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Due to their variable speed operation, the use of switched 
reluctance generators (SRGs) in wind energy systems is more 
complex compared to conventional generators in this industry. 
The unique structure of SRGs makes their control more 
challenging. However, their simple and robust construction, along 
with lower cost, makes them an attractive option for wind 
turbines. This paper introduces a novel approach for controlling 
the speed of SRGs using an Adaptive Neuro-Fuzzy Inference 
System (ANFIS) controller. In this setup, the SRG is powered by a 
variable speed wind turbine and connected to the power grid 
through an asymmetric half-bridge converter, a DC-link, and a DC-
AC inverter. Effective speed regulation is essential to maximize 
power output at varying wind speeds. We provide a 
comprehensive analysis of the SRG’s modeling and control 
strategies, along with detailed descriptions of the wind turbine, 
converter, and inverter components. The proposed system's 
performance is validated through simulations based on variable 
wind speed data with Matlab/Simulink demonstrate the efficacy 
and robustness of our control methodology. 
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Introduction 
Wind energy is rapidly emerging as a major global power source. In 2023, the wind 

industry globally set a new record by adding 117 gigawatts (GW) of new capacity, 

marking a 50% rise compared to the previous year. This swift growth is driven by the 

desire of many nations to enhance their energy security. Moreover, the environmental 

advantages of wind energy, such as the reduction of greenhouse gas emissions and 

decreased dependence on fossil fuels, play a crucial role. The scalability and 

decreasing costs of wind energy technology also significantly contribute to its 

accelerated adoption and expansion [1]. 

Fixed-speed wind energy conversion systems (WECS) are simple electrical 

machines that consist of an aerodynamic rotor linked to a gearbox and shaft, which in 

turn drive a squirrel cage induction generator (SCIG) [2-4] or a wound rotor induction 

generator (WRIG) [5; 6]. Operating at a constant speed regardless of wind conditions 

can reduce aerodynamic efficiency and may cause rotor blade noise issues at low wind 

speeds. The energy efficiency of variable-speed wind turbines is significantly higher 

compared to fixed-speed turbines. Consequently, these systems are now more 

commonly used [7].  

Switched Reluctance Generators offer distinct benefits due to their unique 

operational principles. By eliminating the need for magnets and employing a passive 

rotor, the SRG simplifies its design and reduces manufacturing costs [8]. The rotor's 

design minimizes heat dissipation and can even facilitate cooling of the stator, thereby 

enhancing the machine’s tolerance to elevated temperatures [9]. This efficient cooling 

process also makes it easier to achieve a hermetic construction. Additionally, the 

passive rotor contributes to reduced copper winding losses, as it is devoid of any 

conductive components [10]. The SRG exhibits superior power-to-weight and torque-

to-weight ratios compared to traditional electrical machines. Its phase-independent 

structure enhances its robustness, making it highly resistant to faults such as open-coil 

issues and power converter malfunctions [11]. In various applications, SRGs 

demonstrate exceptional reliability and efficiency. For low-speed operations, including 

wind turbines [12-14] and water turbines [15], the lack of magnets not only lowers 

production costs but also eliminates cogging torque. In high-speed scenarios, such as 

in steam and gas turbines or micro-CHP systems, the SRG’s design allows for the 

omission of gearboxes, streamlining electric power systems [16]. 

SRGs possess unique operational benefits, making them an excellent option for 

wind energy applications. An extensive review covers their foundational principles, 

control methodologies, and future research avenues, showcasing SRGs' flexibility and 

efficiency for modern wind energy systems [17]. Different excitation methods, 

including separate field current and circulating current excitations, have been analyzed 

for SRGs [18]. To enhance power quality, adaptive filter-based techniques have been 

investigated [19]. Ensuring stable SRG operation when supplying constant power 
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loads in DC microgrids has been crucial for their reliable integration into contemporary 

grid systems [20]. Additionally, SRG integration into microgrids with plug-in energy 

support mechanisms has demonstrated improved reliability and efficiency in 

decentralized energy systems [21]. Efficiency optimization remains a key focus, with 

strategies utilizing position sensor-less control techniques aimed at reducing system 

complexity and enhancing overall efficiency [22]. For small-scale wind power setups, 

effective control strategies for power converters are essential to ensure efficient power 

conversion and stable operation, even in low wind conditions [23]. Finally, defining 

control objectives to boost SRG performance in generating mode contributes 

significantly to their reliable and efficient conversion of wind energy into electrical 

power [24]. 

This paper introduces a novel approach to speed control for the switched reluctance 

generator (SRG) utilizing an adaptive neuro-fuzzy inference system controller. The 

SRG, driven by a variable-speed wind turbine, is connected to the grid via an 

asymmetric half-bridge converter, DC-link, and DC-AC inverter system. Effective 

speed control is crucial for the variable-speed operation of the SRG to ensure optimal 

power delivery to the grid at varying wind speeds. This study provides comprehensive 

modeling and control strategies for the SRG and its associated components, including 

the wind turbine, converter, and inverter systems. The proposed system's performance 

is validated through simulation results, using variable wind speed data. The dynamic 

simulations are conducted using Matlab/Simulink. 

Proposed system 

Mathematical Model of Wind Turbine 

The power P generated by the wind, derived from the kinetic energy's rate of 

change, can be expressed as: 

(1   ) 
31

2
P Av 

where ρ and A denote the air density and the effective are, respectively and vω 

indicates velocity of wind. The mechanical power Pω harnessed by the rotor blades 

is determined by the difference between the wind power before (vi) and after the rotor 

blades (vo), which is: 

(2   ) 
2 21

( )
2

i oP Av v v   

Utilizing the mass flow rate, we can formulate the following: 

(3   ) ( )

2

i oA v v
Av





 

where vωα is the average velocity of wind. We can rewrite (2) as follows [25]. 
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The power coefficient Cp, representing the rotor's efficiency, depends on the tip 

speed ratio τ and the blade pitch angle α [degrees] and may be written as follows 

[26]. 

(6   ) 
2 0.171

0.02 5.6
2

pC e        

(7   ) 3600
, ,

1609

mR R

v


 


  

where ωm denotes the rotational speed in rad/s and R is the turbine blade radius. 

Maximum Power Generation 

In variable speed wind turbine generator systems, the active power produced is 

influenced by the power coefficient, Cp, which signifies the fraction of power 

harnessed from the wind. The ideal values for the tip speed ratio and power 

coefficient are determined based on the turbine's characteristics. For every given 

wind speed of a variable speed wind turbine, there exists a specific rotational speed 

that yields the maximum active power Pωmax from the wind generator. This study 

presents the power coefficient curve with the maximum power point tracking 

(MPPT) line in Figure 1. Due to the challenge of accurately measuring wind speed, 

it is more effective to compute the maximum power Pωmax without directly measuring 

wind speed, using the following formula: 

(8)       
max

1

2

r
p opt

opt

R
P A C





 

where τopt denotes the optimum tip speed ratio and may be expressed based on the 

turbine mathematical equations. Equation (8) demonstrates that the maximum power 

output is directly proportional to the cube of the rotational speed. The pitch converter 

operates to regulate the mechanical torque of the wind turbine when the rotor speed 

surpasses the rated speed. 
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Figure 1. Maximum power point line for wind turbine at different speeds. 

Dynamic Equations of the SRG 

A wind turbine transforms the kinetic energy of wind into mechanical energy, 

which is then transferred to the SRG to produce electrical energy. Based on equation 

(4), the mechanical torque Tω exerted on the wind turbine shaft is defined as follows. 

(9   ) 
21

2

pC
T AR v 


 

The dynamic equation for the SRG is expressed as follows: 

(10   ) 
m

e

d
J T T

dt



  

In this context, J represents the moment of inertia, and Te denotes the total torque 

generated by the phases of the generator. Figure 2(a) and Figure 2(b) display the 

proposed four-phase 8/6 SRG and the used four-phase half-bridge converter 

(AHBC), respectively. The specifications of the desired generator are also given in 

Table 1. 

In a switched reluctance machine, the phase inductance reaches its peak when the 

stator and rotor poles are fully aligned, resulting in the lowest reluctance. As the rotor 

pole moves away from this aligned position, the current in the stator windings 

decreases, causing the inductance to drop to its minimum value. Torque production 

in an SRG is influenced by the magnetic field, which aims to align the poles to 

achieve minimal reluctance. The SRG generates torque by synchronizing excitation 

with the rotor's position [27]. When the poles start to separate, the reluctance 

increases, leading to the creation of negative torque. Under linear operating 
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conditions, the torque generated by a phase in an SRG can be calculated as shown 

(11). 

(11   ) 
21

2
e

dL
T t

d
 

In this context, Te represents the electromagnetic torque, i stands for phase 

current, L is the phase inductance, and θ indicates the rotor position. Since the SRG 

operates in a region where the inductance decreases (dL/dθ=0), the torque generated 

is negative. The total torque produced by the four-phase generator in this study is the 

aggregate of the torques from each individual phase. 

Table 1. Specifications of the SRG 

Generator technical specifications Value 

DC voltage 220 V 

Maximum phase current 180 A 

Nominal torque 160 N m 

Nominal speed 3500 rpm 

Number of phases 4 

Number of poles 8/6 

Winding resistance 0.05 Ω 

Moment inertia 0.06 kg m2 

Friction coefficient 0.02 Nms 

 

In the SRG, each phase winding must be energized in a specific sequence. To 

achieve this, an electronic driver circuit is essential for directing current through the 

phases based on the rotor's position. Various driver circuits for controlling Switched 

Reluctance Machines are discussed in the literature. For this study, we utilized the 

asymmetric half-bridge converter (AHBC) depicted in Figure 2(b) to operate the 

SRG. This driver circuit consists of two diodes and two switches per phase. Phase 

voltage in a switched reluctance machine may be written as: 

(12   ) 
k.i k

k

d
V r

dt


  

where, r and ik indicate the phase winding resistance and phase current, respectively, 

while ѱk denotes phase magnetic flux that can be written as: 

(13   ) 
k ( , ).k kL i i  

Finally, considering ω=dL/dθ, the phase voltage can be expressed as follows: 

(14   ) 
k.k k k

di
V r i L e

dt
   

(15   ) 
k . k

k

dL
e i

d



 
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where, ek denotes the back electromotive force.  
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Figure 2. (a) proposed SRG, (b) AHBC 

 

Magnetization characteristics of the proposed SRG is shown in Figure 3. To 

achieve generating mode operation, the applied voltage remains positive throughout 

the conduction period, defined as the interval between the switch-on (θno) and 

switch-off (θoff) angles. After the switch-off angle, the voltage turns negative until 

the extinction angle (θex), where the phase current drops to zero. At all other times, 

the voltage is zero. The magnetic flux linkage curve, along with the phase current 

and reluctance torque for the specific switched reluctance machine, is illustrated in 

Figure 4. These curves are derived considering firing and switching-off angles of 10 

degrees and 30 degrees, respectively, under nominal load and a speed of 2000 rpm. 
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Figure 3. Magnetization characteristics of the proposed SRG 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4. SRG performance under nominal load and constant on and off angles, (a) 

flux linkage, (b) phase current, (c) phase torque. 
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Control system 
The suggested control system is divided into two parts: speed regulation managed 

by the AHBC, and DC link voltage control achieved through the grid-side converter, 

as depicted in Figure 5. 

Dynamic Equations of the SRG 

The aim of this control unit is to regulate the speed of the SRG. The generator 

operates by delaying the fire angles so that the conduction period occurs after the 

aligned position, where phase inductance decreases and dL/dθ is negative. In this 

scenario, the energy returned to the DC-link during the de-fluxing period (P0) 

exceeds the excitation energy supplied during the dwell period (Pex), with the 

difference provided by the prime mover. The electrical output power is given by 

(16). 

(16   ) 
out o exP P P  

During the conduction period, the applied voltage is positive, which spans from 

the switching on angle (θno) to the switching off angle (θoff). After the switching off 

angle until the extinction angle (θex), which corresponds to zero phase current, the 

voltage becomes negative. In all other instances, the voltage is zero. For optimal 

performance, the switching on angle must be set after the aligned position (0°) to 

ensure the conduction period follows this position, where dL/dθ is negative. The 

reference signal for this operation is determined using the maximum power point 

tracking (MPPT) algorithm described in section 2. The conduction signals are 

generated based on this logic, and a hysteresis controller effectively generates the 

optimal firing angles for the inverter to maximize the generator's output power 

according to the reference signal. The optimum rotor speed is maintained using an 

adaptive neuro-fuzzy inference system controller, which manages the switching on 

angle (θon) as detailed in section 4. 

DC Link Voltage Control 

As illustrated in Figure 5, the primary goal of the grid-side inverter is to maintain 

the DC link voltage, enabling the active power produced by the SRG to be effectively 

delivered to the grid. In this figure, the subscript g represents parameters related to 

the grid. The inverter utilized is space vector PWM-based voltage source system 

presented in [28]. The control strategy employs d-q reference frames, where the d-

axis is aligned with the system voltage. The transformation angle is derived from the 

three-phase voltages (Vabc) at the high-voltage side of the grid-side transformer. This 

configuration allows the direct current component Id of the inverter to manage active 

power, while the quadrature current component Iq regulates reactive power. The 

specified DC-link voltage is 220 V. The PI controller gains were determined using 

a trial-and-error method and these gains are listed in Table 2. 
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Figure 5. Block diagram of the system 

 

Table 2. Gains of PI controllers in grid side 

PI Integral gain Proportional gain 

1 0.72 13.5 

2 2.32 4.61 

3 1.85 4.61 

4 15.91 8.85 

5 9.65 27.33 

Adaptive neuro fuzzy inference system 

Adaptive Neuro-Fuzzy Inference System (ANFIS) is a hybrid model combining 

fuzzy logic and neural networks. This model is highly effective in managing 

nonlinear systems without needing exhaustive data about the complex system. The 

Takagi-Sugeno inference system defines the inputs for the system, while the neural 

network enhances the fuzzy system by providing learning capabilities and parameter 

adjustments. 

ANFIS delivers accurate results without the necessity for separate input or output 

network computations. The structure of ANFIS comprises five layers, as illustrated 

in Figure 6. 

Layer 1: Each node in this layer represents a node function. This layer maps the 

degree of membership of the input parameters to the corresponding fuzzy sets. In 

this context, a generalized bell membership function is utilized, and the degree is 

calculated as per (17). Here, ck and bk are the center and half-width of the 

membership function, respectively, while b adjusts the slopes at the crossover points. 

x is the input to the kth node, and Ak represents the linguistic label. 

(17   ) 
( ) ( ; , , ) 1/ (1 ), 1,2k k

Ax k k k

k

x c
x gbell x a b c k

a



    

Layer 2: Nodes compute their activation levels using the following equation: 
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(18   ) ( ) ( ), 1,2k Ak AkW x z k    

where z represents the input to the kth node and Bk is the associated linguistic label. 

Layer 3: Activation levels from layer 2 are normalized for all rules according to 

(19), where Wk denotes the activation level determined by (18). 

(19   ) 
1 2/ ( ), 1,2k iW W W W k   

Layer 4: This layer processes the normalized parameters and sets. The 

contribution of the kth rule to the overall output, denoted as fk, is calculated by node 

k as (20), where {pk,qk,dk} represents the parameter set and 𝑤̅𝑘 is the normalized 

activation level from layer 3. 

(20   ) ( ), 1,2k k k k k kW f W p x q z d k       

Layer 5: This layer performs the defuzzification process by computing the outputs 

as the aggregate contribution from each rule: 

(21   ) 
, 1,2

k kk
k kk

kk

W f
W f k

W


  





 

To optimize the parameters of the ANFIS model, a systematic approach was 

adopted. The training dataset used for the ANFIS model consists of speed error and 

its rate of change as the inputs, with the goal of minimizing the speed error in the 

SRG system. The selection of membership functions for the ANFIS system involved 

using a generalized bell-shaped membership function, which provides good 

flexibility for the modeling of nonlinear systems. 

The parameters of the ANFIS model, such as the center and half-width of the 

membership functions, were optimized using the gradient descent method during the 

training phase. The error signal generated by the ANFIS was used to adjust the local 

parameters in the model, with updates being performed iteratively. The optimization 

process ensures that the model adapts to varying system conditions, thereby 

improving the accuracy and performance of the speed control. As part of the training 

procedure, the system undergoes backpropagation, where the local parameters are 

updated according to the error signal. The optimization of these parameters is critical 

to achieving the desired performance in terms of speed regulation and overall control 

accuracy. 

The Multi Output Adaptive Neuro-Fuzzy Inference System (MANFIS) is an 

extension of ANFIS designed to produce multiple outputs. As depicted in Fig. 6, 

ANFIS typically generates a single output, whereas MANFIS can combine several 

independent ANFIS units to produce multiple outputs [29]. 
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Figure 6. (a) adaptive neuro fuzzy system (ANFIS), (b) Multi output ANFIS 

 

In this study, the speed control of the SRG is achieved using a MANFIS. The speed 

error and its rate of change serve as inputs for the respective phase MANFIS. The 

developed controller generates firing pulses for the converter switches to reduce the 

error. Figure 6 illustrates the system, where circles denote fixed nodes and squares 

represent adaptive nodes. The rule base consists of two Takagi-Sugeno type if-then 

rules: 

Rule 1: If x is A1 and z is B1, then f1=p1x+q1z+d1, 

Rule 2: If x is A2 and z is B2, then f2=p2x+q2z+d2, 

In these rules, Ak and Bk are fuzzy sets, and (pk,qk,dk) are parameters of the output 

function. For the j-th rule, the firing interval is given by: 

(22   ) ( ( )) ( ( )), ( ( ))j j jW t t t       

with  ( ( ))j t   and  ( ( ))j t   defined as follows: 

(23   ) 
1

1( ( )) ( ( ( )) ... ( ( ( ))j jj MM
t f t f t


        

(24   ) 
1

1( ( )) ( ( ( )) ... ( ( ( )) 0j jj MM
t f t f t


         

Here, 
1
j

M
  and 

1
j

M
  are the lower and upper membership functions, ranging 

between [0, 1]. For all j and t ≥ 0,  ( ( ))j t   is always greater than or equal to  

( ( ))j t  . The defuzzification of the k-th local system, with membership grade  

( ( ))j t  , is expressed as:  

(25   ) 
1

( ) ( ( ))( ( ) ( ))
p

j j j jj
x t t A x t B u t 


  

To accommodate uncertain parameter variations, two weighting coefficient 

functions, ( ( ))k t   and ( ( ))k t  , are incorporated into the j-th subsystem 

membership function: 

(26   ) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) 0j k j k jt t t t t            
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(27   ) 0 ( ( )) 1, 0 ( ( )) 1k kt t       

(28   ) 
1

( ( )) 1, ( ( )) ( ( )) 1
p

j k kj
t t t     


   

An adaptive sliding mode controller is devised and applied to the IT fuzzy model 

of the SRG. It is assumed that the weight ( ( ))k t   of the j-th membership grade 

function has an upper limit (ξj): 

(29   ) 0 ( ( )) 1k jt     

Thus, 

(30   ) 0 1 ( ( )) 1j k t      

During the back-propagation phase, the error signal is propagated backwards, 

updating local parameters via the gradient descent method. For a neuro-fuzzy system 

with a single output, α, this process is represented by (31): 

(31   ) ( 1) ( ) ( / ).( / )ki ki kit t CF         

where, τ is the training rate of µk, ρ is the count of input or output data, and CF is the 

quadratic cost function. Partial derivatives, calculated as per the rule in (32), are used 

to update the membership function parameters: 

(32   ) 
. . . .k k

k k k k

wCF CF

w

 

    

    


     
 

For local parameter adjustment, the MANFIS model with two outputs sums the 

gradients from both output errors (e1 and e2): 

(33   ) 
1 2( 1) ( 1) ( / ).( )ki ki

ki ki

CF CF
t t   

 

 
    

 
 

where 1 2
1 2( ) and ( )

ki ki

CF CF
f e f e

 

 
 

 
. 

The described MANFIS is utilized to control phase force and generate converter 

pulses. Each motor phase has its own MANFIS. The fuzzification unit has two 

inputs: force error and change in error. Table 3 lists the rules for the fuzzy unit, 

including NB (negative big), NM (negative medium), NS (negative small), Z (zero), 

PS (positive small), PM (positive medium), and PB (positive big). The neural 

network determines the appropriate rule, generating a control signal to achieve 

optimal output. The final defuzzification unit provides firing pulses for the converter. 

 
Table 3. Rules of fuzzy inference system 

  ∆e 

e 

 NB NM NS Z PS PM PB 

NB NB NB NB NM NM NS Z 

NM NB NB NM NS NS Z PS 
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NS NB NM NS NS Z PS PM 

Z NM NS NS Z PS PS PM 

PS NM NS Z PS PS PM PB 

PM NS Z PS PS PM PB PB 

PB Z PS PM PM PB PB PB 

Simulation results 
The designed system comprises a Switched Reluctance Generator (SRG) 

connected to an asymmetric half-bridge converter, a DC-link capacitor, a grid-side 

inverter, and the power grid. Simulations were performed in Matlab/Simulink to 

analyze the system's performance under varying wind conditions, focusing on 

dynamic response, power regulation, and control robustness. 

Figure 7 illustrates the wind speed profile used during the simulations, 

representing rapid fluctuations and gradual variations to evaluate the adaptability of 

the proposed control system. These variations emulate real-world wind patterns to 

ensure that the system performs effectively in practical scenarios. 

The primary objective of the control strategy is to maximize wind energy capture 

by dynamically adjusting the SRG rotor speed according to real-time wind speed, 

while ensuring that the generated power remains within the rated capacity of the 

generator. To achieve this, a chopped current control mode is employed for the SRG, 

which limits the current and protects the asymmetric half-bridge inverter from 

overcurrent conditions. 

Figure 8 shows a comparison between the actual rotor speed of the SRG and the 

optimal rotor speed calculated using the Maximum Power Point Tracking (MPPT) 

algorithm. The close alignment between the two curves throughout the wind 

variations indicates the effectiveness of the proposed MANFIS-based controller in 

maintaining near-optimal operating conditions. This ensures that the system extracts 

the maximum possible power from the wind at each moment. 

Figure 9 presents the active and reactive power outputs at the grid-side converter. 

As seen in subfigure (a), the active power follows the variations in wind speed and 

generation, while subfigure (b) shows how the reactive power is regulated to 

maintain power factor and grid stability. The power measurements are based on the 

voltage and current provided to the DC-link capacitor, captured through accurate 

transducers. 
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Figure 7. Wind speed profile used in evaluations 

 
Figure 8. Rotor speed of the SRG at variable wind speed 

 
(a) 

 
(b) 

Figure 9. Power at the gride side converter, (a) active power, (b) reactive power, 

 

Figure 10 depicts the DC-link voltage at the output of the SRG. The voltage is 

regulated around 220 V with a narrow regulation bandwidth of 5 Hz, indicating a 
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fast and stable response by the front-end converter. This regulation is achieved by 

dynamically adjusting the direct current component injected into the grid, enabling 

efficient power delivery and system stability. The simulation results confirm the 

reliable performance of the front-end control loop and its ability to maintain voltage 

stability under different loading and generation conditions. 

In summary, the proposed control scheme demonstrates strong dynamic 

performance, effective voltage regulation, and efficient wind energy capture, 

validating the functionality of the system under realistic and challenging operating 

conditions. 

 
Figure 10. DC-Link voltage 

 

To provide a better assessment of the system's performance, a comparison with 

the results presented in [30] has been conducted. The key differences are summarized 

in Table 4. 

 

Table 4. results comparison 

 MPPT Method in [30] 

Tracking accuracy 1 % 1.5 % 

Dc-link voltage fluctuations ± 8 v ± 11 v 

Dynamic time in response in second 1 s 1 s 

Conclusion 
This paper proposed an ANFIS-based control algorithm for regulating the speed 

of Switched Reluctance Generators (SRGs) in wind energy systems. The inherent 

complexity and variable speed operation of SRGs introduce substantial control 

challenges, but their robust, cost-effective nature makes them ideal for wind turbine 

applications. The proposed system integrates a variable-speed wind turbine, an 

asymmetric half-bridge converter, a DC-link capacitor, and a DC-AC inverter to 

optimize power output under varying wind conditions. The ANFIS controller was 

shown to significantly enhance the system's performance, as confirmed through 

Matlab/Simulink simulations. The results highlighted key advantages such as 

improved speed regulation, higher efficiency, and greater system stability, all of 
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which demonstrate the effectiveness of the proposed approach. These improvements 

are critical for advancing SRG technology in renewable energy applications. Future 

work will focus on refining the control algorithms further and exploring real-world 

testing to validate these promising results. 
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