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1. INTRODUCTION

The concept of free waste production, saving andstrong electric power arises as a result ofthe only
source of natural energy, fossil fuelsshrinkage, global warming and gas emissions. Renewableenergy sources
play an important role in solving most past problems. Doubly fed induction generator (DFIG) can increase
productivity, lower costs and losses, modify the power feature, offer variable speed, and regulate both real
and reactive power [1]-[4]. The doubly fed induction generator is one of the most popular generators utilised
in high power wind generation (DFIG). The rotor of the DFIG is connected to the grid via a back-to-back
power electronic converter [5]-[10], whilst the stator is connected directly to the micro grid.

The grid is directly connected to the DFIG stator windings, while the grid is connected to the rotor
windings via back-to-back converters, rotor side converters, and grid side converters (GSC) [11]-[16]. These
controller controlspower and dc link voltage respectively. The capacity to operate across a wide range of
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wind speeds and the reduction in size and cost of power converters are two advantages of this type of
machine [17]-[19]. Recent studies have focused on the use of sophisticated and robust controllers like
regulation, pole placement and tracking (RST), Sliding mode controller, backstepping, and active disturbance
rejection control active disturbance rejection control (ADRC) to enhance DFIG control and extract the most
dependable and steady power from it. However, this kind of controllers has several drawbacks when dealing
with grid defaults [20]-[24]. The control method used which is intended to control the outputpower provided
grid. Such common controlsas a proportional-integral (P1) controller and proportional integral derivative
(PID) is used because of its simplicity solid structure and performance. However, the maindisadvantages of
these conventional controllers (Pl and PID) arethat their performance is deteriorating due to
changesoperating system conditions causeddemand increase [25], [26].

The major goals of this study are to develop a comprehensive MATLAB/Simulink mathematical
model. Additionally, it provides a thorough comparison of the simulation results for Pl, PID, and FOPID
controllers. The auto tuner in MATLAB/Simulink is used to obtain the parameters of Pl and PID controllers.
Using grey wolf optimisation (GWO), the FOPID controller's parameters are obtained (GWO). These
outcomes demonstrate how effective the suggested controllers perform.

The DFIG block diagram is shown in Section 2. Then, in Section 3, the DFIG converter control
operation is described. Section 4 presents the Simulink model of the DFIG with the added load. Section 5
discusses the Simulink MATLAB model of the DFIG based on PI, PID, or FOPID controller. Section 6
presents a mathematical model of the DFIG, while section 7 discusses the design of the controllers. Section 8
offers the simulation findings. The paper concludes with its conclusions in the end.

2. BLOCK DIAGRAM OF DFIG

Figure 1 depicts the DFIG system's fundamental block diagram. The stator and rotor are coupled by
the power electronic control system. The stator side converter's primary function is to maintain a steady DC
link voltage. The back-to-back converter's reactive power consumption can be easily managed to keep the
power factor at unity. Although the converter's capacity for power distribution reduces inaccuracy to a ratio
of 1/4 of the output power of turbines, it nevertheless functions as a further device for compensation.
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Figure 1. Block diagram representation of DFIG

The asynchronous machine's stator is directly connected to the grid, or the supply. The rotor of the
asynchronous machine and the DC machine are combined in this lab model. When the direct current (DC)
machine is running at a different speed, the rotor side converter acts as an inverter or adaptor. The identical
procedure will be used by the grid side converter. Utilizing a prime mover (DC machine) running at varied
speeds, the armature voltage control approach is utilised to achieve different DFIG speeds. The capacitor
bank is connected to the stator terminals of the input device to provide the magnetic field required for the
machine to function.
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2.1. DFIG's open loop model

The induction machine in the laboratory model is driven by a DC motor to operate at sub-
synchronous, synchronous, and super-synchronous speeds. Figure 2 depicts a diagram of the open loop work
block when the provided three-phase design is substituted with a three-phase designed source on the rotor.
By directly altering the frequency of the systematic energy source, this model only allows for the adjustment
of the generated EMF frequency across all stator windings.

However, in this arrangement, the systematic power source's frequency is manually changed to
ensure that the EMFs that drive the stator have a frequency that is equivalent to the supply frequency at
various wind speeds (50 Hz). It is difficult to estimate which frequency supply stator voltages will be
available at 50 Hz frequency. Figure 3 depicts the Simulink model for the DFIG's open-loop control.
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Figure 2. Block diagram of open loop control of DFIG
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Figure 3. Simulink model of DFIG's open loop model

2.2. Closed loop model of DFIG

To prevent this, the voltage supplied to the rotor at frequency f must be altered continually until the
side voltages on the stator have a frequency of 50 Hz. An internal carrier wave (triangular wave) of around
1080 Hz is used as the internal reference signal for a pulse width modulation (PWM) generator that produces
the pulses for these variables. An inverter that was created utilising MOSFET switches is used to do this. The
closed DFIG loop's operation is represented by the block diagram in Figure 4. Figure 5 depicts the Simulink
model with the GSC and rotor side converter (RSC) for the closed DFIG loop operation. This model
replicates oscillations in frequency and stator power output at various speeds.
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Figure 5. Simulink model of closed loop control of DFIG

3. CONVERTER CONTROL OPERATION
3.1. Grid side converter

According to Figure 6, the Simulink GSC model generates switching pulses by sending a switching
signal to Simulink's PWM production block. The PWM pulse generator receives these varied signals as a
result of comparing the reference voltage with the stator's output voltages. Metal oxide semiconductor field
effect transistors (MOSFETS) are the switches in use here.
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Figure 6. Simulink model of GSC

3.2. Rotor side converter

Figure 7 offers a block representation of the RSC. The converter construction is similar to the GSC,
but the signal switching reference signal is provided by the PWM pulse generator, which is made using a
slide frequency. Slip frequency (f'=sf) generates reference signals, or three sine waves, which are supplied as
input to the PWM generator. In order to control the stator frequency, the frequency of the output stator
voltages is taken as a response. A smoother frequency is created using the difference in frequency. This
reference is used by the PWM block generator.
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Figure 7. Simulink model of RSC

4. SIMULINK MODEL OF DFIG WITH ADDITIONAL LOAD

The simulation of the DFIG connected grid converter and the whole model are shown in Figure 8.
The voltage across the grid decreases when an unexpected load (inductive loads) is applied because too much
power is being drawn. The DFIG succeeds in compensating this active force. According to this concept, after
a new load is added to the grid, the DFIG is connected, creating new effects.
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Figure 8. DFIG connected to the grid using a Simulink model with an additional load

DFIG’s SIMULINK MODEL WITH PI, PID, OR FOPID CONTROLLER
A Simulink model of a DFIG connected to a grid by a PI, PID, or FOPID controller is shown in

Figure 9. In the DFIG system, several controllers are put between capacitor voltage and reactive power to
boost efficiency. Initially Plcontroller is used for the simulation purpose followed by PID controller. The
results of FOPID is compared with those of Pl and PID controllers. It is seen that the performance of FOPID
controller outperforms as compared to other controllers.
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Figure 9. DFIG’s Simulink model with various controller
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6. DFIG’s MATHEMATICAL MODEL
In this article, only the stator reference frame is taken into consideration for all equations (stator and
rotor). Voltage and stator flux can be depicted as (1).

g _ e d d_l/}s
V, = Rls + = O
Yr = Lol + Lyl

Voltage and flux of rotor can be represented as (2).

- - dl/jr . -
Vo =Rl +— — jor Y,

Lo e 2)

lpr = LTIT + LmIs
From (1) and (2):

dI__; 1 - . - - . -

= bV = R + jonL3)s = L (V; + GoLy = R )} &)

dljﬂ 1 - ] - - ] -

= o LV = Ry = jomL L Lg = Ly (Vs + GomLs + ROIL )} @)
Rotor voltage of DFIG.

Vo = Ryly + sjwsLyly + Sjwslon (I + 1) )
Stator voltage of DFIG.

Vo = Ryl + SjosLosls + sjwosLy, (I + 1) (6)
Where s = 2=°m

wm
Stator Active Power is P, = gRe (V; * 1;‘) @)
Rotor Real Power is P, = %Re (Vr * [ *) (8)

7. CONTROLLERS DESIGN
The PI controller is considered in the form of G,;(s) = K, +%. The PID control structure is

considered as Gpiq(s) = K, (1 + Tis + Tds). The FOPID controller's transfer function can be expressed as
L

Gropia(s) = Kp + f—,{ + K,;s*. The parameters of Pl and PID controllers are obtained using auto tuning block

in MATLAB/Simulink. However, the grey wolf optimisation (GWO) technique is used to acquire the settings
of the FOPID controller. A meta-heuristic method called the grey wolf optimizer was developed because
wolves, as described in [27], are members of the Canidae family. The power of the wolf determines how long
wolves have survived by searching for prey. The powerful wolf has a better chance of surviving. They
typically hunt in packs of five to twelve wolves. At the wolf level, it affects the likelihood of catching the
prey. The GWO algorithm's hunting procedure mimics wolves' sequence levels. The group leader, denoted as
alpha (o), is given the highest level. Beta (B), the wolf rank below a leader, is given the next highest level.

The third level is this one. The delta wolf (5)is a key player in the search because it inspires other
wolves to follow an open-minded leader. The final level of the class, known as omega (®), and its movement
toward animals depend on the placement of the ranks mentioned above, are shared by several wolves. The
social hierarchy and GWO algorithm's pseudocodes can be found in [28]-[30].
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8.

SIMULATIONS RESULTS

The waveforms shown in Figure 10 represent the PWM pulses given to the GSC. The waveforms

shown in Figure 11 represent the PWM pulses given to the RSC. The waveforms shown in Figure 12
represent the dc output voltage across DC link.
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Figure 10. Stator side pulse waveforms
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Figure 11. Rotor side pulses' waveforms
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Figures 13, 14, and 15 for sub-synchronous, synchronous, and super-synchronous circumstances,
respectively, illustrate simulated waveforms for rotor speeds. The stator voltages of DFIG are shown by the
waveforms in Figure 16. The waveforms in Figure 17 depict the grid and DFIG's real and reactive power
when the load is applied. Grid voltages at pre and post DFIG operated for grid 1, midpoint and grid 2 are

shown in Figure 18.
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The specifications for DFIG system are considered as: Xn= 54.07 Q, Ls=0.00589 H, R=50 Q, Ln=
0.1722 H, L= 0.005839 H, R= 45 Q, L4=0.0006 H, Xy= 0.1884 Q,Rg= 0.0001 Q, V=180 V, C4.= 1x 102F,
V=440 V RMS, i4s=0.8 A, i3s=1.95 A, i4:=0.09 A, i%:=0.155 A, V=45 V, ig=1.76 A, i4g=1.481 A, V4=97 V,
V¢g=230.56 V, V=245 V, Vs=365.48 V, V4=151.6 V, V43=374.75 V, L= 0.17839 H, Ls= 0.17809 H,0s=

314 rad/sec, J=0.05 kg m?, f=50 Hz.
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Figure 19. Waveforms for grid and DFIG real and reactive power with PI controller
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The parameters of the PI controller are found as K, = 4.37, K; = 32.24 using the Pl tuner in
MATLAB/Simulink to meet the requirements for the DFIG system. These PID controller parameters are
determined using the PID tuner in MATLAB/Simulink: K. = 220.43, T; = 12.58, T, = 5.32. Additionally,
the GWO algorithm yields the following results for the FOPID controller's controller settings: K,, = 190.16,
K; =49.97, K; = 2.28, A = 1.27, and u = 0.98. Figure 19 depicts areal and reactive power grid, a DFIG,
and a PI controller.

Apparent power generated for synchronous speedusing PI controller is shown in Figure 20. Figure
21 displays the apparent power produced for synchronous speed using a PID controller. Figure 22 displays
the apparent power produced for synchronous speed using a FOPID controller. In comparison to Pl and PID
controllers, the suggested FOPID technique has a shorter settling period and less oscillations. The FOPID
control technique offers higher control performance, as can be observed in Table 1.
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Figure 20. At 1500 RPM, power produced using a PI controller
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Figure 21. At 1500 RPM, power produced using a PID controller
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Figure 22. Power generated using FOPID controller at 1500 RPM
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9.

Table 1. Performance criteria

Parameters Settling time (Sec)
PI controller
PID controller 35
FOPID controller 2

CONCLUSIONS
A DFIG's performance analysis has been described. This document presents the DFIG's

mathematical modelling. Using a MATLAB simulation model, the values of generated power, DC voltage,
wind speed, and grid side are identified. It has been useful to employ a dual power supply DFIG system
connected to the power grid via an AC-DC-AC converter to increase the efficiency of power conversion due
to the advancement of power electronics. When connected to the grid with the appropriate converter control
systems, the DFIG system showed to be the most dependable and stable one, according to the results.
Analyses are done on real and reactive power both with and without controllers. It is established that the
FOPID controller performs better than other traditional controllers.
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