learning capability of neural 

networks with the reasoning capability of fuzzy 

inference systems [23]. It can establish nonlinear 

input-output relationships and provide adaptive control 

under varying operating conditions. ANFIS-based 

control and energy-management techniques have been 

investigated for renewable-energy systems, microgrids, 

distributed energy resources, and power converters [24], 

[25]. However, the coordinated use of ANFIS for dc-link 

voltage regulation with renewable power feed-forward 

compensation, battery energy management, EV power 

exchange, and grid-current control remains 

comparatively limited. The BESS plays an important role 

in mitigating renewable intermittency and maintaining 

the power balance of dc microgrids [26], [27]. It can 

absorb surplus renewable power and supply power 

during generation deficits. However, excessive battery 

charging and discharging can increase battery stress and 

affect its useful lifetime. Therefore, the battery operating 

mode should be determined according to renewable 

generation, load demand, EV requirements, grid power 

exchange, and SOC limits [28]. This coordinated energy 

management becomes particularly important when 

stationary BESS and EV batteries are connected to the 

same dc bus. EV charging introduces a significant and 

rapidly varying power demand into the dc microgrid 

[29]. Conversely, bidirectional EV chargers enable 

grid-to-vehicle (G2V) and vehicle-to-grid (V2G) 

operation, allowing EV batteries to participate in energy 

management and grid-support functions [30], [31]. 

Previous studies have demonstrated the potential of EVs 

for peak-load management, renewable-energy 

utilization, and grid support [32], [33]. However, 

coordinated operation of EVs with PV, wind, stationary 

BESS, dc loads, and utility-grid power exchange requires 

an integrated converter-control and energy-management 

strategy. The grid-interfaced converter is responsible for 

maintaining the dc-link voltage and controlling 

active-power exchange with the utility grid. It must also 

generate balanced and sinusoidal grid currents with low 

harmonic distortion. Accurate grid-voltage 

synchronization and fundamental positive-sequence 
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extraction are therefore essential. Distorted and 

unbalanced grid voltages can introduce errors in 

reference-current generation and degrade grid-side 

power quality [34]. Advanced filtering techniques have 

consequently been investigated for improving 

fundamental-component extraction. In particular, 

anti-windup mixed-order generalized integrator 

(AWMOGI) and adaptive delay operation period filter 

(ADOPF) techniques have been proposed for 

fundamental and positive-sequence extraction under 

distorted and unbalanced grid conditions [35]. However, 

their coordinated integration with intelligent dc-link 

control, battery energy management, renewable 

feed-forward compensation, and EV charging in a dc 

microgrid remains an area requiring further 

investigation. From the above discussion, existing 

studies have mainly addressed individual aspects such 

as dc-microgrid voltage regulation, renewable-energy 

management, BESS control, EV charging, intelligent 

control, or grid synchronization. A unified framework 

simultaneously considering renewable intermittency, 

dc-link voltage regulation, battery SOC constraints, EV 

charging demand, renewable feed-forward 

compensation, grid synchronization, and grid-current 

control remains comparatively limited. In particular, the 

coordinated interaction between ANFIS-based dc-link 

regulation and adaptive battery energy management 

under simultaneous PV, wind, EV, and load variations 

requires further investigation. To address these 

limitations, this paper proposes an ANFIS-based dc-link 

voltage regulation and energy-management strategy for 

a grid-interactive PV–wind–battery EV integrated dc 

microgrid. The proposed system integrates PV and wind 

sources through dc-dc boost converters, a BESS through 

a bidirectional dc-dc converter, and an EV 

charging/discharging unit through a bidirectional 

power-electronic interface. The grid-interfaced converter 

regulates the common dc-link voltage and controls 

power exchange with the utility grid. The ANFIS 

controller generates the dc-link control component 

according to the voltage error and its variation, while PV 

and wind power feed-forward components provide 

anticipatory compensation for renewable-power 

fluctuations and reduce unnecessary battery 

intervention. An adaptive battery energy-management 

strategy coordinates battery charging, discharging, and 

standby modes according to instantaneous power 

balance and SOC limits. EV charging/discharging is 

coordinated with renewable availability, battery 

condition, dc-load demand, and grid power exchange. 

For grid-side control, AWMOGI-based filtering and 

ADOPF-based positive-sequence extraction are 

employed to obtain accurate fundamental grid-voltage 

components under distorted and unbalanced conditions. 

The resulting reference currents are tracked using a 

hysteresis current controller to generate the switching 

signals of the grid-interfaced converter. 

The main contributions of this paper are summarized as 

follows: 

1. An integrated PV–wind–BESS–EV grid-interactive 

dc microgrid is developed to coordinate renewable 

generation, battery storage, EV 

charging/discharging, dc loads, and utility-grid 

power exchange.  

2. An ANFIS-based dc-link voltage controller is 

developed to provide adaptive nonlinear voltage 

regulation under renewable-generation and load 

variations.  

3. An adaptive battery energy-management strategy is 

proposed to determine battery charging, 

discharging, and standby operation based on 

instantaneous power balance and SOC constraints.  

4. PV and wind power feed-forward compensation is 

incorporated into the dc-link control structure to 

improve transient response and reduce unnecessary 

battery power fluctuations.  

5. An AWMOGI–ADOPF-based grid synchronization 

and positive-sequence extraction technique is 

incorporated to improve reference-current 

generation under distorted and unbalanced 

grid-voltage conditions.  

6. A hysteresis current controller is employed for 

accurate tracking of the reference grid currents and 

generation of the switching signals for the 

grid-interfaced converter.  

7. The effectiveness of the proposed coordinated 

strategy is evaluated under renewable-generation 

intermittency, load variations, battery 

charging/discharging, EV charging demand, and 

grid power exchange, demonstrating its capability to 

maintain stable dc-link operation and improve 

overall grid-interactive microgrid performance. 
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II. System Configuration 

The system configuration of the proposed method 

features a grid-interactive dc microgrid that integrates 

photovoltaic (PV) and wind energy systems through 

dc-dc boost conversion stages to a common dc-link bus 

as shown in Fig.1. This architecture includes a battery 

energy storage system (BESS) and an electric vehicle 

(EV) charging system, both of which are interfaced at the 

dc bus side via bidirectional dc-dc converters to enable 

controlled charging, discharging, and vehicle-to-grid 

(V2G) power exchange. A grid-interfaced converter 

(GIC) acts as the primary link to the utility grid, 

regulating the common dc-link voltage and controlling 

the bidirectional power flow. The control framework 

utilizes an adaptive neuro-fuzzy inference system 

(ANFIS) to generate voltage regulation components, 

further enhanced by PV and wind power feed-forward 

terms to optimize dynamic response and mitigate 

battery stress. To maintain high power quality and 

reliable synchronization under distorted grid conditions, 

the system incorporates an anti-windup mixed-order 

generalized integrator (AWMOGI) filter and an adaptive 

delay operation period filter (ADOPF) for precise 

fundamental positive-sequence extraction, while a 

hysteresis current controller regulates the grid currents. 

 

Sb1

Sb1

Sev1

Sev2

Lev
Iev

Vev

 
Fig. 1. Proposed grid-connected renewable energy system with PV, wind, BESS, and EV charging integration. 

 

III. Solar PV Configuration 

The solar photovoltaic (PV) system is used as the 

primary renewable energy source in the proposed 

hybrid energy storage system. The PV array converts 

incident solar irradiance into electrical power and 

supplies the common dc bus through a dc–dc boost 

converter as shown in Fig.2. The PV power varies with 

solar irradiance and cell temperature; therefore, an 

MPPT controller is employed to extract the available 

maximum power. PV systems commonly use a dc–dc 

converter as the interface between the PV source and the 

dc bus.  

 
Fig. 2. Solar PV configuration with MPPT-controlled 

DC–DC boost converter and DC-bus interface. 

1) PV Cell Mathematical Model 

The single-diode equivalent circuit is considered for 

modeling the PV cell. The output current is expressed as 

𝐼𝑝𝑣
= 𝐼𝑃ℎ − 𝐼0 [𝑒𝑥𝑝 (

𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠

𝑛𝑁5𝑉𝑇
) − 1] −

𝑣
𝑝𝑣+𝐼𝑝𝑣

𝑅𝑠

𝑅𝑠ℎ
             (1) 
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where Iph is the photocurrent, I0 is the reverse 

saturation current, Rs and Rsh are the series and shunt 

resistances, n is the diode ideality factor, and Ns is the 

number of series-connected cells. 

The thermal voltage is given by 

𝑉𝑇 =
𝑘𝑇𝑐

𝑞
                                                                           (2) 

where k is the Boltzmann constant, Tc is the cell 

temperature, and q is the electronic charge. 

The photocurrent is approximately related to solar 

irradiance by 

𝐼𝑃ℎ = [𝐼𝑃ℎ,𝑟𝑒𝑓 + 𝑘𝐼(𝑇𝑐 − 𝑇𝑟𝑒𝑓)]
𝐺

𝐺𝑟𝑒𝑓
                                 (3) 

where G is the incident solar irradiance and 𝐺𝑟𝑒𝑓  is the 

reference irradiance. 

The saturation current can be expressed as 

𝐼0 = 𝐼0, 𝑟𝑒𝑓 (
𝑇𝑐

𝑇𝑟𝑒𝑓
)

3

𝑒𝑥𝑝 [
𝑞𝐸𝑔

𝑛𝑘
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇𝑐
)]                       (4) 

3) DC–DC Boost Converter 

A boost converter is connected between the PV array and 

the dc-link to increase the PV voltage to the required 

dc-bus level. During continuous-conduction operation, 

the ideal voltage conversion ratio is 

𝑉
ⅆ𝑐=

𝑉𝑃𝑣
1−𝐷𝑝𝑣

                                                                         (5) 

where Dpv is the boost-converter duty ratio. 

Hence, 

𝐷𝑃𝑣 = 1 −
𝑉𝑃𝑣

𝑉𝑑𝐶
                                                                 (6) 

The inductor voltage during the ON state is 

𝑉𝐿,𝑜𝑛 = 𝑉𝑃𝑉 ,                                                                     (7) 

whereas during the OFF state, 

𝑉𝐿,0𝑓𝑓 = 𝑉𝑃𝑣 − 𝑉ⅆ𝑐 .                                                         (8) 

Applying the volt-second balance, 

𝐷𝑃𝑣𝑉𝑝𝑣 + (1 − 𝐷𝑃𝑣)(𝑉𝑃𝑣 − 𝑉ⅆ𝑐) = 0,                            (9) 

which gives the boost-converter voltage relationship in 

(9). 

4) MPPT Control 

The maximum power point is obtained from 
ⅆ𝑃𝑃𝑣

ⅆ𝑉𝑃𝑣
= 0                                                                        (10) 

and, since 

𝑃𝑃𝑣 = 𝑉𝑝𝑣𝐼𝑝𝑣
,                                                                 (11) 

the maximum-power condition becomes 

𝐼𝑃𝑣 + 𝑉𝑃𝑣
ⅆ𝐼𝑃𝑣

ⅆ𝑉𝑝𝜈
= 0                                                         (12) 

Thus, 
ⅆ𝐼𝑃𝑣

ⅆ𝑉𝑃𝑣
= −

𝐼𝑝𝑣

𝑉𝑝𝑣
                                                                  (13) 

at the maximum power point. 

For an incremental-conductance MPPT algorithm, the 

condition is therefore 

 
𝛥𝐼𝑃𝑣

𝛥𝑉𝑃𝑣
= −

𝐼𝑃𝑣

𝑉𝑝𝑣
                                                                 (14) 

The MPPT controller generates the reference voltage or 

duty ratio required to force the PV operating point 

toward the maximum power point. 

5) Overall Solar-PV Power Flow 

The complete solar-energy conversion path can be 

represented as 

𝐺, 𝑇𝑐 → 𝑃𝑉𝐴𝑟𝑟𝑎𝑦 → 𝑀𝑃𝑃𝑇 → 𝐵𝑜𝑜𝑠𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 → 𝐷𝐶 𝐵𝑢𝑠  

The PV system consequently supplies the available 

renewable power to the dc bus, while the battery and 

supercapacitor compensate for variations between PV 

generation and load/grid power demand. This type of 

coordinated PV and energy-storage interface is also used 

in grid-connected renewable-energy systems to manage 

power flow between the PV source, storage, and dc bus.  

 

IV. EV Battery Charging and Discharging 

The EV battery is connected to the common dc bus 

through a bidirectional DC–DC converter. The converter 

enables buck-mode operation during battery charging 

and boost-mode operation during battery discharging as 

shown in Fig.3. This bidirectional power flow allows the 

EV battery to absorb surplus renewable power and 

return stored energy to the dc bus when additional 

power is required. 

 
Fig. 3. Bidirectional EV battery charging and discharging 

system using a DC–DC converter. 

1) Battery Charging Mode 

During charging, the bidirectional converter operates in 

buck mode. The dc-bus voltage is stepped down to the 

battery voltage, and the charging current is controlled 

according to the battery-current reference. 
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For an ideal buck converter, 

𝑉𝑏𝑎𝑡 = 𝐷𝑏𝑉ⅆ𝐶                                                                  (15) 

where 𝑉𝑏𝑎𝑡  is the battery voltage, 𝑉ⅆ𝑐  is the dc-link 

voltage, and 𝐷𝑏  is the converter duty ratio. 

Therefore, 

𝐷𝑏 =
𝑉𝑏𝑎𝑡

𝑉𝑑𝑐
                                                                         (16)         

The battery charging power is 

𝑃𝑐ℎ = 𝑉𝑏𝑎𝑡𝐼𝑐ℎ                                                                   (17) 

where Ich is the battery charging current. 

Considering converter efficiency, 

𝑃𝑏𝑎𝑡 = 𝜂ⅆ𝑐−ⅆ𝑐𝑃ⅆ𝑐                                                             (18) 

where 𝜂ⅆ𝑐−ⅆ𝑐  is the bidirectional converter efficiency. 

The battery state of charge (SOC) during charging can be 

represented by 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡0) +
𝜂𝑐ℎ

𝑄𝑏𝑎𝑡
∫ 𝐼𝑐ℎ(𝜏) ⅆ𝜏

𝑡

𝑡0
                       (19) 

where Qbat is the battery capacity and ηch is the 

charging efficiency. 

2) Battery Discharging Mode 

During discharging, the converter operates in boost 

mode, transferring energy from the EV battery to the dc 

bus. The ideal boost-converter relationship is 

𝑉ⅆ𝐶 =
𝑉𝑏𝑎𝑡

1−𝐷𝑏
⋅                                                                  (20) 

Hence, the required duty ratio is 

𝐷𝑏 = 1 −
𝑣𝑏𝑎𝑡

𝑉𝑑𝑐
                                                                (21) 

The battery discharging power is 

𝑃ⅆ𝑖𝑠 = 𝑉𝑏𝑎𝑡𝐼ⅆ𝑖𝑠                                                               (22) 

and the dc-bus power supplied by the battery is 

approximately 

𝑃ⅆ𝑐 = 𝜂ⅆ𝑐−ⅆ𝑐𝑃ⅆ𝑖𝑆                                                          (23) 

During discharge, the SOC decreases according to 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡0) −
1

𝜂𝑑𝑖𝑠𝑄𝑏𝑎𝑡
∫ ⅆⅈ

𝑡𝐼

𝑡0
𝑆(𝜏) ⅆ𝜏                  (24) 

3) Battery Power Balance 

The battery power can be represented as 

𝑃𝑏𝑎𝑡 = 𝑉𝑏𝑎𝑡𝐼𝑏𝑎𝑡                                                              (25) 

The sign convention can be defined as 

 𝑃𝑏𝑎𝑡 > 0 𝑐ℎ𝑎𝑟𝑔ⅈ𝑛𝑔 

And 

𝑃𝑏𝑎𝑡 < 0  ⅆⅈ𝑠𝑐ℎ𝑎𝑟𝑔ⅈ𝑛𝑔 

The overall dc-bus power balance is 

𝑃𝑃𝑉 + 𝑃𝑔𝑟𝑖ⅆ + 𝑃𝑏𝑎𝑡 = 𝑃𝐸𝑉 + 𝑃𝑙𝑜𝑎ⅆ + 𝑃𝑙𝑜𝑠𝑠                     (26) 

where PEV represents the EV charging demand. 

4) Battery Current Control 

The charging/discharging current is regulated using the 

reference current 𝐼𝑏𝑎𝑡
∗ . The current error is 

𝑒𝑖 = 𝐼𝑏𝑎𝑡
∗ − 𝐼𝑏𝑎𝑡 ⋅                                                           (27) 

For a PI-based current controller, 

𝑢𝑃𝐼 = 𝐾𝑃𝑒𝑖 + 𝐾𝑖 ∫ 𝑒𝑖 ⅆ𝑡                                                (28) 

or in the Laplace domain, 

𝐺𝑃𝐼(𝑠) = 𝐾𝑝 +
𝐾𝑖

𝑠
                                                          (29) 

The controller output generates the required PWM duty 

ratio for the bidirectional DC–DC converter. 

5) Charging and Discharging Operation 

The operating modes can be summarized as 

𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠 > 0 ⇒ 𝐸𝑉 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶ℎ 𝑎𝑟𝑔 ⅈ𝑛𝑔 

And 

𝑃ⅆ𝑒𝑓𝑖𝑐𝑖𝑡 > 0 ⇒ 𝐸𝑉 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐷ⅈ𝑠𝑐ℎ𝑎𝑟𝑔ⅈ𝑛𝑔 

Thus, during periods of surplus PV power, the EV 

battery is charged through buck operation. During 

periods of insufficient PV power, the battery operates in 

boost mode and supplies power to the dc bus or grid. 

 

V. Wind Energy Conversion System Configuration 

The wind energy conversion system (WECS) is 

integrated with the common DC bus through a 

permanent-magnet synchronous generator (PMSG) and 

a power-electronic conversion stage. The wind turbine 

converts the kinetic energy of the wind into mechanical 

power, which is then converted into electrical power by 

the PMSG as shown in Fig.4. A rectifier and DC–DC 

converter regulate the generated power before 

supplying the DC bus. 

 
Fig. 4. Configuration of the PMSG-based wind energy 

conversion system with rectifier and DC–DC converter 

1) Wind Turbine Power 

The mechanical power extracted from the wind is 

expressed as 

𝑃𝑤 =
1

2
𝜌𝐴𝜈𝑤

3 𝐶𝑃(𝜆, 𝛽)                                                      (30) 

Where ρ is the air density, A is the swept area, 𝑉𝜔 is the 

wind speed, Cp is the power coefficient, λ is the 

tip-speed ratio, and β is the blade pitch angle. 

The swept area of the turbine is 

𝐴 = 𝜋𝑅2                                                                      (31) 

where R is the turbine blade radius. 

The tip-speed ratio is defined as 
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𝜆 =
𝜔𝑚𝑅

𝑉𝜔
                                                                       (32) 

where 𝜔𝑚 is the mechanical angular speed of the turbine. 

The turbine torque is obtained from 

𝑇𝑤 =
𝑃𝑤

𝜔𝑚
                                                                     (33) 

2) Power Coefficient 

The aerodynamic efficiency of the wind turbine is 

represented by 𝐶𝑝, which is a function of λ and β: 

𝐶𝑝 = 𝐶𝑝(𝜆, 𝛽)                                                            (34) 

For maximum power extraction, the turbine is operated 

close to the optimum tip-speed ratio 𝜆𝑜𝑝𝑡. Therefore, 

𝜆 = 𝜆𝑜𝑝𝑡                                                                       (35) 

and the corresponding maximum power coefficient is 

𝐶𝑃,𝑚𝑎𝑥 = 𝐶𝑃(𝜆𝑜𝑃𝑡 , 𝛽)                                                 (36) 

3) PMSG Model  

The electrical dynamics of the PMSG in the dq reference 

frame can be expressed as 

𝑉ⅆ = 𝑅𝑠𝐼ⅆ + 𝐿ⅆ
ⅆ𝐼𝑑

ⅆ𝑡
− 𝜔𝑒𝐿𝑞𝐼𝑞                                         (37) 

𝑉𝑞 = 𝑅𝑠𝐼𝑞 + 𝐿𝑞
ⅆ𝐼𝑞

ⅆ𝑡
+ 𝜔𝑒(𝐿ⅆ𝐼ⅆ + 𝜓𝑓)                           (38) 

where Rs is the stator resistance, Ld and Lq are the d- 

and q-axis inductances, ωe is the electrical angular 

speed, and ψf is the permanent-magnet flux linkage. 

The electromagnetic torque is 

𝑇𝑒 =
3

2
𝑝[𝜓𝑓𝐼𝑞 + (𝐿ⅆ − 𝐿𝑞)𝐼ⅆ𝐼𝑞]                                    (39)    

For a surface-mounted PMSG, where Ld≈Lq, 

𝑇𝑒 =
3

2
𝑝𝜓𝑓𝐼𝑞                                                                    (40) 

where p is the number of pole pairs. 

The mechanical dynamics are given by 

𝐽
ⅆ𝜔𝑚

ⅆ𝑡
= 𝑇𝑤 − 𝑇𝑒 − 𝐵𝜔𝑚                                               (41) 

where J is the combined rotational inertia and B is the 

mechanical damping coefficient. 

4) Wind Energy Conversion and DC-Link Interface 

The generated three-phase electrical power from the 

PMSG is converted into DC power through a rectifier: 

𝑃ⅆ𝑐 = 𝑉ⅆ𝑐𝐼ⅆ𝑐                                                                   (42) 

Considering converter losses, 

𝑃ⅆ𝑐 = 𝜂𝑟𝑒𝑐𝑃𝑃𝑀𝑆𝐺                                                             (43) 

Where 𝜂𝑟𝑒𝑐 is the rectifier efficiency. 

The DC–DC converter subsequently regulates the 

generated power delivered to the common DC bus. The 

overall wind power path is therefore 

𝑉𝑤 → 𝑤ⅈ𝑛ⅆ 𝑇𝑢𝑟𝑏ⅈ𝑛𝑒 → 𝑃𝑀𝑆𝐺 → 𝑅𝑒𝑐𝑡ⅈ𝑓ⅈ𝑒𝑟 → 𝐷𝐶 −

𝐷𝐶 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 → 𝐷𝐶𝐵𝑢𝑠                    

5) Maximum Power Extraction 

For maximum wind-energy extraction, the turbine speed 

is controlled according to the wind velocity such that 

𝜔𝑚,𝑜𝑝𝑡 =
𝜆𝑜𝑝𝑡𝑣𝑤

𝑅
                                                           (44) 

The corresponding maximum turbine power is 

𝑃𝑤,𝑚𝑎𝜘 =
1

2
𝜌𝐴𝑣𝑤

3 𝐶𝑝,𝑚𝑎𝑥                                              (45) 

Thus, the controller adjusts the generator operating 

point to maintain the optimum tip-speed ratio and 

extract maximum available wind power. 

 

VI. Proposed Control Strategy 

The proposed control scheme integrates the grid 

interfaced VSC with AWMOGI filtering, ADOPF 

positive sequence extraction, abc-dq transformation, 

ANFIS based DC link regulation, battery mode selection, 

and PV/wind feed forward compensation. The filtered 

grid voltages are synchronized and transformed into the 

dq frame, while the ANFIS controller regulates the DC 

link voltage as shown in Fig. 5. The battery controller 

manages charging and discharging according to the load 

demand and SOC, whereas PV and wind feed forward 

terms improve the response to renewable power 

variations. The resulting reference grid currents are 

transformed back to the abc frame and compared with 

the actual grid currents. The hysteresis current controller 

generates the switching pulses S1−S6 for the grid 

interfaced VSC, thereby ensuring accurate current 

tracking, controlled power exchange, and stable DC bus 

operation. 

 
Fig. 5. Grid-interfaced voltage source converter 

The proposed control strategy integrates AWMOGI, 

ADOPF, ANFIS, battery energy management, 

feed-forward compensation, and hysteresis current 

control for effective grid-connected operation. The 

AWMOGI and ADOPF blocks extract the fundamental 

and positive-sequence components of the grid voltage 

for accurate synchronization. The ANFIS controller 

regulates the dc-link voltage and generates the required 

active-current reference as shown in Fig.6. The battery 

management block determines charging or discharging 

operation according to the power demand and SOC. PV 

and wind power feed-forward components improve the 
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dynamic response, while the hysteresis current 

controller generates the converter switching pulses. 

Thus, the proposed controller provides stable dc-link 

regulation, coordinated power management, and 

accurate grid-current tracking under varying operating 

conditions. 

 
Fig.6. Proposed ANFIS-based control strategy for 

renewable energy integrated grid-connected system. 

A. Anti-Windup Mixed-Order Generalized Integrator 

The anti-windup mixed-order generalized integrator 

(AWMOGI) is employed to extract the fundamental 

component of the distorted utility-grid voltage while 

reducing dc offset and steady-state oscillations. The 

AWMOGI structure incorporates an anti-windup gain β, 

resonant frequency 𝜔𝑜 , and gain parameter m. 

According to the proposed controller, the closed-loop 

transfer functions of the AWMOGI are given by 

𝐻1(𝑠) =
𝑣1(𝑠)

𝑉𝑔(𝑆)
=

𝑚𝜔𝑜𝑠+𝑚𝜔0𝛽

𝑠2+𝑠(2𝛽+𝑚𝜔𝑜)+(𝜔0
2+𝛽2+𝛽𝑚𝜔0)

              (46) 

And 

𝐻2(5) =
𝑣2(5)

𝑉𝑔(𝑠)
=

𝑚𝜔0
2

𝑠2+𝑠(2𝛽+𝑚𝜔0)+(𝜔0
2+𝛽2+𝛽𝑚𝜔0)

              (47) 

To further suppress the dc component, an additional 

branch is introduced. Its transfer function is 

𝐻3(𝑠) =
𝑣3(𝑠)

𝑣(𝑠)
=

𝑚𝑚𝜔0
2+𝑚𝜔0

3

𝑠3+𝐴𝑠𝑣+𝐵𝑠+𝐶
                                       (48) 

Where 

𝐴 = 𝛽 + 𝑚𝜔0 + 𝜔0                                                     (49) 

𝐵 = 𝜔0
2 + 𝑚𝜔0

2 + 𝛽𝑚𝜔0                                            (50) 

𝐶 = 𝑚𝜔0
2 + 𝜔0

3                                                            (51) 

The steady-state outputs at ωo=ωs are expressed as 

𝑣1
∞(𝑡) = 𝑉𝑛 𝑠ⅈ𝑛(𝜔𝑠𝑡 + 𝜙𝑠)                                         (52) 

𝑣2
∞(𝑡) = 𝑉ⅆ𝑐 − 𝑉𝑛 𝑐𝑜𝑠(𝜔𝑠𝑡 + 𝜙𝑠)                              (53) 

𝑣3
∞(𝑡) = 𝑚𝑉ⅆ𝑐                                                           (54) 

Hence, the AWMOGI output components are 

𝐸𝐴𝑊𝑀𝑂𝐺𝐼 = 𝑣1 

𝐹𝐴𝑊𝑀𝑂𝐺𝐼 = 𝑣2 − 𝑣3 

The parameter m provides a tradeoff between transient 

response and filtering capability; the source reports an 

optimized value of m=1.52. 

B. Hierarchical-Loop Controller 

The hierarchical-loop controller consists of outer and 

inner control loops. The outer loop employs a 

fractional-order proportional-tilt-integral-derivative 

(FPTID) controller, whereas the inner loop uses a 

fractional-order proportional-derivative controller with 

filtering (FPDN). This two-loop arrangement improves 

dc-link-voltage regulation and transient stability 

compared with a single-loop structure. 

The outer-loop controller is represented by 

𝐻𝐹𝑃𝐷𝑁(𝑠) = 𝑘𝑃1 + 𝑘ⅆ1
𝑀

1+𝑀
1

𝑠𝜂

                                         (55) 

where kp1 and kd1 are proportional and derivative 

gains, M is the filter parameter, and γ1 represents the 

fractional-order parameter.  

The inner-loop controller is expressed as 

𝐻𝐹𝑃𝑇𝐼𝐷(𝑠) = 𝑘𝑃2 +
𝑘𝑡

𝑠𝑛 +
𝑘𝑖2

𝑠𝜇2 + 𝑘ⅆ2𝑠𝛾2                          (56) 

where kp2, kt, ki2, and kd2 denote the proportional, tilt, 

integral, and derivative gains, respectively, while n, μ2, 

and γ2 are the corresponding fractional orders.  The 

hierarchical structure therefore provides fast inner-loop 

regulation together with slower outer-loop 

dc-link-voltage regulation, allowing the converter to 

maintain stable operation during renewable-power and 

load variations. 

 

VII. PROPOSED ANFIS CONTROLLER DESIGN 

The proposed adaptive neuro-fuzzy inference system 

(ANFIS) controller is employed to regulate the dc-link 

voltage and improve the dynamic response of the 

grid-interfaced converter. Unlike a conventional PI 

controller, the ANFIS controller combines the learning 

capability of an artificial neural network with the 

rule-based decision-making property of fuzzy logic. The 

controller continuously processes the dc-link voltage 

error and its rate of change to generate the appropriate 

control signal for the converter. The uploaded reference 

paper uses hierarchical control for dc-link regulation, but 

it does not provide an ANFIS formulation; therefore, the 

following ANFIS structure is a proposed controller 

formulation for your system as shown in Fig.7. 
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Fig. 7. Structure of the proposed ANFIS controller. 

A. ANFIS Input Variables 

The dc-link voltage error is defined as 

𝑒(𝑘) = 𝑉ⅆ𝑐
∗ (𝑘) − 𝑉ⅆ𝑐(𝑘)                                               (57) 

where 𝑉ⅆ𝑐
∗  is the reference dc-link voltage and 𝑉ⅆ𝑐 is the 

measured dc-link voltage. 

The change in error is calculated as 

as its two input variables. The controller output is 

defined as 

𝑢𝐴𝑁𝐹𝐼𝑆 = 𝛥𝐷 

where ΔD represents the required change in converter 

duty ratio. The updated duty ratio is 

𝐷(𝑘) = 𝐷(𝑘 − 1) + 𝛥𝐷(𝑘).                                       (58) 

This formulation allows the controller to increase or 

decrease the converter duty ratio according to the 

instantaneous dc-link voltage deviation. 

B. ANFIS Membership Functions 

For a first-order Sugeno ANFIS structure, each input is 

divided into five linguistic variables: 

{𝑁𝐵, 𝑁𝑆, 𝑍𝐸, 𝑃𝑆, 𝑃𝐵} 

where NB, NS, ZE, PS, and PB denote negative-big, 

negative-small, zero, positive-small, and positive-big, 

respectively. 

A Gaussian membership function can be expressed as 

𝜇𝐴𝑖(𝑥) = 𝑒𝑥𝑝 [−
(𝑥−𝑐𝑖)2

2𝜎𝑖
2 ]                                                (59) 

where ci is the center and σi is the width of the 

membership function. 

C. ANFIS Rule Base 

The fuzzy rules are expressed in the form 

𝑅𝑖: IF e is 𝐴𝑖 AND Δ𝑒 is 𝐵𝑖  THEN 𝑓𝑖 =  𝑝𝑖𝑒 + 𝑞𝑖Δ𝑒 + 𝑟𝑖 

For two inputs with five membership functions each, a 

total of 

𝑁𝑅 = 5 × 5 = 25 

fuzzy rules are generated. 

The firing strength of the ith rule is 

𝑤𝑖 = 𝜇𝐴𝑖
(𝑒)𝜇𝐵𝑖

(𝛥𝑒)                                                       (60) 

The normalized firing strength is 

𝑤̅𝑖 =
𝑤𝑖

∑ 𝜔𝑗

𝑁𝑅

𝐽=1

                                                                  (61) 

D. ANFIS Output Computation 

The consequent output of each rule is 

𝑓𝑖 = 𝑝𝑖𝑒 + 𝑞𝑖𝛥𝑒 + 𝑟𝑖 ⋅                                                      (62) 

The final ANFIS output is obtained through weighted 

averaging: 

𝑢𝐴𝑁𝐹𝐼𝑆

∑ 𝑤𝑖(𝑝𝑖𝑒+𝑞𝑖𝛥𝑒+𝑟𝑖)
𝑁𝑅
𝑖=1

∑ 𝑤1
𝑁𝑅
𝑖=1

                                             (63) 

The obtained control signal is then converted into the 

PWM duty ratio according to (63). 

E. ANFIS Training 

The ANFIS parameters are trained using input-output 

data obtained from the converter under different 

operating conditions. The training objective is to 

minimize the voltage-tracking error. The mean-square 

error (MSE) can be defined as 

𝐽 =
1

𝑁
∑ [𝑉ⅆ𝑐

∗ (𝑘) − 𝑉ⅆ𝑐(𝑘)]2𝑁

𝑘=1
                                    (64) 

The ANFIS parameters are adjusted iteratively to 

minimize J. The trained controller subsequently provides 

the appropriate duty-ratio command without requiring 

manually retuned PI gains for every operating condition. 

 

VIII. Simulation results and Discussion 

A. PV System Performance under Varying Operating 

Conditions 

Fig. 8 presents the PV voltage, current, and power 

responses over a 1 s simulation period under varying 

operating conditions. The PV voltage Vpv rapidly 

reaches approximately 300 V at the beginning of the 

simulation and remains nearly constant from 0 to 1 s. 

The PV current Ipv initially reaches about 65 A and 

changes to approximately 53 A at 0.2 s, 34 A at 0.3 s, and 

20 A at 0.4 s, remaining stable thereafter. 

Correspondingly, the PV power Ppv decreases from 

approximately 20 kW initially to 16 kW at 0.2 s, 10 kW at 

0.3 s, and 6 kW at 0.4 s. The stable voltage and smooth 

current and power transitions demonstrate effective PV 

operation under varying conditions. 

 
(a) 
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(b) 

 
(c) 

Fig. 8. Simulation results of (a) PV voltage Vpv, (b) PV 

current Ipv, and (c) PV power Ppv under varying 

operating conditions. 

B. Wind Energy System Performance Under Varying 

Operating Conditions 

Fig. 9 presents the wind turbine current Iwind and 

generated power Pwind over a 1 s simulation period. 

The wind current exhibits an initial transient and then 

remains within approximately ±60 A up to 0.5 s. It 

subsequently decreases in magnitude at 0.6 s, 0.7 s, and 

0.75 s, indicating changes in wind operating conditions. 

Correspondingly, the wind power initially reaches 

approximately 24 kW, decreases to about 20 kW at 0.5 s, 

14 kW at 0.62 s, and approximately 6 kW after 0.73 s. The 

response demonstrates stable wind power extraction and 

smooth adaptation to changing operating conditions. 

(a) 

(b) 

Fig. 9. Simulation results of (a) Wind Turbine Current 

Iwind and (b) Wind Turbine Generated Power Pwind 

under varying wind conditions. 

C. Battery Energy Storage System Performance 

Fig. 10 presents the battery voltage, current, power, and 

SOC responses over a 1 s simulation period. The battery 

voltage Vbat quickly stabilizes at approximately 325 V 

and remains nearly constant throughout the simulation. 

The battery current Ibat exhibits an initial transient, 

reaching approximately 35 A, and subsequently settles 

around 25–30 A with small variations. Correspondingly, 

the battery power Pbat initially rises to approximately 10 

kW and then remains within approximately 7–10 kW. 

The battery SOC shows a gradual decrease from 

approximately 63.81% to 63.807%, indicating controlled 

battery energy utilization. Overall, the responses 

demonstrate stable battery operation and effective 

power support under varying operating conditions. 

(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 10. Simulation results of (a) Battery Voltage Vbat, (b) 

Battery Current Ibat, (c) Battery Power Pbat, and (d) 

Battery State of Charge (SOC) under varying operating 

conditions. 
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D. EV Battery Charging Performance 

Fig. 11 presents the EV battery voltage, current, power, 

and SOC responses over a 1 s simulation period. The EV 

battery voltage Vev remains nearly constant at 

approximately 320 V throughout the simulation. The EV 

current Iev is close to zero during 0–0.8 s, followed by 

charging current levels of approximately −25 A from 

0.8–0.9 s and −50 A from 0.9–1 s. Accordingly, the EV 

battery power Pev changes from near zero to 

approximately −8 kW and −16 kW, respectively, 

indicating increased charging power. The EV SOC 

remains nearly constant initially and increases slightly 

after 0.8 s, reaching approximately 79.3205% at 1 s. These 

responses demonstrate controlled EV battery charging 

with stable terminal voltage and SOC variation. 

(a) 

(b) 

(c) 

(d) 

Fig. 11. Simulation results of (a) EV Battery Voltage VEV, 

(b) EV Battery Current IEV, (c) EV Battery Power PEV, 

and (d) EV Battery State of Charge (SOC) under charging 

conditions. 

E. Grid-Connected System Performance 

Fig. 12 presents the grid voltage Vabc, grid current Iabc, 

nonlinear load current INL, linear load current IL, grid 

power Pg, load power PL, DC-link voltage Vdc, and 

AC–DC converter power PAC−DC over a 1 s simulation 

period. The grid voltage remains balanced with a peak 

value of approximately ±330 V. The grid current initially 

reaches approximately ±100 A and decreases to about 

±70 A at 0.1–0.2 s, ±50 A at 0.3–0.5 s, and ±30 A at 0.6 s. It 

approaches nearly zero around 0.75–0.8 s before 

increasing to approximately ±25–30 A at 1 s. The 

nonlinear load current remains periodic with a peak of 

approximately ±22 A, while the linear load current 

remains nearly sinusoidal at approximately ±10 A. The 

grid power changes from approximately −55 kW at 0 s to 

−35 kW at 0.1 s, −25 kW at 0.3 s, and nearly 0 kW at 

0.7–0.8 s, followed by positive power flow near 1 s. The 

load power follows the corresponding power demand. 

The DC-link voltage Vdc rises rapidly during the initial 

transient and settles at approximately 800 V by 0.05 s, 

remaining regulated around 800 V from 0.05 to 1 s with 

only a small transient deviation. The AC–DC converter 

power increases to approximately 17.5 kW at 0.02 s and 

remains nearly constant thereafter. These results confirm 

effective DC-link voltage regulation, controlled 

grid-current tracking, and coordinated power exchange 

under varying operating conditions. 

 
(a) 

 

(b)  

(c) 
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Fig.12 Simulation Results of (a) Grid Voltage Vabc, (b) 

Grid Current Iabc, (c) Nonlinear Load Current INL, (d) 

Linear Load Current IL, (e) Grid Power Pg, (f) Vdc, and 

(g) Load Power PL . 

F. Grid Current THD Comparison 

The first waveform represents the grid current with the 

Hierarchical-Loop Controller, giving a THD of 4.10%. 

The second waveform represents the grid current with 

the proposed ANFIS Controller, giving a significantly 

reduced THD of 1.18%. Thus, the proposed ANFIS 

controller improves the grid current quality by reducing 

THD from 4.10% to 1.18%, demonstrating better 

harmonic suppression and improved grid-side power 

quality as shown in Fig.13. 

 
(a) 

 
(b) 

Fig.13 (a) Grid Current THD with Hierarchical-Loop 

Controller (b) Grid Current THD with Proposed ANFIS 

Controller 

 

IX. Conclusion 

The proposed hybrid renewable energy system with 

solar PV, wind energy, BESS, and EV battery charging 

demonstrates stable and coordinated operation under 

varying operating conditions. The PV and wind sources 

effectively supply renewable power, while the BESS 

supports power balancing and the EV battery operates 

with controlled charging. The grid interfaced VSC 

maintains stable voltage and current exchange with the 

utility grid, while the proposed ANFIS controller 

provides improved control performance and harmonic 

suppression compared with the hierarchical loop 

controller. The reduction in grid current THD from 

4.10% to 1.18% confirms the effectiveness of the 

proposed control strategy in enhancing grid side power 

quality. Overall, the simulation results demonstrate that 

the proposed system provides effective renewable 

energy utilization, stable DC bus operation, coordinated 

energy management, controlled EV charging, and 

improved grid power quality, making it suitable for 

renewable integrated EV charging applications. 
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