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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).
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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].
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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-
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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
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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].
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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 VV m/sec can be
expressed as

Puw=0.5pAV? (1)

Where,
Pw : wind power

A: area swept by blades
V: speed of the wind
p: air density - kg/m?

The power coefficient of the turbine, denoted as Cp (A, B),
demonstrated by the pitch angle (B) & the tip-speed ratio (A).
The article describes the wind energy captured by the wind
turbine.

R

A= )

we the turbine speed is measured in radians/second.
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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 § = 0° . 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 0° 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 g is increased step by step Wind-
powered machinery is provided with mechanical power by

% 10°

Pm=0.5pAV3Cr(A, B)
Where,

Cr: coefficient power
B : Pitch angle of blade

Cp=0 517(116
p — Y Al

21
— 048 — 5) e i +0.0684

1 1 0.035
A A+0.0838 pB3+1

P : Mechanical power and
ot . Mechanical speed of turbine
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Figure 3. Mechanical Power Characteristics for different wind speeds
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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 . 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-g model on stator and rotor side Stator side voltage equations
are

Vgs = IgsTs + PAgs — WsAgs 4
Vgs = Igsls + PAgs + WsAgs (5)
Rotor side voltage equations are

Var = larty + PAar — (05 — @) Agr (6)
Vgr = ety + PAgr + (05 — 0) gy )
Aas = (Lis + Lin)igs + Linlar

Ags = (Lig + Lip)igs + Linigy

Aar = (Lyy + Lin)iar + Linias

Agr = (Liy + Li)igr + Linigs

Where

v, - d-axis of stator voltage

v,s - -axis of stator voltage

vg4y - d-axis of rotor voltage

v, - g-axis of rotor voltage

Aqs - d-axis of stator flux linkage

Aqgs - g-axis of stator flux linkage

Agr ¢ d-axis of rotor flux linkage

Aqr - g-axis of rotor flux linkage

i4s : d-axis of stator current

iqs - g-axis of stator current

i4r - d-axis of rotor current

iqr - g-axis of rotor current
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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. Pl
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
Pl-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].

_ i Kr Kror(t) 7
| Il Lstr Lg .
10(5.('[) ()t 1 GKr:)r ® l;r %ocs ®
Igs (t) _ - ; - oLg oLgTr 1gs (t)
}\m:(t) Lm 0 _t —w. () Aer (V)
. Tr Tr
Age (1) m o [P
|0 I e® =]
L 0 r r
oLg
1 | [Vas (D)
0 - as
a | [ ®)
0 o
0 o
Where,
las, igs - stator currents of FPSG in stationary reference frame

Aar, %87 : rotor flux linkages of FPSG in stationary reference
frame

Vas» Us: stator voltages in a-f reference frame

@r; rotor speed

Ly Mutual leakage inductance between stator and rotor
Ls: stator inductance

Tg: stator transient time constant = Z%s

7, = Rs + k2R,

Tr: rotor time constant = %
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Lm

Ky rotor coupling coefficient = Lr

L
— KK, =1-
Lol

1
o leakage factor =

The stator flux in stationary reference frame can be obtained
using state variables of stator current and rotor flux as

las(t)
Aas(t) _ [oLs 0 K. O iﬁs(t) 9
)lBs (t) Lo ols 0 Ki][Aer(0) ( )
Apr ()
Where

Aas, 4ps - stator flux linkages in stationary reference frame

Ls : 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

5 . .
T, = EPLm(lasAﬁr - lﬁs)lar) (10)
dwm
To=T =] 50 (11)
Where,

Te: Electromagnetic torque
T1: Load torque
/ * Moment of Inertia

The FPSG sampled-data in discretization method with Forward
Euler discretization is given by [24]

igs(k +1) igs (k)
AACER] B L O} I A0 12
P k+D| TN K| T |vE k)
ar ar Bs
A5 (ke +1) A (1)
71 _ E 0 K, T Ky, Ts
Ty oLgT, oL
0 1 _E _ Kew T KT
Tg oL, oLgT,
P =1L, T,
0 1-=  —T,
Tl‘ TI'
| T,
0 =5 0, T 1--=2
T T, |
T,
oLg
=0 L
oLg
0 0
0 0
Where,
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. D
ites (K + 1) and is (¢ + 1):prediicted stator current using (k+1)
sampling instant in stationary reference frame

14 p
Aqr(k +1) and Ap;(k +1) . pregicted rotor fluxes using
(k+1) sampling instant in stationary reference frame

P b
Vas (k) and vo(K) e predicted stationary reference frame
stator voltages in discrete time

P ‘P
fqs(k) and Lﬂs(k): are predicted stationary reference frame
stator currents in discrete time

p p
Agr(k) and A5 (K). 36 predicted stationary reference frame
rotor fluxes in discrete time
T : discretized sample time

The stator flux in discrete time can be expressed as

s (K)
Aes (K) oLy 0 K, 07]igs(®
[)\Bs(k) - [o oly 0 Kr] A (K)
Mg (K)

Where, Adas(k) & 4s(K) : 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.

(13)

In general, to operate three phase inverter using space vector
PWM technique it requires 2° = 8 switching states are used for
producing PWM signal. Similarly, for Five-Phase rectifier it
requires 2° = 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 360° with the phase displacement of 36° are
shown in figure 4 [25]. The resultant vectors of switching states
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4 4
around the outer decagon are -vg. exp 0°, < Vac €Xp 36°,

%vdc exp 72°, gvdc exp 108° etc around 360° 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.

00011 00011

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 | Sp| Sc| Sa| Se Resultant output

vector

v
1 1 1 0] 0 1 | 5%

v 00
2 1] 1] 0| 0| o] gYaxet0l

i}

_ i260
3 11| 1] 0] o] gVaexpy36r)

4

Zy 720
4 1110 o o 5lees®i72l

)

_ i 0
5 0| 1] 1] 0| o] 5V exp(108)

4

2V exp(j144
6 | o | 1| 1] 1| o] 5lapUlt)

4 1 an0
7 0 0 1 1 0 ngcexp(ﬂBO )

i 12160
8 0l o | 1| 1] 1| 5leexpizlo)

Z

_ : 0
9 0 0 0 1 1 SVdCeprZSZ )

7

_ i 0
10 1 ool 1] 1| gVaexp(2889)

7

_ P 0
11 1] 0|0 o] 1| 5Vaexp(3zd)

:75. 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
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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.

7 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 A5 (k+ 1), T (k+1) 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).

Aok +1)= oLgiby(k+ 1)+ Kb (k+ 1) (14)

A (k+1)= JLSiES(k +1)+ Krﬁgr(k +1)

(15)

From the given model, the stator flux linkage peak value is
calculated as in discrete time domain

2
(ke +1) = J[ags(k + D) + [,k + 1] (16)

TP(k+1)=25P A% (k + 1);';;5(}( +1)

(7)
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].

200 = M [T (k+ 1) = TP+ D] + A, s+ D -8k + D] (18)

_Te
Ar /11,, = A_s
Where Ar is weighting factor for torque control and Ay 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.

i 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 g-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.
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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 technigque shown in figures 5 and 6. The ripple content of
stator flux is reduced with PTC technique
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Figure 7. Five Phase Stator Fluxes of FPSG with DTC technique
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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.
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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 g- axis of stator currents are -1635.18 Amps
with DTC and -1576.15 Amps with PTC techniques shown in

figures 9 and 10.
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Figure 11. Five Phase Stator Currents of FPSG with DTC technique
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Figure 12. Five Phase Stator Currents of FPSG with PTC technique
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Due to change in d and g- 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.
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Figure 13. Electromagnetic Torque of FPSG with DTC technique
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Figure 14. Electromagnetic Torque of FPSG with PTC
technique

Due to change in g- 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.
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Figure 15. FFT for A- Phase Stator Current with DTC technique
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Fundamental (50Hz) = 1914 , THD= 5.47%
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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.
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Figure 17. FFT for FPSG using PTC Technique
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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.

i Table 2. THD comparison of stator currents for PTC and
DTC techniques

Fundamental Total Harmonic

Component component Distortion (THD)
(Amperes) %

FPSG with DTC | 1914 5.47

with  two  level

rectifiers (A-phase)

FPSG with PTC two | 1967 2.57

level rectifier (A-

phase)

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
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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.

Appendix A

FPSG PARAMETERS
Power Rating 2.3 MW
Operating Voltage 690Volts
Frequency 50 Hz
Rated RPM 1512
No Of Poles 4
Rated Torque (N-M) 14740
Stator Resistance Rs 1.102*10-% ohms
Stator Inductance Lis 0.06492*10° Henry
Stator Flux A 1.803 webers
Rotor Resistance Ry 1.497*107 ohms
Rotor Flux A, 1.703 webers
Rotor Inductance Lir 0.06492*10-2 Henry
Mutual Inductance Lm 2.13461*10° Henry

-mZ2

Moment of Inertia J 1200 Kg-m
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