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░ ABSTRACT- The rising need for renewable energy sources requires the optimization of power generation systems, 

especially in wind energy applications. The five-phase open end winding induction generator offers benefits such as less torque 

ripple and improved fault tolerance relative to conventional three-phase systems. The Indirect Rotor Field Oriented Control 

Technique for five phase open end winding squirrel cage induction generator separates the control of electromagnetic torque and 

rotor flux, allowing for accurate regulation of generator output in fluctuating wind conditions. The control technique utilizes a three-

level rectifier to enhance power conversion efficiency, resulting in a more stable voltage output during various wind speeds and 

diminished harmonic distortion. This paper examines the performance of application of Indirect Rotor Field Oriented Control 

Technique for Five Phase Open End Winding Squirrel Cage Induction Generator in wind energy systems, coupled with a three-level 

rectifier. The simulation findings illustrate the harmonic distortion of stator current with three level rectifier is better than two level 

rectifiers for Five Phase Open End Winding Squirrel Cage Induction Generator during step change in wind speeds. 
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░ 1. INTRODUCTION   
In recent years, wind power has quickly become a leading 

renewable energy source. The need for renewable energy 

sources is growing in response to rising international alarm over 

climate change and environmental deterioration. A promising 

substitute for fossil fuels, wind power, which is generated from 

the kinetic energy of the wind, helps to diversify energy sources 

and reduce emissions of greenhouse gases [1]. A vital part of 

the worldwide movement to a low-carbon economy [2], wind 

power does not directly release carbon dioxide (CO₂) or any 

other dangerous pollutants, unlike traditional energy sources 

like coal, oil, or natural gas. 

 

The development of several turbine technologies to efficiently 

harness wind power has made wind energy an essential 

component of renewable energy initiatives worldwide. Using a 

squirrel cage induction generator (SCIG), the Type-4 wind 

turbine has become one of the most well-known and efficient 

technologies in contemporary wind energy systems. Complete 

regulation of active and reactive power [7] is achieved by use 

of a back-to-back converter, which is inherent to the Type-4 

wind turbine as a fully-converter-based system. Type-4 wind 

turbines benefit greatly from grid integration and operational 

flexibility to this configuration, which allows them to operate 

over a wide range of wind speeds. Type-4 wind turbines 

equipped with SCIGs have numerous benefits, but they also 

come with certain problems that need fixing. The power 

electronics add unnecessary complexity and expense to the 

system, which is its biggest downside.  

 

Open-end winding squirrel cage induction generators have 

garnered considerable interest in wind energy conversion 
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systems owing to its distinctive design and operating benefits. 

With the increasing global demand for renewable energy 

sources, it is essential to utilize effective technology for 

harnessing wind energy. The open-end winding architecture of 

the SCIG provides increased flexibility and adaptability, 

rendering it a crucial element in contemporary wind turbine 

designs [10]. A principal advantage of open-end winding SCIG 

is its capacity to provide both generator and motor functions. 

This dual functionality enables wind turbines to work 

efficiently under diverse wind speeds and load situations. The 

generator can seamlessly transition to motor mode in low wind 

circumstances, allowing the turbine to sustain peak 

performance and energy extraction [11].  

 

The wind energy conversion systems (WECS) have taken 

notice of multiphase machines because they outperform 

conventional three-phase machines in terms of performance, 

reliability, and fault tolerance. Offshore and large-scale wind 

farms [13] have been early adopters of multiphase machines due 

to the increasing need for high-power wind turbines and more 

efficient energy conversion. Machines with five-, six-, or even 

nine-phase designs are a promising technology for wind energy 

systems of the future because of the many benefits they provide 

in terms of operating flexibility, power density, and system 

durability.  

 

The enhanced fault tolerance of multiphase machines is a major 

advantage in WECS. If there is a problem with any one phase 

in a traditional three-phase system, the wind turbine will stop 

working altogether. Because of the high maintenance costs and 

limited accessibility to offshore wind farms, this inherent fault-

tolerant capability is particularly critical. A more available wind 

energy system [14] with less downtime is possible with partial 

operation maintenance during faults.  

 

Multiphase machines also have the benefit of a higher power 

density. In order to achieve the same power output with less per-

phase current, multiphase machines spread the current across 

many phases. This results in improved thermal management and 

decreased copper losses [15]. Because of the need for dynamic 

control to optimize energy capture in wind energy systems, this 

is especially advantageous in these contexts. Further, 

multiphase machines have the ability to run at lower harmonics, 

which improves the quality of the power that is injected into the 

grid and decreases electromagnetic noise.  

 

Indirect Field Oriented Control (IFOC) has become an essential 

method for the effective regulation of squirrel cage induction 

generators (SCIG) in wind energy conversion systems (WECS). 

With the escalating demand for renewable energy sources, 

enhancing the efficiency of wind turbines is becoming 

progressively vital. IFOC provides substantial benefits for 

dynamic responsiveness, control accuracy, and energy 

efficiency, rendering it an optimal solution for SCIGs employed 

in variable-speed wind turbines [17]. This technology optimizes 

the generator's performance, facilitating enhanced energy 

extraction from variable wind conditions. One of the principal 

advantages of IFOC is its capacity to decouple the regulation of 

torque and flux in the SCIG. By independently addressing the 

machine's magnetic field and torque components, IFOC 

facilitates enhanced control over the generator's performance. 

This decoupling is especially beneficial in wind energy systems, 

because fluctuating wind speeds require swift modifications in 

generator performance [18]. The accurate regulation of torque 

and flux facilitates smoother operation and enhanced efficiency, 

essential for optimizing energy extraction from wind resources. 

Moreover, IFOC enables SCIGs to function at varying speeds, 

hence ensuring optimal performance under diverse wind 

conditions. In contrast to conventional control systems that 

necessitate the generator to function at a constant speed, IFOC 

allows SCIGs to modify their rotational speed in accordance 

with varying wind velocities. This capacity promotes energy 

efficiency and improves the overall reliability of the wind 

turbine system [19].  

 

Based on Multilevel inverters concept Multilevel rectifiers 

(MLR) have evolved as a revolutionary technique in the 

regulation of squirrel cage induction generators (SCIG) in wind 

energy conversion systems (WECS). With the escalating 

demand for renewable energy sources, the necessity for 

efficient, reliable, and high-performance power conversion 

systems intensifies. MLR mitigate these issues by offering 

superior voltage regulation, less harmonic distortion, and higher 

overall system efficiency [24]. This characteristic renders them 

especially appropriate for wind energy applications, where 

variable speed operation and grid integration are crucial.  

 

A key advantage of employing MLRs in WECS is their capacity 

to produce high-quality output voltage waveforms. 

Conventional two-level rectifiers frequently generate 

considerable harmonic distortion, which can negatively impact 

the efficiency of induction generators and result in heightened 

losses [25]. Conversely, MLIs employ various voltage levels to 

generate a more refined output waveform, leading to less total 

harmonic distortion (THD). This enhancement not only 

increases the efficiency of the SCIG but also improves 

electricity quality in grid [26]. 
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Figure 1. Schematic Diagram of Indirect Rotor Field Oriented Vector Control for Five-Phase Open End Winding Squirrel Cage Induction 

Generator with Three Level Rectifier in Wind Energy System 

 

░2. MATHEMATICAL MODEL OF 

WIND TURBINE 

Incorporating the concept of Cp (Coefficient of Performance) 

enables the formulation of a precise mathematical model for the 

wind turbine. The potential energy of air moving through a wind 

turbine with a surface area of A and a speed of V m/sec can be 

expressed as [27] 

 

𝑃𝑤 = 0.5𝜌𝐴𝑉3              (1) 
 

Where 𝑃𝑤 : wind power 

A: area swept by blades in m2 

 

V: speed of the wind m/sec 

ρ: air density - kg/m3 

 

“The power coefficient of the turbine, denoted as Cp (λ, β), 

demonstrated by the pitch angle (β) & the tip-speed ratio (λ).  

 

The article describes the wind energy captured by the wind 

turbine.” 
 

𝜆 =
𝜔𝑡𝑅

𝑉
              (2) 

 

𝜔𝑡 The turbine speed is measured in radians/second. 

R -wind turbine's radius is measured in meters. 

https://www.ijeer.forexjournal.co.in/
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Figure 2. Power coefficient characteristic for different pitch angles 

 
Figure 2 shows that wind turbines have a maximum power co-

efficient of 0.49 at pitch angle 𝛽 = 00. Equation (1) shows that 

the mechanical power of the wind turbine is proportional to the 

cube of the wind velocity. From cut-in wind speed (6 m/sec) to 

rated wind speed (13 m/sec), pitch angle is kept at 00  to 

maximize mechanical power from the wind. When wind speed 

exceeds the rated value of 13 m/sec, the mechanical power of 

the wind turbine increases proportionally to the cube of wind 

velocity. To reduce wind turbine mechanical power, the pitch 

angle (β) is gradually increased. 

 

Wind-powered machinery is provided with mechanical power 

by  
 

𝑃𝑚 = 0.5𝜌𝐴𝑉3𝐶𝑃(𝜆, 𝛽)               (3) 

 

Where,  𝑃𝑚 : Mechanical power (Watts) 

𝐶𝑃 ∶ coefficient power 

𝛽 : Pitch angle of blade in degrees 
 

𝐶𝑃 = 0.517 (
116

𝜆𝑖

− 0.4𝛽 − 5) 𝑒
−

21
𝜆𝑖 + 0.068𝜆 

 

1

𝜆𝑖

= 
1

𝜆 + 0.08𝛽
−

0.035

𝛽3 + 1
 

 

Mechanical power parameters at different wind speeds range 

from 6 to 13 meters per second are shown in fig.3. The wind 

turbine has a mechanical power rating of 2.0 Mega Watts (MW) 

at a wind speed of 12m/sec. 

 

Figure 3. Mechanical Power Characteristics for different wind speeds  

 

Figure 3 illustrates the mechanical power characteristics of the 

wind turbine with wind speeds ranging from 6 m/s to 13 m/s. 

The wind turbine generates a maximum mechanical power of 

2.0 Mega Watts (MW) at a wind speed of 12 m/sec. When the 

mechanical power of a wind turbine surpasses its rated 

mechanical power due to an increase in wind speed, it should 

be regulated to the rated value by altering the pitch angle β. The 

mechanical power produced by the wind turbine at different 

wind speeds, as seen in fig. 3, is supplied to the five-phase 

squirrel cage induction generator to produce electrical power. 

The reference torque is derived from mechanical power and is 

regarded as a negative value. 

 

░ 3. MATHEMATICAL MODEL OF FIVE 
PHASE OPEN END WINDING SQUIRREL 
CAGE INDUCTION GENERATOR 
The dq- axis voltages and fluxes obtained are to be expressed in 

phasor form for applying proposed control techniques. Using 

equations (4 to 7) dynamic equations of an FPOEWAG 

expressed [28] in terms of d-q model: 
 

On Stator side voltage equations are 
 

𝑣𝑑𝑠 = 𝑖𝑑𝑠𝑟𝑠 + 𝑝𝜆𝑑𝑠 − 𝜔𝑠𝜆𝑞𝑠         (4) 

   

𝑣𝑞𝑠 = 𝑖𝑞𝑠𝑟𝑠 + 𝑝𝜆𝑞𝑠 + 𝜔𝑠𝜆𝑑𝑠                 (5)              
 

On Rotor side voltage equations are 
 

𝑣𝑑𝑟 = 𝑖𝑑𝑟𝑟𝑟 + 𝑝𝜆𝑑𝑟 − (𝜔𝑠 − 𝜔𝑟)𝜆𝑞𝑟                   (6) 
 

𝑣𝑞𝑟 = 𝑖𝑞𝑟𝑟𝑟 + 𝑝𝜆𝑞𝑟 + (𝜔𝑠 − 𝜔𝑟)𝜆𝑑𝑟    (7) 

 

𝑣𝑑𝑞
𝑠  : d-q axis stator voltage in volts 

𝑣𝑑𝑞
𝑟  : d-q axis stator voltage in volts 

𝑖𝑑𝑞
𝑠  : d-q axis stator current in Amperes 

𝑖𝑑𝑞
𝑟  : d-q axis stator current in Amperes 

𝜆𝑑𝑞
𝑠  : d-q axis stator flux-linkage in webers 

𝜆𝑑𝑞
𝑟  : d-q axis rotor flux-linkage in webers 

 

░ 4. MODELLING OF FIVE PHASE 

THREE LEVEL RECTIFIER 
𝑆1, 𝑆11,𝑆2, 𝑆22𝑆3, 𝑆33𝑆4, 𝑆44, 𝑆5, 𝑆55 are top switches and belongs 

to positive polarity for five-phase rectifier. 

𝑠1
, , 𝑠11

, , 𝑠2
, , 𝑠22,

, 𝑠3
, , 𝑠33

, , 𝑠4
, , 𝑠44

, , 𝑠5
, , 𝑠55

,
 are bottom switches and 

belongs to negative polarity for five-phase rectifier If top switch 

in fig.4 is “ON," bottom switch should be "OFF," and vice- 

versa for two switches on the same leg of the power source. 
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N 𝒗𝒅𝒄  𝒗𝑨𝒔 𝒗𝑩𝒔 𝒗𝑪𝒔 
𝒗𝑫𝒔 𝒗𝑬𝒔 

n 
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Figure 4. Schematic Diagram of Five Phase Three Level Rectifier 

 
Relationship between pole voltages and phase-to-neutral load 

voltage is [28]: 

 

𝑉𝐴𝑆(𝑡) = 𝑉𝑎𝑆(𝑡) +  𝑉𝑛𝑁(𝑡) 

 

𝑉𝐵𝑆(𝑡) = 𝑉𝑏𝑆(𝑡) + 𝑉𝑛𝑁(𝑡) 

 

𝑉𝐶𝑆(𝑡) = 𝑉𝑐𝑆(𝑡) + 𝑉𝑛𝑁(𝑡)                                                          (8) 

 

𝑉𝐷𝑆(𝑡) = 𝑉𝑑𝑆(𝑡) +  𝑉𝑛𝑁(𝑡) 

 

𝑉𝐸𝑆(𝑡) = 𝑉𝑒𝑆(𝑡) + 𝑉𝑛𝑁(𝑡) 

 

Where 
 

𝑉𝐴𝑆(𝑡), 𝑉𝐵𝑆(𝑡), 𝑉𝐶𝑆(𝑡), 𝑉𝐷𝑆(𝑡), 𝑉𝐸𝑆(𝑡) are pole voltages for five-

Phase Rectifier 
 

𝑉𝑎𝑆(𝑡), 𝑉𝑏𝑆(𝑡), 𝑉𝑐𝑆(𝑡), 𝑉𝑑𝑆(𝑡), 𝑉𝑒𝑆(𝑡) are load voltages for five-

Phase Rectifier and  
 

𝑉𝑛𝑁 – difference between star point n for load and negative rail 

of DC bus N known as common mode voltage. 
 

𝑉𝑛𝑁(𝑡) = 1/5((𝑉𝐴𝑆(𝑡) + 𝑉𝐵𝑆(𝑡) + 𝑉𝐶𝑆(𝑡) + 𝑉𝐷𝑆(𝑡) + 𝑉𝐸𝑆(𝑡)) 
 

Substituting 𝑉𝑛𝑁(𝑡) into 𝑉𝐴𝑆(𝑡) equation (3.44) results into  
 

𝑉𝑎𝑆(𝑡) =
4

5
𝑉𝐴𝑆(𝑡) − 1/5( 𝑉𝐵𝑆(𝑡) + 𝑉𝐶𝑆(𝑡) + 𝑉𝐷𝑆(𝑡) + 𝑉𝐸𝑆(𝑡)) 

𝑉𝑏𝑆(𝑡) =
4

5
𝑉𝐵𝑆(𝑡) − 1/5( 𝑉𝐴𝑆(𝑡) + 𝑉𝐶𝑆(𝑡) + 𝑉𝐷𝑆(𝑡) + 𝑉𝐸𝑆(𝑡))  

𝑉𝑐𝑆(𝑡) =
4

5
𝑉𝐶𝑆(𝑡) − 1/5( 𝑉𝐴𝑆(𝑡) + 𝑉𝐵𝑆(𝑡) + 𝑉𝐷𝑆(𝑡) + 𝑉𝐸𝑆(𝑡))      (9) 

𝑉𝑑𝑆(𝑡) =
4

5
𝑉𝐷𝑆(𝑡) − 1/5( 𝑉𝐴𝑆(𝑡) + 𝑉𝐵𝑆(𝑡) + 𝑉𝐶𝑆(𝑡) + 𝑉𝐸𝑆(𝑡)) 

𝑉𝑒𝑆(𝑡) =
4

5
𝑉𝐸𝑆(𝑡) − 1/5( 𝑉𝐴𝑆(𝑡) + 𝑉𝐵𝑆(𝑡) + 𝑉𝐶𝑆(𝑡) + 𝑉𝐷𝑆(𝑡)) 

  

The resultant mathematical equations (8 and 9) are used to 

control five phase two level rectifiers for grid connected  

 

 

FPOESCIG. From the literature it is inferred that five phase 

two level rectifiers have limitations of increased losses and  

 

overall system efficiency reduction. To overcome this and also 

to reduce THD five phase three level rectifiers are used. 

 

░ 5. IFOC OF FIVE-PHASE OPEN-END 

WINDING SCIG 
The open-end winding base FPOEWSCIG DFOC methods 

include rotor flux orientation, air gap flux, and stator flux. In 

contrast to the direct field-oriented method, the optimal strategy 

is rotor flux orientation. The two components of the squirrel 

cage induction generator's stator current space vector are 𝑖-𝑑𝑠 

and 𝑖-𝑞𝑠. In rotor flux, orientation  𝑖𝑑𝑠 is rotor flux-

producing component and 𝑖𝑞𝑠 is a torque-producing 

component. 
 

The DFOC strategies for an open-end winding FPOEWSCIG 

are rotor flux orientation, stator flux, & air gap flux. The direct 

field-oriented method is not as effective as the rotor flux 

orientation method. There are two parts to the stator current 

space vector of a FPOEWSCIG: 𝑖𝑑𝑠and 𝑖𝑞𝑠. Rotor flux includes 

orientation 𝑖𝑑𝑠  as a component that produces rotor flux and 

 𝑖𝑞𝑠as a component that produces torque [27]. 
 

This equation could be applied to determine the IFOC rotor 

flux angle from fig. 1. 
 

θ𝑓 = ∫𝜔𝑟 + 𝜔𝑠𝑙  𝑑𝑡                                (10) 
 

The rotor speed measured from the generator is denoted as 𝜔𝑟, 

while the slip frequency is determined and represented as 𝜔𝑠𝑙 . 

in rad/sec 
 

Where 𝜔𝑠𝑙  is computed slip frequency and𝜔𝑟is the observed 

rotor speed from the generator. 
 

The equation describing the rotor space vector in the generator 

https://www.ijeer.forexjournal.co.in/
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framework can be used to calculate the slip frequency 𝜔𝑠𝑙 .  
 

𝑣𝑟⃗⃗  ⃗ = 𝑖𝑟⃗⃗  R𝑟 + 𝑝𝜙𝑟
⃗⃗ ⃗⃗ + 𝑗𝜔𝑠𝑙 𝜙𝑟

⃗⃗ ⃗⃗                           (11) 

From equation [11] equating rotor voltage 𝑣𝑟⃗⃗  ⃗ = 0 and 

calculating  𝑝𝜙𝑟
⃗⃗ ⃗⃗  

 

Based on the formula [11] which states the rotor voltage 𝑣𝑟⃗⃗  ⃗ =

0, and doing the math to determine 𝑝𝜙𝑟
⃗⃗ ⃗⃗  

 

𝑝𝜙𝑟
⃗⃗ ⃗⃗ = −𝑖𝑟⃗⃗  R𝑟 − 𝑗𝜔𝑠𝑙 𝜙𝑟

⃗⃗ ⃗⃗      (12) 

In general 

𝜙𝑟
⃗⃗ ⃗⃗ = 𝐿𝑟𝑖𝑟⃗⃗  +  𝐿𝑚𝑖𝑠⃗⃗                                                         (13) 

From equation [13] rotor current can be   

𝑖𝑟⃗⃗  =  
1

𝐿𝑟

 ( 𝜙𝑟
⃗⃗ ⃗⃗ − 𝐿𝑚𝑖𝑠 )⃗⃗ ⃗⃗  ⃗ 

Substituting the rotor current into equation (12) Yields 
 

𝑝𝜙𝑟
⃗⃗ ⃗⃗ =   

𝑅𝑟

𝐿𝑟
 ( 𝜙𝑟

⃗⃗ ⃗⃗ −  𝐿𝑚𝑖𝑠 ⃗⃗  ⃗ ) − 𝑗𝜔𝑠𝑙 𝜙𝑟
⃗⃗ ⃗⃗                 (14) 

From which 

𝜙𝑟
⃗⃗ ⃗⃗ =   ( 1 + 𝜏𝑟 (𝑝 + 𝑗𝜔𝑠𝑙 )) =  𝐿𝑚𝑖𝑠⃗⃗               (15) 

Rotor flux reference (∅𝑟
∗ is typically set at 1.803webers, whereas 

actual flux can be determined from the actual rotor flux could 

be retrieved by setting the rotor flux reference ∅𝑟
∗ to its rated 

value, which is typically 1.803 webers.  
 

From equation [15] 
 

𝜙𝑟(1 +  𝑝𝜏𝑟 ) =  𝐿𝑚𝑖𝑑𝑠          (16) 

Equation [17] describes the electromagnetic torque of an 

induction generator, which is defined as the multiplication of 

the rotor flux as well as the stator currents. 
 

𝑇𝑒 =
5

2
𝑃𝐿𝑚(𝑖𝑞𝑠𝜙𝑑𝑟 − 𝑖𝑑𝑠𝜙𝑞𝑟)           (17) 

The properties of the synchronous reference frame are utilized 

for calculating the rotor element's flux applying formula [17]. 
 

𝜙𝑞𝑟 = 0 

 

𝜙𝑑𝑟 = 𝜙𝑟  

 

Substituting in equation (17) then 
 

𝑇𝑒 =
5

2
𝑃𝐿𝑚(𝑖𝑞𝑠𝜙𝑟) (18) 

If 𝜙𝑟  remains constant while the generator is operating, the 

electromagnetic equation 𝑇𝑒  is directly proportional to 𝑖𝑞𝑠 , as 

shown in equation [18].  

𝑇𝑒 = 𝐾𝑇𝑖𝑞𝑠 

𝐾𝑇 = 
5

2
𝑃𝐿𝑚𝜙𝑟 

The term 𝐾𝑇 is called as torque constant. 

 

𝑇𝑚  (Mechanical torque) is produced by the wind turbine 

throughout cut-in speed & rated wind speeds directly 

proportional to  𝑇𝑒
∗ . 𝑖𝑞𝑠

∗  q-axis reference current is acquired 

utilizing the equation (18). 
 

It is assumed that the mechanical torque 𝑇𝑚, which is produced 

by wind turbines at cut-in speed & rated wind speeds, directly 

proportional to 𝑇𝑒
∗. To get the 𝑖𝑞𝑠

∗  q-axis reference current, the 

following equation (19) is used: 
 

𝑖𝑞𝑠
∗ =

𝑇𝑒
∗

(𝐾𝑇𝜏𝑟 )
       (19) 

Feedback d-q axis currents in fig.1 𝑖𝑑𝑠 and 𝑖𝑞𝑠   are measured 

employing current sensors followed by being compared to their 

respective reference currents. 𝑖𝑑𝑠
∗  and 𝑖𝑞𝑠

∗ . Errors are transmitted 

to the respective PI-Controllers to create stator voltage 

references 𝑣∗
𝑑𝑠  & 𝑣∗

𝑞𝑠 . The 𝑣∗
𝑑𝑠  and 𝑣∗

𝑞𝑠  could be provided 

to a 5-phase offset additional PWM block to produce the 

required switching signals for a 5-phase 

rectifier. The  𝑣𝑎𝑠
∗ ,𝑣𝑏𝑠

∗ ,  𝑣𝑐𝑠
∗ ,  𝑣𝑑𝑠

∗ ,  𝑣𝑒𝑠
∗  are the five-phase offset 

addition block will produce voltages.The currents 𝑖𝑑𝑠
∗  and 𝑖𝑞𝑠

∗ ., 

which represent the feedback of d-q axis currents in figure1, are 

measured by current sensors and subsequently compared to 

their corresponding reference currents. To create stator voltage 

references 𝑣∗
𝑑𝑠  & 𝑣∗

𝑞𝑠 ., the errors are communicated to the 

relevant PI-Controllers. The 5-phase offset addition PWM 

block could be employed to create the switching signals needed 

for the five-phase rectifier by feeding the 𝑣∗
𝑑𝑠 and 𝑣∗

𝑞𝑠 signals.  
 

Equation (20) is used to determine V_offset, and the five-phase 

offset addition block will produce voltages 

𝑣𝑎𝑠
∗ ,𝑣𝑏𝑠

∗ , 𝑣𝑐𝑠
∗ , 𝑣𝑑𝑠

∗ , 𝑣𝑒𝑠
∗ . 

 

𝑉𝑜𝑓𝑓𝑠𝑒𝑡 = − 
𝑉𝑚𝑎𝑥+𝑉𝑚𝑖𝑛

2
     (20) 

 

░ 6. TESTING OF FIVE PHASE OPEN END 

WINDING INDUCTION GENERATOR 

WITH IFOC TECHNIQUE WITH THREE 

LEVEL RECTIFIER USING 

MATLAB/SIMULINK 
Wind speed 12 m/sec is considered as 1 p.u and the step changes 

are taken from 0.6 p.u to 1 p.u. The proposed mathematical 

model of IFOC with three level rectifiers for five phase open 

end winding induction generator is tested at step change in wind 

speeds at 7.2 m/sec, 9.6 m/sec, and 12 m/sec in MATLAB/ 

SIMULINK Environment.  
 

In order to compare the performance of proposed control IFOC 

technique for five phase open end winding induction with three 

level rectifier the simulation results of IFOC technique with two 

level rectifiers for the proposed generator are also presented. 
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The simulation results for five phase stator voltages for three 

level rectifier-1, three level rectifier-2, resultant voltages of 

stator, stator flux, rotor flux, d and q –axis of stator currents, 

five phase stator currents, electromagnetic torque, are 

presented.   

 

░ 7. SIMULATION RESULTS OF FIVE 

PHASE OPEN END WINDING SQUIRREL 

CAGE INDUCTION GENERATOR USING 

IFOC TECHNIQUE WITH TWO LEVEL 

RECTIFIERS 

Figure 5. Rotor Flux of Five Phase Open End Winding Squirrel Cage 

Induction Generator 

 

From figure 5, it is observed that rotor flux is maintained at its 

rated value 1.71 webers during all wind speed variations. 
 

 

Figure 6. D and Q- axis stator Currents of Five Phase Open End 

Winding Squirrel Cage Induction Generator 

 

Figure 6 illustrates that the d-axis of the stator current 

component remains consistently at its estimated value of 

801.4Amps. However, the Q-axis of the stator current varies at 

different speeds: -652.31Amps at 7.2m/sec, -1127.29Amps at 

9.6m/sec, -1705.66Amps at 12m/sec. 

 
Figure 7. Electromagnetic Torque of Five Phase Open End Winding 

Squirrel Cage Induction Generator with two-level rectifier 

 

Figure 7 illustrates that the Electromagnetic Torque of Five 

Phase Open End Winding Induction Generator with values -

5306 N-M at 7.2m/sec, -9433 N-M at 9.6m/sec, -14740Amps at 

12m/sec. 

 
Figure 8. Five Phase Stator Currents of Five Phase Open End 

Winding Induction Generator with two-level rectifier 

 

Figure 8 illustrates that the five phase stator currents of Five 

Phase Open End Winding Induction Generator with peak values 

of 1110.44 Amps at 7.2m/sec, 1495.76 Amps at 9.6m/sec, -

1998Amps at 12m/sec. 

 
Figure 9. FFT Analysis of A- phase of stator current for Five Phase 

Open End Winding Squirrel Cage Induction Generator with two-level 

rectifier 

 

 

Figure 10. FFT Analysis of A- phase of stator current for Five Phase 

Open End Winding Squirrel Cage Induction Generator with two-level 

rectifier 
 

From the figures 9 and 10 it is observed that fundamental 

component of stator currents is 1947 Amps with a THD of 2.83 

with two-level rectifier. 

 

░ 8. SIMULATION RESULTS OF FIVE 

PHASE OPEN END WINDING SQUIRREL 

CAGE INDUCTION GENERATOR USING 

IFOC TECHNIQUE WITH THREE LEVEL 

RECTIFIER 
 

Figure 11. Rotor Flux of Five Phase Open End Winding Squirrel 

Cage Induction Generator 
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From figure 12, it is observed that rotor flux is maintained at its 

rated value 1.71 webers during all wind speed variations. 

Figure 12. D axis and Q- axis stator currents of Five Phase Open End 

Winding Induction Generator with three-level rectifier 

 

Figure 12 illustrates that the d-axis of the stator current 

component remains consistently at its estimated value of 

801.4Amps. However, the Q-axis of the stator current varies at 

different speeds: -633.6Amps at 7.2m/sec, -1119Amps at 

9.6m/sec, -1765Amps at 12m/sec. 

 

 
Figure 13. Electromagnetic Torque of Five Phase Open End Winding 

Induction Generator with three-level rectifier 

 

Figure 13 illustrates that the Electromagnetic Torque of Five 

Phase Open End Winding Induction Generator with values -

5310 N-M at 7.2m/sec, -9432.6 N-M at 9.6m/sec, -14740Amps 

at 12m/sec. 

 

 
 

Figure 14. Five Phase Stator Currents of Five Phase Open End 

Winding Induction Generator with three-level rectifier 

 

Figure 14 illustrates that the five phase stator currents of Five 

Phase Open End Winding Induction Generator with peak values 

of 1016.75 Amps at 7.2m/sec, 1398.79 Amps at 9.6m/sec, 

1951Amps at 12m/sec. 

Figure 15. A- phase of stator current for Five Phase Open End 

Winding Induction Generator with three-level rectifier 

Figure 16. FFT Analysis of A- phase of stator current for Five Phase 

Open End Winding Induction Generator with three-level rectifier 

From the figures 15 and 16 it is observed that fundamental 

component of stator currents is 1947 Amps with a THD of 0.66 

with three-level rectifier. 

 

░ Table 1. Comparison Table for THD of stator currents 

using IFOC technique with Two Level and Three Level 

Rectifiers 

 

Table.1 summarizes that THD component for stator current five 

phase open end winding induction generator (A-Phase) is 

reduced to 0.66% from 2.83 with three level rectifier which is 

better than two level rectifier with IFOC technique.   

 

░ 9. CONCLUSIONS 
The application of Indirect Field Oriented Vector Control for 

five-phase open-end winding asynchronous generators in wind 

energy systems, particularly when integrated with three-level 

rectifiers, presents a significant advancement in renewable 

energy technology. By decoupling the control of torque and 

flux, Indirect Field Oriented Vector Control enables precise 

regulation of the generator's output, facilitating optimal energy 

extraction from wind resources across a range of speeds and 

load conditions. The harmonic currents of stator for five phase 

open end winding induction generator with three level rectifier 

is reduced drastically compared to two level rectifier. 
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