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░ ABSTRACT- Wind energy systems have become a highly practical kind of renewable energy, which requires the 

development of more advanced control mechanisms to enhance efficiency and dependability. Five-phase machines provide several 

advantages compared to standard three-phase systems in this particular situation. These advantages include reduced torque variation, 

improved ability to handle faults, and increased capacity to handle power. The Direct Torque Control technology has attracted 

considerable interest for controlling five-phase squirrel cage induction generators employed in wind energy conversion systems. 

The main goal of DTC is to achieve efficient energy extraction from the wind by regulating torque and flux without the need for 

complex transformations and decoupling mechanisms, as required in field-oriented control. DTC is known for its simplicity and fast 

response, enabling high dynamic performance. This work introduces the notion of predictive torque control as a sophisticated control 

method for five-phase asynchronous generators in wind energy systems. to attain accurate control of stator flux torque control in 

the generator, which directly affects the efficiency of power generation. It uses predictive modelling to forecast the future torque 

needs of the generator, allowing for proactive modifications of control parameters to meet the expected demands. It improves power 

generation efficiency by precisely forecasting torque changes, minimizing torque ripples, and optimizing the generator's reaction to 

varying wind conditions. It facilitates accurate and efficient torque management, resulting in enhanced overall system performance. 

In this paper implementing predictive torque control in five-phase asynchronous generators in wind energy systems provides 

substantial advantages in terms of maintaining stator flux at its rated value, precise torque control, dynamic responsiveness, and 

reduced harmonics in stator currents. 
 

Keywords: Direct Field Oriented Control (DFOC), Indirect Field Oriented Control (IFOC), Direct Torque Control (DTC), 

Squirrel Cage Induction Generator (SCIG), Predictive Torque Control (PTC). 

 

 

 

░ 1. INTRODUCTION   
Wind power has emerged as a rapidly expanding form of 

renewable energy on a worldwide scale, playing a substantial 

role in curbing greenhouse gas emissions and advancing 

sustainable development. Due to the growing recognition of 

environmental concerns and the depletion of traditional energy 

sources, wind energy is now acknowledged as a vital element 

of renewable energy systems. Wind energy offers numerous 

benefits, such as its plentiful availability, widespread 

distribution, and little ecological footprint, making it a crucial 

contributor to the shift towards a low-carbon economy.  
 

The worldwide capacity for wind power has been consistently 

increasing due to breakthroughs in technology, favourable 

government regulations, and reduced costs of wind turbine 

components. As reported by [1], the worldwide wind power 

capacity exceeded 743 GW by the conclusion of 2020, and 

further expansion is anticipated. Wind power has proven its 

capacity to provide a significant proportion of the global 

electricity requirements. Indeed, wind power currently accounts 

for about 20% of the total electricity generated in certain places 

[2].  Wind energy systems are commonly categorized as either 

onshore or offshore wind farms. Onshore wind energy is a 

firmly established and extensively utilized form of energy due 

to its cost-effective installation and convenient accessibility for 

maintenance [3]. Nevertheless, the advancement of offshore 

wind energy has recently garnered attention due to the elevated 

and more reliable wind velocities seen over oceanic areas. 

Offshore wind farms are expected to have a crucial impact on 

fulfilling future energy needs, especially in coastal areas [4].  

An essential factor in wind energy integration is the efficient 
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connection of large-scale wind farms to the power grid. With 

the growing integration of wind energy into the energy mix, grid 

operators have difficulties associated with the fluctuating and 

irregular nature of wind power. To tackle these problems, 

different control strategies and power electronics technologies 

have been created to guarantee the stability of the grid and the 

seamless integration of wind power into current systems [5].   
 

Squirrel Cage Induction Generators (SCIGs) are crucial 

components in renewable energy systems, namely in wind 

energy conversion systems (WECS). Due to their sturdy design, 

affordability, simple upkeep, and exceptional dependability, 

they are the favoured option for renewable energy applications 

compared to other types of generators. SCIGs are renowned for 

their uncomplicated rotor design, comprising of conductive bars 

that are connected by end rings, and their ability to function 

without requiring a distinct DC excitation scheme [6]   
 

Multiphase Squirrel Cage Induction Generators are becoming 

more popular in renewable energy systems because they offer 

distinct benefits in enhancing system dependability, efficiency, 

and fault tolerance. Multiphase generators, commonly equipped 

with five, six, or more phases, offer greater flexibility than 

conventional three-phase systems, resulting in improved 

performance in challenging settings such as wind and maritime 

energy systems. [6]  An intrinsic advantage of multiphase 

machines is their built-in fault-tolerant capability. Reliability is 

a crucial aspect in renewable energy applications, given that 

these systems are frequently installed in remote areas with 

restricted maintenance accessibility. Machine Side Converters 

(MSC) and Induction Generators also play a role in mitigating 

torque ripple, a notable problem in conventional three-phase 

generators. The implementation of a multiphase design ensures 

a more uniform distribution of the load throughout the different 

phases, leading to a smoother application of torque and a 

decrease in mechanical strain on the system.   
 

The capacity of multiphase induction generators to scale up 

makes them a highly promising alternative to meet the 

increasing need for renewable energy. Utilizing multiphase 

induction generators in renewable energy systems provides 

enhanced power quality and less harmonics. Power quality is a 

crucial aspect of renewable energy systems that are connected 

to the grid. Insufficient power quality can result in inefficiency 

and even harm to delicate grid infrastructure. Utilizing 

multiphase systems can decrease the total harmonic distortion 

(THD) in the output current, resulting in a more pristine and 

consistent power generation [7]. Ensuring excellent power 

quality is crucial in micro grid applications, since it is necessary 

for the stable functioning of connected loads and equipment. 

Multiphase Induction Generators provide mechanical durability 

because of their simplified rotor design, which closely 

resembles that of conventional three-phase squirrel cage 

induction generators, in addition to its electrical advantages. 

The generator's design, which lacks brushes and slide rings, 

along with the robust squirrel cage rotor, makes it highly 

durable and requires no maintenance. This makes it ideal for 

withstanding challenging working circumstances, such as those 

encountered in offshore wind farms and tidal energy systems 

[8].   

Five-phase Induction Generators have attracted considerable 

interest in renewable energy systems because of its improved 

reliability, ability to tolerate faults, and greater control 

capabilities. Due to the growing need for sustainable energy, 

especially in wind and tidal energy conversion systems, the 

benefits of five-phase make them a very appealing choice. The 

five-phase structure provides more flexibility than standard 

three-phase systems, resulting in enhanced performance in 

applications that require stability, power quality, and 

operational reliability [9]. The five-phase technology enables 

the generator to maintain operation at a lower capacity in the 

case of a phase failure, guaranteeing uninterrupted energy 

production and minimizing the chances of expensive downtime 

[10]. Five-phase induction generators have the additional 

benefit of being able to decrease harmonic distortion in the 

output power. Optimal power quality is essential for grid-

connected renewable energy systems, as subpar power quality 

can result in inefficiencies, inflict harm on grid infrastructure, 

and diminish the stability of the power network [11].   
 

The control of squirrel Cage Induction Generator can be 

classified into scalar and vector control techniques. Scalar 

control consists of variable voltage and variable frequency 

(V/F) control does not fulfil the control of regulating 

electromagnetic torque during various step change in wind 

speeds.  Field oriented control consists of Direct Field Oriented 

Control Technique (DFOC) to decouple the control of flux and 

electromagnetic torque and Indirect Field Oriented Control 

Technique (IFOC) decouples the control of rotor flux and 

electromagnetic torque during various wind speeds. Field 

Orientation Control Technique controls only rotor flux. It is 

tedious to calculate parameters of rotor using stator quantities. 

Hence Direct Torque management (DTC) is new method for 

highly efficient management method used in renewable energy 

systems, specifically in wind energy conversion applications, to 

effectively manage Squirrel Cage Induction Generators 

(SCIGs). Direct torque control (DTC) presents numerous 

benefits such as rapid torque response, decreased reliance on 

machine characteristics, and the elimination of current control 

loops. [12]. DTC offers a strong answer to these difficulties by 

directly managing the electromagnetic torque and stator flux 

linkage, allowing for accurate control of the generator's 

performance even when the input conditions are unstable [13]. 

The main premise of DTC is to directly regulate torque and 

stator flux by choosing the most suitable voltage vectors, 

without relying on complicated transformations or 

proportional-integral (PI) controllers. This leads to a rapid and 

responsive reaction, which is crucial for wind turbines and other 

renewable energy systems that need to quickly respond to 

changing environmental conditions [14]. The capacity of DTC 

to provide rapid torque and flux responses also aids in reducing 

problems like torque ripple and mechanical strains, hence 

enhancing the overall dependability and durability of the system 

[15]. Implementing Direct Torque Control (DTC) in Squirrel 

Cage Induction Generators (SCIGs) has been demonstrated to 

enhance the electrical characteristics of grid-connected 

renewable energy systems. DTC, or Direct Torque Control, 

reduces harmonic distortions in the output power by offering 

exact control over torque and flux DTC enables the usage of PI- 

https://www.ijeer.forexjournal.co.in/
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Controllers to regulate stator flux and electromagnetic torque. 

To eliminate the usage of PI- Controllers new control technique 

is proposed. i.e. Predictive Torque Control (PTC) technique.  
 

Predictive Torque Control (PTC) has become a dominant 

control method for Squirrel Cage Induction Generators 

(SCIGs), especially in renewable energy systems such as wind 

and hydroelectric power. PTC is a control approach that uses 

models to forecast system behaviour in real-time [16].   
 

Conventional control techniques, such as direct torque control 

(DTC) or vector control, encounter challenges in maintaining 

optimal performance in these circumstances. PTC, in contrast, 

enhances dynamic performance by utilizing model-based 

algorithms to accurately forecast and regulate the torque and 

flux of SCIGs [17]. This feature is crucial for guaranteeing 

effective energy acquisition and distribution in renewable 

energy systems that operate at different speeds [18]. During 

each control step, the system chooses the most efficient 

switching state of the inverter that minimizes a predetermined 

cost function. This cost function usually considers variables 

such as torque error, flux error, and switching losses. The 

utilization of PTC (Predictive Torque Control) yields precise 

regulation of torque and flux, ensuring superior performance 

with minimal fluctuations [19]. PTC's ability to swiftly adapt to 

changing operating conditions makes it highly effective in wind 

energy systems, which often experience frequent variations in 

wind speed [20]. Ensuring a reliable and efficient energy 

conversion process is of utmost importance in wind energy 

systems. PTC can dynamically adjust torque control in real-

time, guaranteeing that the SCIG functions at its utmost 

efficiency across different wind speeds. [21]. PTC offers 

notable benefits due to its adaptability in addressing diverse 

control objectives, including loss minimization, torque ripple 

reduction, and seamless transitions during system disruptions. 

In addition, PTC obviates the necessity for modulation stages 

or proportional-integral (PI) controllers, which are commonly 

used in conventional control techniques. [22].   

 

 
 

Figure 1. Schematic Block Diagram for Predictive Torque Control based Five Phase Asynchronous Generator

 

░ 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   
 

𝑃𝑤 = 0.5𝜌𝐴𝑉3                                                                              (1) 
 

Where,  

𝑃𝑤 : wind power  

 
A: area swept by blades  

V: speed of the wind 

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.  
 

                                                                     (2)  
 

𝜔𝑡 the turbine speed is measured in radians/second.  

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

From figure 2 it is noticed that the maximum power co-efficient 

of wind turbine is 0.49 at pitch angle 𝛽 = 00  . Equation (1) 

indicates that the mechanical power of the wind turbine is 

directly proportional to the cube of the wind velocity. During 

cut-in wind speed 6 m/sec to rated wind speed i.e. 13 m/sec the 

pitch angle is maintained at 00  to extract the maximum 

mechanical power from the wind. When wind speed increases 

beyond rated value i.e. 13 m/sec the mechanical power of the 

wind turbine is also increases as it is proportional to the cube of 

the wind velocity. To limit the mechanical power of the wind 

turbine the pitch angle 𝛽  is increased step by step Wind-

powered machinery is provided with mechanical power by   

 

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

Where, 

𝐶𝑃 ∶ coefficient power 

𝛽 : Pitch angle of blade 

 
 

 
 

𝑃𝑚 : Mechanical power and  

ωt : Mechanical speed of turbine 

Figure 3. Mechanical Power Characteristics for different wind speeds 

  

https://www.ijeer.forexjournal.co.in/
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Figure 3 shows the mechanical power characteristics of wind 

turbine for wind speeds varies from 6 m/sec to 13 m/sec. The 

wind turbine produces the maximum mechanical power of 2.0 

Mega Watts (MW) for wind speed 12 m/sec. If mechanical 

power of wind turbine exceeds rated mechanical power due to 

increase in wind speed it should be maintained at rated value by 

adjusting pitch angle β.  The generated mechanical power of the 

wind turbine during various wind speeds shown in figure 3. is 

fed to the five-phase squirrel cage induction generator to 

generate the electrical power. The reference torque is generated 

from the mechanical power and is considered as negative value. 

  

░ 3. DISCRETE MATHEMATICAL 

MODELLING OF FPSG  
The dynamic equations of an FPSG expressed [23] in terms of 

d-q model on stator and rotor side Stator side voltage equations 

are 
 

vds = idsrs + pλds − ωsλqs                           (4) 
 

vqs = iqsrs + pλqs + ωsλds                           (5) 
 

Rotor side voltage equations are 
 

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

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

 

𝜆𝑑𝑠 = (𝐿𝑙𝑠 + 𝐿𝑚)𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟   
 

𝜆𝑞𝑠 = (𝐿𝑙𝑠 + 𝐿𝑚)𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟  
 

𝜆𝑑𝑟 = (𝐿𝑙𝑟 + 𝐿𝑚)𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠  
 

𝜆𝑞𝑟 = (𝐿𝑙𝑟 + 𝐿𝑚)𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠  
 

Where 
 

𝑣𝑑𝑠 : d-axis of stator voltage 
 

𝑣𝑞𝑠 : q-axis of stator voltage 
 

𝑣𝑑𝑟  : d-axis of rotor voltage 
 

𝑣𝑞𝑟  : q-axis of rotor voltage 
 

𝜆𝑑𝑠 : d-axis of stator flux linkage 
 

𝜆𝑞𝑠 : q-axis of stator flux linkage 
 

𝜆𝑑𝑟 ∶ d-axis of rotor flux linkage 
 

𝜆𝑞𝑟 : q-axis of rotor flux linkage 
 

𝑖𝑑𝑠 : d-axis of stator current 
 

𝑖𝑞𝑠 : q-axis of stator current 
 

𝑖𝑑𝑟  : d-axis of rotor current 
 

𝑖𝑞𝑟  : q-axis of rotor current 

Transient conditions occur in FPSG due to sudden changes in 

wind speed or other disturbances. The equation (4) to equation 

(7) determines the transient conditions of five-phase squirrel 

cage induction generator (FPSG). To control the FPSG during 

transient change in wind speeds PI- controllers will be used. PI 

controllers may not perform optimally during transitory 

periods, and their sluggish response time may hinder their 

ability to promptly adapt to abrupt system changes.  
 

In this research study, the aim is to address the elimination of 

PI-controllers in Wind Energy Conversion Systems (WECS) by 

implementation of Model Predictive Control (MPC). Model 

Predictive Control (MPC) dynamically adjusts control actions 

in response to real-time measurements, allowing the system to 

rapidly adapt to changing wind speed conditions. 
 

To implement Model Predictive Control (MPC) for an FPSG 

the dynamical equation (4) to equation (7) should be discretized 

by sampling methods. It is not possible to discretize the 

dynamical equation (4) to equation (7). Hence the dynamic 

equations of the induction generator [23] can be expressed in 

terms of stator current and rotor flux as state variables shown in 

equation (8) need to be discretized using sampling methods. 

The state variables can be expressed in terms of the stator 

current and rotor flux as indicated by [24].  

  

 

[
 
 
 
 
iαs(t)̇

iβs(t)̇

λαr(t)̇

λβr(t)̇ ]
 
 
 
 

=  

[
 
 
 
 
 
 −

1

τσ
0

Kr

σLsτr

Krωr(t)

σLs

0 −
1

τσ
− 

Krωr(t)

σLs

Kr

σLsτr

Lm

τr
0 −

1

τr
−ωr(t)

0
Lm

τr
ωr(t) −

1

τr ]
 
 
 
 
 
 

[
 
 
 
iαs(t)

iβs(t)

λαr(t)

λβr(t)]
 
 
 

+

[
 
 
 
 

1

σLs
0

0
1

σLs

0 0
0 0 ]

 
 
 
 

[
vαs(t)

vβs(t)
]                                                              (8) 

 

Where,  

   

,  :  stator currents of FPSG in stationary reference frame 
 

,  : rotor flux linkages of FPSG in stationary reference 

frame 
 

: stator voltages in α-β reference frame 
 

: rotor speed 
 

: Mutual leakage inductance between stator and rotor 
 

: stator inductance 
 

:  stator transient time constant =  
 

 
 

: rotor time constant  

https://www.ijeer.forexjournal.co.in/
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: rotor coupling coefficient =  
 

: leakage factor =  

              

The stator flux in stationary reference frame can be obtained 

using state variables of stator current and rotor flux as        
 

[
𝜆𝛼𝑠(𝑡)

𝜆𝛽𝑠(𝑡)
] =  [

𝜎𝐿𝑠 0 𝐾𝑟 0
0 𝜎𝐿𝑠 0 𝐾𝑟

]

[
 
 
 
𝑖𝛼𝑠(𝑡)

𝑖𝛽𝑠(𝑡)

𝜆𝛼𝑟(𝑡)

𝜆𝛽𝑟(𝑡)]
 
 
 

                         (9)          

                                    

Where     
 

,  : stator flux linkages in stationary reference frame  

 : stator leakage inductance using equation (9) the 

Electromagnetic Torque for FPSG in terms of rotor flux and 

stator current state variable can be expressed as   
 

𝑇𝑒 =
5

2
𝑃𝐿𝑚(𝑖𝛼𝑠𝜆𝛽𝑟 − 𝑖𝛽𝑠𝜆𝛼𝑟)          (10) 

 

 𝑇𝑒 − 𝑇𝐿 = 𝐽
𝑑𝜔𝑚

𝑃𝑑𝑡
                          (11) 

 

Where,   

  

: Electromagnetic torque 

: Load torque 

 Moment of Inertia 
 

The FPSG sampled-data in discretization method with Forward 

Euler discretization is given by [24]  
 

[
 
 
 
 
𝑖𝛼𝑠
𝑝

(𝑘 + 1)

𝑖𝛽𝑠
𝑝

(𝑘 + 1)

𝜆𝛼𝑟
𝑝

(𝑘 + 1)

𝜆𝛽𝑟
𝑝

(𝑘 + 1)]
 
 
 
 

=  𝜙𝑠 

[
 
 
 
 
𝑖𝛼𝑠
𝑝

(𝑘)

𝑖𝛽𝑠
𝑝

(𝑘)

𝜆𝛼𝑟
𝑝

(𝑘)

𝜆𝛽𝑟
𝑝

(𝑘)]
 
 
 
 

+ Γ𝑠 [
𝑣𝛼𝑠

𝑝
(𝑘)

𝑣𝛽𝑠
𝑝

(𝑘)
]                           (12) 

 

ϕs =  

[
 
 
 
 
 
 
 
 1 −

Ts

τσ

0
KrTs

σLsτr

KrωrTs

σLs

0 1 −
Ts

τσ

− 
KrωrTs

σLs

KrTs

σLsτr

LmTs

τr

0 1 −
Ts

τr

−ωrTs

0
LmTs

τr

ωrTs 1 −
Ts

τr ]
 
 
 
 
 
 
 
 

                            

 

Γ𝑠 =

[
 
 
 
 
 

𝑇𝑠

𝜎𝐿𝑠

0

0
𝑇𝑠

𝜎𝐿𝑠

0 0
0 0 ]

 
 
 
 
 

 

                                                       

Where, 

 and :Predicted stator current using (k+1) 

sampling instant in stationary reference frame  

: Predicted rotor fluxes using 

(k+1) sampling instant in stationary reference frame  

 are predicted stationary reference frame 

stator voltages in discrete time  

: are predicted stationary reference frame 

stator currents in discrete time  

: are predicted stationary reference frame 

rotor fluxes in discrete time  

 : discretized sample time 
 

The stator flux in discrete time can be expressed as  
 

[
λαs(k)

λβs(k)
] =  [

σLs 0 Kr 0
0 σLs 0 Kr

]

[
 
 
 
iαs(k)

iβs(k)

λαr(k)

λβr(k)]
 
 
 

          (13) 

 

Where,  &  : stationary reference frame stator flux 

in discrete time equations (8) to equation (13) gives the 

dynamical behavior of FPSG in discrete time domain to 

implement predictive torque control.  

 

░ 4. DISCRETE MATHEMATICAL 

MODELLING OF FIVE PHASE TWO 

LEVEL VOLTAGE SOURCE 

RECTIFIER  

A five-phase two-level voltage source rectifier (VSR) is 

employed for the control of a full power synchronous generator 

(FPSG) employing model predictive control. A five-phase 

variable speed drive (VSR) consists of five separate and 

independent phase legs. Each leg is accountable for producing 

a voltage waveform for its corresponding phases.   
 

In general, to operate three phase inverter using space vector 

PWM technique it requires 23 = 8 switching states are used for 

producing PWM signal. Similarly, for Five-Phase rectifier it 

requires 25 = 32 switching states are used for producing PWM 

signals in five phase supply and corresponding switching states 

are shown in figure 4. In the model predictive control of a 

FPSG, the switching states consists of five phase space vector 

PWM consists of inner decagon, middle decagon, and outer 

decagon [25]. The switching states of inner decagon consists of 

small vectors which are lower in magnitude. The switching 

states of middle decagon consists of medium voltage vectors. 

The switching states are in inner and middle decagon are not 

sufficient to generated the required voltages in magnitude for 

FPSG in transient wind speed conditions.  Inner decagon and 

Middle decagon switching state vectors generate less voltage 

than outer polygons. Hence inner decagon and middle decagon 

switching state vectors are not used to generate required output 

voltages for the rectifier. Switching states are located at outer 

decagon around the 3600 with the phase displacement of 360 are 

shown in figure 4 [25]. The resultant vectors of switching states 

https://www.ijeer.forexjournal.co.in/
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around the outer decagon are 
4

5
𝑣𝑑𝑐 exp 00 , 

4

5
𝑣𝑑𝑐 exp 360 , 

4

5
𝑣𝑑𝑐 exp 720, 

4

5
𝑣𝑑𝑐 exp 1080 etc around 3600 corresponding to 

space vector diagram shown in figure 4 and are tabulated in 

table 1. These switching states are located around the outer 

decagon are applied for five phase rectifiers to generate 

necessary PWM signals in order to inject five phase voltages to 

FPSG. 
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Figure 4. Space Vector Diagram for Five phase Voltage Source 

Rectifier 

 

░ Table 1. Vector Locations of Five Phase Voltage Source 

Rectifier  
                  Switching state 

S.No 𝑆𝑎  𝑆𝑏  𝑆𝑐  𝑆𝑑  𝑆𝑒  Resultant output 

vector 

  

1  

  

1  

  

1  

  

0  

  

0  

  

1   
  

2  

  

1  

  

1  

  

0  

  

0  

  

0    

  

3  

  

1  

  

1  

  

1  

  

0  

  

0    
  

4  

  

1  

  

1  

  

0  

  

0  

  

0    

  

5  

  

0  

  

1  

  

1  

  

0  

  

0    
  

6  

  

0  

  

1  

  

1  

  

1  

  

0    

  

7  

  

0  

  

0  

  

1  

  

1  

  

0    

  

8  

  

0  

  

0  

  

1  

  

1  

  

1    
  

9  

  

0  

  

0  

  

0  

  

1  

  

1    
  

10  

  

1  

  

0  

  

0  

  

1  

  

1    
  

11  

  

1  

  

0  

  

0  

  

0  

  

1    

 

░ 5. PREDICTIVE TORQUE CONTROL 

BASED FPSG  
In this research paper the performance of Direct Torque Control 

(DTC) for FPSG with Predictive Torque Control (PTC) is 

compared in terms of stator current. DTC is used to decouple to 

control of stator flux and electromagnetic torque of FPSG 

during transient wind speed conditions. To implement DTC, 

separate closed control loops are required for stator flux and 

electromagnetic torque of FPSG. The closed control loops 

require PI- controllers to implement it. The elimination of usage 

of PI- controllers for controlling the stator flux and 

electromagnetic torque for FPSG a new control technique is 

proposed known as Predictive Torque Control (PTC) technique 

which results in reducing the ripple of the stator flux and 

electromagnetic torque. output of the generator.  
 

The block diagram of PTC controlled FPSG shown in figure 1 

is presented. The main goal of Predictive Torque Control is to 

effectively regulate the torque generated by the FPSG, ensuring 

that it closely tracks a desired reference value in real-time. By 

use predictive modelling techniques to anticipate the future 

behavior of the system, while considering many limitations and 

objectives within a cost function [23].  the control algorithm 

computes the most efficient voltage vector references for each 

phase to get the targeted torque output.  

 

 ░ 6. PRINCIPLE OF OPERATION FOR 

PREDICTIVE TORQUE CONTROL 

WITH FPSG  
The control system requires shown in figure 1 requires 

reference torque during various wind speed variations and rated 

stator flux, which are typically determined by the wind turbine's 

power output requirements and operating conditions using 

machine side extrapolation equations. The mechanical power 

generated by the wind turbine as per the characteristics of wind 

turbine shown in figure 3 are used to generated reference torque 

for the block diagram shown in figure 1. It requires two control 

loops such as stator flux control loop and torque control loop. 

In torque control loop it regulates the torque error by comparing 

the measured torque with the reference values. A torque 

controller, usually cost function for PTC to adjust the voltage 

applied for stator windings, processes the error signal. The 

Stator Flux Control loop regulates the stator flux error by 

comparing the measured stator flux with the reference values. 

The error signal is processed by a stator flux using cost function 

to adjust the voltage applied for stator windings.  
 

The predictive torque controller is the core of the system. It uses 

mathematical models of used in 

equation (18) the of FPSG using machine side. The cost 

function is to predict the future behavior of the machine based 

on the current state and control actions. By simulating the 

system's response to various outer decagon voltage vectors, that 

minimizes the torque error and satisfies any operational 

constraints. Once the cost function minimizes the optimum 

voltage vector of outer decagon of five phase space vector 

diagram shown in figure 4 is used to generate the appropriate 

switching signals for the inverter that drives the FPSG.  
 

In discrete model stator flux connections are specified in terms 

of stator currents and rotor flux links. Stator currents and rotor 

flux linkages provided by the following equations which are 
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calculated by moving the variables in the one-sample Equation 

forward, [24] are used to determine future values for stator flux 

linkages using equation (8) and equation (9).   
 

         (14) 
 

        (15) 
 

From the given model, the stator flux linkage peak value is 

calculated as in discrete time domain 
 

                       (16)  

         

                                   (17) 
 

Equations 16 and equation 17 and reference values of stator flux 

and electromagnetic torque in are included in the cost function 

reference discrete time domain using equation 18 and is applied 

for 10 vectors of five phase space vector diagram shown in 

figure 4 as follows, several parameters can be controlled 

simultaneously. The cost function uses equation (18) verifies 

each output voltage vector shown in figure 4. to minimize the 

errors between the reference value and actual values of stator 

flux and electromagnetic torque [24].   
 

gr(k) = λT[Te
∗(k + 1) − Te

p(k + 1)]
2
+ λψ[λs

∗(k + 1) − λs
p(k + 1)]

2
     (18) 

 

𝜆𝑇 =
𝑇𝑒

𝑇𝑒
𝜆𝜓 =

𝑇𝑒

𝜆𝑠
  

  

Where 𝜆𝑇 is weighting factor for torque control and 𝜆𝜓 are is 

weighting factor for flux control.  

   

The weighing factors are tuned for controlled stator flux and 

electromagnetic torque separately to minimize the error 

between actual and reference values. 

 

░ 7. TESTING OF FPSG WITH PTC 

TECHNIQUE USING 

MATLAB/SIMULINK  
The proposed predictive torque control mathematical model of 

PTC for FPSG is tested at step change in wind speeds at 7.2 

m/sec and 12 m/sec in MATLAB/ SIMULINK Environment for 

FPSG.  

 

The simulation results for stator flux, five-phase stator fluxes, d 

and q–axis of stator currents, five-phase stator currents, 

electromagnetic torque and FFT Analysis with DTC and PTC 

techniques are presented.  

  

To compare the harmonic analysis for stator currents of FPSG 

with DTC and PTC technique separate simulation was carried 

out for DTC technique in MATLAB/SIMULINK environment 

and the corresponding simulation results for DTC technique are 

also presented.  

 
 

Figure 5. Stator Flux of FPSG using DTC technique 

 

Figure 6. Stator Flux of FPSG with PTC technique 
 

As per the objective of DTC and PTC technique it is observed 

that the stator flux is maintained at its rated value with DTC and 

PTC technique shown in figures 5 and 6. The ripple content of 

stator flux is reduced with PTC technique   

 

 

Figure 7. Five Phase Stator Fluxes of FPSG with DTC technique 

 

 

Figure 8. Five Phase Stator Fluxes of FPSG with PTC technique 
 

Figures 7 and 8 it is observed that the five phase stator flux is 

maintained at its peak value of 1.803 Weber is due to constant 

flux shown in figures 6 and 7 with DTC and PTC technique. 
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The ripple content of five phase stator flux is reduced with PTC 

technique.   

 

Figure 9. D and Q-axis of Stator Currents of FPSG with DTC 

technique 
 

Figure 10. D axis and Q- axis of Stator Currents of FPSG with PTC 

technique 
 

To maintain stator flux at its rated value shown in figures 5 and 

6 that the d-axis of stator current with value 883 Amps for 7.2 

m/sec with DTC technique and 796.24A for 7.2 m/sec, with 

DTC technique and q- axis of stator currents are -1635.18 Amps 

with DTC and -1576.15 Amps with PTC techniques shown in 

figures 9 and 10.  

 

Figure 11. Five Phase Stator Currents of FPSG with DTC technique 
 

 

Figure 12. Five Phase Stator Currents of FPSG with PTC technique 

Due to change in d and q- axis currents of the injected currents 

of FPSG during step change in wind speeds the five phase stator 

currents are varied with peak values of 1051.81 Amps for DTC 

and 1032 Amps with PTC technique at 7.2 m/sec at a frequency 

of 30HZ (0.6p.u of 50HZ), with peak values of 1918.16 Amps 

with DTC and 1914 Amps with PTC technique at 12 m/sec at 

50 Hz (1 p.u) shown in figures 11 and 12. 

 

Figure 13. Electromagnetic Torque of FPSG with DTC technique 

 

        Figure 14. Electromagnetic Torque of FPSG with PTC 

technique 
 

Due to change in q- axis of stator current shown in figures 9 and 

10 it is observed that electromagnetic torque of FPSG during 

every step change in wind speeds are -5306 N-M for 7.2 m/sec, 

- -14740 N-M for 12 m/sec. The ripple content of 

electromagnetic torque is reduced with PTC technique. 
 

To analyse harmonics of stator current and grid current FFT 

analysis separate simulation is carried out for 7.2 m/sec and 12 

m/sec wind speeds and the harmonic reduction is measured in 

terms of Total Harmonic Distortion (THD) for stator currents of 

FPSG with two level rectifier using DTC and PTC technique. 

The corresponding FFT analysis for FPSG with two level 

rectifier using DTC and PTC techniques are shown in figures 

15 to 18. The harmonic analysis (THD) was done for state 

current (A-Phase) at 12 m/sec with DTC and PTC techniques. 
 

 
 

Figure 15. FFT for A- Phase Stator Current with DTC technique 
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Figure 16. THD for A- Phase Stator Current with DTC technique 
 

From the figures 15 and 16 it is observed that the fundamental 

component of stator current is 1914 A with a THD of 5.47 with 

DTC technique. 
 

Figure 17. FFT for FPSG using PTC Technique 

Figure 18.THD for FPSG using PTC Technique 
 

From the figures 17 and 18 it is observed that the fundamental 

component of stator current is 1967 A with a THD of 2.57.  

 

░ Table 2. THD comparison of stator currents for PTC and 

DTC techniques   

 

 

From the FFT analysis, it is observed that THD component for 

stator current (A-Phase) is reduced to 2.57% from 5.47 in FPSG 

two level rectifier with PTC technique which is better than 

FPSG with two level rectifier using DTC.  

 

░ 8. CONCLUSION 

The research paper titled "Minimization of Harmonic 

Reduction in Stator Current for Grid-Connected Five-Phase 

Squirrel Cage Induction Generator with Predictive Torque 

Control Technique" is a valuable addition to the field of power 

electronics and electric machine control. The suggested 

Predictive Torque Control (PTC) technique efficiently reduces 

harmonic distortion in the stator current of a five-phase squirrel 

cage induction generator (SCIG) when it is connected to the 

grid.  
  
The results indicate that the PTC technique has a dual effect of 

improving power quality by reducing Total Harmonic 

Distortion (THD) and enhancing the dynamic performance of 

the generator. This approach demonstrates resilience under 

different operating conditions, providing enhanced regulation 

of the generator's torque and reducing stator current harmonics. 

The decreased harmonics result in lower strain on the electrical 

components, hence extending the lifespan of the generator and 

related equipment. This enhances the efficiency and 

dependability of the system for grid-connected applications.  
  
In summary, the research offers a practical way to enhance the 

performance and efficiency of multi-phase induction 

generators. This has significant implications for renewable 

energy systems and other industrial applications that require the 

elimination of harmonics. Subsequent research could 

investigate the capabilities of this method to handle larger phase 

systems and its incorporation with further sophisticated control 

strategies to further improve the system's efficiency.  
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