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Abstract: Wind power conversion systems are becoming the most preferable alternate renewable energy source.
Doubly Fed Induction Generator’s utilization rotating parts in wind turbines is increasing with the wind power
penetration to the electric grid. The observation becomes more noticeable when there are abnormal conditions
within the electrical power system. In this paper, MPPT Controller is incorporated with DFIG through the
MATLAB Simulink program is simulated. A conventional Pl controller is tuned with Ziegler-Nichol’s (Z-N)
method and was implemented to the DFIG Control Block. The rotor-side converter (RSC) is utilized to regulate
the power generated by the doubly-fed induction generator (DFIG), while the direct current (DC) bus voltage is
controlled by the grid-side converter (GSC). The DFIG's angular and comparative angular speeds are used to
generate the reference torque value in the MPPT controller. This improved the time response, output power,
electromotive torque, and other current and voltage characteristics. A comparison was made between the output
evaluation of the inbuilt controller and the output evaluation of the proposed controller. The MPPT with tuned PI
Controller's results show that the suggested system, which uses DFIG coupled to a rotor, is accurate, dependable,
and feasible.

Keywords— Wind power conversion systems, Rotor converter (RC), Maximum Power Point Controller (MPPT),
Ziegler-Nichols (Z-N), PI Controller, Dual-fed wound rotor induction generator (DFIG), etc.

Introduction

Wind power generation has been growing continuously in recent years. Renewable energy sources replace
conventional methods to generate electricity, mainly due to their non-polluting nature and cost-effectiveness.
Environmental risks, including air pollution and greenhouse gas emissions, are growing globally. As
environmental worries grow, the importance of wind energy conversion system has been increased. By adjusting
the dynamics of a wind turbine operating under varying wind speed conditions while enabling the system to
quickly respond to changes in wind speed, this paper considers a crucial requirement of WECS: generating the
desired power [1].

The advancement and widespread use of wind turbines in modern times has prompted electrical engineering
researchers to carry out studies aimed at enhancing electromechanical conversion efficiency and energy quality.
DFIG is mainly applied in the case of variable-speed wind turbines (VSWT) that use a fixed inverter coupled to
the stator and rotor. Around 50% of wind power Conversion System (WECS) technologies use this strategy.
Double-fed induction generators are highly desirable for these applications because they can generate a controlled
high power because of their lower-rated power converters compared to other wind generator technologies.
Because of its various benefits over other turbines, DFIG is the most ideal generator employed in WECS [2].
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Fig. 1. Simplified design of the power system relying on wind energy generation with DC link Capacitor
(3]

Figure 1 depicts a simplified design of the power system relying on wind energy generation. The Scherbius
topology refers to this configuration, which also includes a gearbox, DFIG, wind turbine, and a DC capacitor
connecting the two voltage-source inverters. The network is connected to the stator circuit in three ways: directly
through the stator circuit, via brushes and slip rings to the rotor windings, and via a harmonic filter to the converter
on the grid side [3].

The DFIG's speed control has two modes of operation, as specified in [4]. The first mode happens when the wind
speed is lower than the designated value, causing the generator to operate slower than the synchronous speed,
resulting in a positive slip. In this situation, the rotor winding and the grid are supplied with electricity through
the stator winding. In the second mode, the rotor speed surpasses the synchronous speed, resulting in a negative
slip. In this case, electrical power is transmitted to the grid using the generator's stator and rotor windings. To
ensure that the generator speed remains close to its rated value, it is crucial for the parameters of the generator
speed controller to be capable of self-adjustment, considering the variable nature of actual wind speed.

Ziegler-Nichol’s algorithm is one of the most popular tuning techniques. The Pl parameters can be found using
this approach without any mathematical calculations. To simulate changing speed wind turbines utilizing the
MPPT method, this article aims to create the model and vector control of such turbines within the
MATLAB/SIMULINK environment. The conversion system simulation and modeling (turbine and DFIG) were
first. Next, stator vector control of active and reactive powers was suggested [5]. Finally, to enhance response
time and guarantee alignment with the DFIG power curve, MPPT control was integrated into the RSC. Systems
for converting renewable energy, including PV systems and WECS, frequently use MPPT algorithms. Getting the
most power possible from the WECS is the primary goal of this strategy. More accurate reference torque (Tem*)
values will be obtained when compared to the inbuilt Pl controller produced with the Maximum Power Point
Tracker controller introduced to the RSC. In this approach, the system's response time was shortened, and the
desired level of power generation was attained. Rotor speed, Torque, Stator, and Rotor current and voltage
characteristics were utilized to compare the suggested system's performance with a conventional Pl controller
utilizing MPPT control with PlI.

Research Methodology Includes:

e Develop and build a Doubly Fed Induction Generator (DFIG) model using mathematical equations.
Incorporate controllers within the model to obtain responses for various wind speed.

e  Atraditional PI controller was calibrated using the Ziegler-Nichols (Z-N) technique and applied to both the
rotor and grid-side converters.

e  The Maximum power point controller, in conjunction with the calibrated Pl controller, was utilized to
produce set values for the rotor-side and grid-side parameters.

The suggested controller enhanced the speed of response, reactive power, electromagnetic torque, and grid-side
current parameters. This paper is divided into 5 sections: Section 1, which introduces DFIG system modeling;
Section 2, which briefly describes the modeling of DFIG; and Section 3, which discusses controlling rotor and
grid side converters. Results and Discussion in Section 4 and conclusion in section 5.
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2. Description of the modeling and wind conversion system
A. Aerodynamic Model

By determining the Mechanical torque of the airflow on the blades, the rotor's power extraction is simulated using
the aerodynamic model. The wind speed, incidence, and torque on the low-speed shaft can be determined using
wind speed along the rotors' swept region. The following expression [6] defines the torque that the rotor generates:

We must apply the following expression to define mechanical power [7].

P, = %QT[RZV3CP(J, B) 1)

As determined, the tip speed ratio was:

QR
4
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The Cp value for a wind turbine rotor with variable speed can be approximated using the following expression:
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Fig.2 Wind turbine Aerodynamic model [6, 10].

The mechanical energy caused the rotor to revolve rapidly, producing aerodynamic torque. The aerodynamic
torgque in Figure 3 can be stated as follows:

P
T, = Q_Z = %Q.R?’.VZ. C,(3\B) 4)

B. Dynamic Modelling of DFIG

A rotating three-phase phasor makes it challenging to run an AC machine continuously. When a reference frame
rotates at the same speed as the stator flux, a three-phase (ABC) system can be split into two phases (d-q) using
the Park’s transformation [11]. Equations for flux are expressed as follows in terms:

aw
Yas= 9{szds + 7‘15-@'8‘-}"15 (5)
ay
Vqs: 9{szqs + d:s'wel'pds (6)
AW gy
Yar= 9{ri:dr + dtd '(we_wr)kpqr (7)
- d¥qr
Vqr_ s"erqr + +(we_wr)kpdr (8)

dat

To calculate electromagnetic torque.
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Table 2: Referred Parameters to stator side

7= ) o~ (WasTas = WasTas) o)
Te—1, = J25 (10)
Py =2 (Vas Tas +Yags Tgs) (11)
Qs = > (Vs Tas —Vas Tqs) (12)
Table 1: Referred Parameter to rotor side
Parameter Symbol Values
Rated Stator-Power  (P,) 2x10°W
Stator Frequency ) 50Hz
Stator (Voltage, (v6),(Ts) 690V,1.76 KA
Current)
Rotor Voltage (v;) 2070V
Stator Resistance, (Rs), (Ls) 2.65 mQ,
Leakage 0.0026H

Inductance Stator

Rotor Resistance, (R, (L), 2.91 mQ,
Leakage Inductance (L) 0.00269H,
Rotor, Magnetizing- 2.5mL

Inductance

Parameters Symbol

Mag flux of d-q axis (Wmar Pimgq)
stator and rotor voltages of the d-q (Vas» Yar),
axis Vasr Yar)
stator and rotor currents of the d-q (T, Tyr),
o (Tasr Tar)
Stator and rotor side Reactance i) ()
Angular frequency, Rotor speed. (@), (@)
Base angular frequency (@)

Table 3: Parameters for Grid Controller

Table 4: Parameters for Wind Turbine

Parameter Symbol Values Parameter Symbol Values

dc bus Voltage vbus 325.27V Density of Air p 1.225kg/m3
dc bus capacitance ~ Cbus 0.0800F Radius R 42m

Grid filter Ry 2%x107°Q

Resistance Gearbox Ratio N 1:100
(;:S(?Stanclgductance Ly 40 x 107°H Rated Wind Speed 12m/s

3. Control Techniques

A) Implementation of the Ziegler-Nichols method for PI Controller Tuning

This section highlights the implementation of Proportional-Integral (PI). The aim is to evaluate and compare the
effectiveness of this control design strategy in terms of response time, tracking accuracy, overshoot, and stability
under various operating conditions. The proposed controller was designed, simulated, and tested to ensure the
reliable performance of the strategy. The Proportional-Integral (PI) controller is a traditional control strategy
primarily used in control system applications for its simplicity and effectiveness. The method systematically tunes
P1 controllers to achieve desired stability and response time performance characteristics.[12-16]
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Here are the basic steps of the Ziegler-Nichols method:

1. System ldentification: The first step is identifying the system for which the PID controller must be tuned.
This involves understanding the system's dynamics, transfer function, and response to different inputs.

2. Proportional Gain (Kp) Adjustment: Initially, the integral term of the PI controller is set to zero, and the
proportional gain (Kp) is adjusted. The proportional gain is continuously raised until the system reaches a state
of steady oscillation or sustained oscillation.

3. Oscillation Characteristics: Once the system starts to oscillate, the amplitude and period of the oscillations
are measured. The amplitude is the peak-to-peak distance of the oscillations, and the period is the time taken
for one complete oscillation cycle.

4. Calculate Ultimate Gain (Ku) and Ultimate Period (Tu): Using the amplitude and period of the oscillations,
the ultimate gain (Ku) and ultimate period (Tu) are calculated. Ku is the proportional gain value at which the
system exhibits sustained oscillations, and Tu is the corresponding period.

5. PI Controller Tuning: Based on the values of Ku and Tu, the PI controller parameters are determined using
predefined tuning rules. The Ziegler-Nichols method suggests specific parameter values depending on the PI
Controller: P1 (Proportional-Integral) Controller: Kp =0.45* Ku, Ti=Tu/1.2

6. Fine-Tuning: After setting initial PID parameters based on the Ziegler-Nichols method, further adjustments
may be made based on system performance requirements and stability considerations. The

B. Rotor Side and Grid Side Converters

The activation and reversing power supply are regulated by vector controls located on the converters on the rotor
side. The block diagram of the RSC controller is depicted in Figure 3. The rotor-side converter is used to control
the stator flux in a field-oriented vector manner. Reactive power can be controlled using direct axes loops, whereas
active power can be controlled using quadrature axes loops.

Regarding conversions from 2-phase to 3-phase and 3-phase to 2-phase, the computed angle of the rotor flux is
utilized. The process by which these values are obtained distinguishes direct from indirect VCMs. The concept of
dqg axis transformations serves as the foundation for field-oriented control for RSC, shown in Figure 3.

The process of DFIG control starts with the formation of the GSC using Matlab/Simulink. The previous part
discussed the conversion equations and equivalent circuits applied to developing GSC. This control strategy
ensures the stability of the DC bus voltage by generating a sinusoidal current that matches the frequency of the
DC bus. To get a power factor of unity, a ref value of zero reactive power is established. The control approach
that was used is shown in Figure 4. The control technique includes two loops: one for voltage regulation and
another for current regulation. Through a filter, (Lg, Ry ) connections are made to the electrical grid from the rotor
side [17].
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Fig. 3 Rotor Side Controller Fig.4 Grid Side Controller

6206



Tuijin Jishu/Journal of Propulsion Technology
ISSN: 1001-4055
Vol. 45 No. 2 (2024)

Equations for formulating Grid Side Converter (GSC) are:

_ dig o _ . di
Ys_a:V$_a'iR$l$a - L$ ;{ (13) st_v$d'm$l$d - L$ % + E$q (16)
. di , di
Vs p=V-Rlgy — Ls—-> (14) Vsq=Vsq-Rsisg — Ls— + Esq a7
_ dig ¢
Vs o=Vs o Rsige — Ls— (15)
Powers with the grid are:
. 3 . . 3 .
Pg = Ysq lsqg = 3 Vs lsq (18) Qs = Ysq lsa = EYS l$a (19)

B.1 Current Controlling loop for Rotor Side Converter

The block diagram below depicts the comparable representation of the closed-loop current regulation in the rotor-
side control block, as cited from reference [24].
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Fig.5 Inner Current controlling Loop for RSC [24]

The block diagram depicted above can be reduced into the transfer function as follows:

igs(s) _ skp+k;
i*q5(s)  S2Lp.o+s(Re+kp)+k;

(20)

igs(s) skp+k;
i*gs(s) s2Ly.o+s(Rp+kp)+k;

(21)

Next, we compare the given transfer function with the denominator of the general control transfer function, which
is a second-order polynomial in the form of s2+2&wns+wn? we have,

k; = L,.con? and kp = 2. L,.éwn — Rr (22)
This comparison allows us to determine gain constants for the PI controller. By using these kp and ki gains values,
the Transfer Function will come out to be

3373.12955+2858668.32
52 +3384.9463s+ 2858668.32

(23)
C. Maximal Extraction of Power

Variable speed operation is achieved through the control technology of the DFIG wind turbine, optimizing output
power over various wind speeds. The maximum possible wind power generation is attained by adjusting the rotor
speed to match the power coefficient. To ensure that the turbine blade can harness the most wind power potential,
we must adapt the tip speed ratio to its ideal level, as shown in Fig 6. In this case, the optimization constant is
Kopt, and the gearbox ratio is N. The definition of Kopt is as follows:
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kopt = pm Cp_max 24
pt = pr 5 Cp_ (24)
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Fig.6 Optimum torque control
D. Rotor-Side Converter (RSC) Control with Proposed Strategy

Control systems' responsiveness, stability, and robustness are crucial. The WECS is anticipated to respond to this
variance quickly, even at varying wind speeds. In addition to the PI controller, the RSC was fitted with the MPPT
control approach to enhance control performance. Figure 5's MPPT controller block provided the desired torque
(Tem™*) value. The goal of using the MPPT controller to calculate the reference torque was to get more suitable
results, as shown in Figure 7.
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Fig. 7 Rotor-Side Converter (RSC) Control Proposal.

The MPPT controller that is introduced to the RSC primarily aims to increase the electromagnetic torque, grid
current, and WECS reaction time by generating a more precise Reference Torque than the PI controller. Figure 7
shows the MPPT controller built using the Matlab/Simulink environment.

4. Results and Discussion

A comparison of the proposed and inbuilt model by implementing the tuned PI Controller into the system is shown
in Table 5 and Table 6. These kp and ki gains used in the proposed model along with MPPT Controller for desired
response. By tuning with the Ziegler Nichol’s method the rise time decreases, settling time decreases and
overshoot reduces from 13% to 3% as shown in table 6.
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Table. 5. Comparison of Responses and Gains for Pl Controller

Tuning Response

Before tuning the PI Controller 1a : Step Response : -

Kp =0.58 and Ki=491.6 [23]

Transfer Function =
3373.12955+2858668.32
52 +3384.9463s+ 2858668.32

Amplitude

Time(s) <102

After tuning with Ziegler_ Nichol's Ziegler-Nichols Optimized Closed Loop Response (Pl Controller)

0.9

Kp =4.1 and Ki = 2.50 o=

0.7

« 0.6

The transfer function of the system will be =

23984.65 + 14546.72 |
s2 +24001.51s + 14546.72 o=
o 0.5 1 Tlr;eS(S) 2 2.5 3
BEFORE TUNING AFTER TUNED
PARAMETERS WITH ZIEGLER
GAINS VALUES NICHOLS METHOD
KP (PROPORTIONAL GAIN) 0.58 6.122
KI (INTEGRAL GAIN) 491.6 2.5
Tr (RISE TIME) sec 0.000 434 s
Ts (SETTLING TIME) sec 0.0032 s
OVERSHOOT (%) 13.3246 3

Table. 6. Comparison of Transient Performance Parameters and Gains for Pl Controller

Implementing a control strategy for wind turbines utilizing Dual Fed Induction Generator (DFIG) is carried out
using MATLAB/SIMULINK. The simulation results are presented below. Simulink is utilized to replicate Doubly
Fed Induction Generators (DFIGs) with four magnetic poles. These DFIGs operate at a voltage of 690V and a
frequency of 50Hz while delivering a power output of 2.4MW.

Figure 8 illustrates the simulated response of the actual rotor speed tracking about the variability in wind speed.
Fig 9 illustrates that the proposed Pl with MPPT controller achieves a quadrature current from the Rotor side that
is better than the inbuilt PI controller. The evaluation of the system architecture also included an assessment of
the DC bus voltages. Figure 10 and Figure 11 depict the graphical depiction of the planned system's DC bus
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voltage using the regular PI controller and the suggested Proposed controller. The graph shows the variation of
the DC bus voltage at different wind speeds. Compared to these experiments, the proposed PI with MPPT DFIG-
based WECS demonstrates a quicker response time in tracking the reference DC bus voltage under varying wind

speeds.

Rotor speed «10* quadrature current
— = speed reference ~ ==~ laRef
Rator speed with MPPT Ig without MPPT
Rotor speed without MPPT [—— Iq with MPPT
| i | I | T
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time (seconds)

Time (seconds)

Fig. 8 Rotor speed when connected with MPPT and Pl Fig.9 Quadrature Current when MPPT and PI connected

DC Link voltage(V) DC Link voltage(V)
T T T T
1200 i Vbus reference Vbus reference
1000 W’W\-L‘—- 4000 s
800 2000
g g
3 600 o]
s >
400
200 -2000
0
| | | | 4000 , \ \ |
0 1 2 3 4 5 5 0 0.05 0.1 0.15 02
Time (seconds)

Time (seconds)

Fig. 10 DC Link Voltage When Pl Connected Fig.11 DC Link Voltage When Proposed MPPT with PI

Figure 12 and Figure 13 show the direct axis current with the desired Reference Value achieved by the proposed
model. Furthermore, the suggested system underwent analysis from the perspective of electromagnetic torque
(Tem). Figure 14 and Figure 15 display the graphical representation of the electromagnetic torque (Tem) for both
the inbuilt and the proposed controller. The torque of the DFIG achieved the desired level more quickly with the
assistance of the Proposed controller than the inbuilt controller. The Proposed controller successfully adhered to

the specified torque value.
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103 EI{A!’."IIJD_I'l‘lnl_',ll"!ﬁth Terapii oy
= | | = a.az=s
W = GG, O

- W "
Tirmes {mmacncdnd

Fig. 14 E lectromagnetic torgue when when PI
connected
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Table. 6. Comparison of the in-built Controller and the Proposed Controller

S.No Parameters PI Controller without | Proposed Controller
MPPT (MPPT with PI)
1. Rotor speed 110 rad/s 172 rad/s
2. Electromagnetic Torque -1866N.m -6574N.m
3. Generated Power 110*(1866) = 0.2MW 172*(6574) = 1.15MW
4. Response time 2.00s 0.85s
5. Conclusion

A simulation was performed on a grid-connected dual-fed induction generator (DFIG) based on a wind energy
power system. At first, the mathematical models for the turbine and DFIG were suggested. The study sought to
assess the durability of a calibrated PI controller across the wide range of operating conditions of a DFIG-based
wind energy harvesting system, providing objective and quantitative results to illustrate its performance attributes.
The design models for the controller and the mechanical, aerodynamic, electrical, and control systems of the
proposed DFIG were simulated using MATLAB-SIMULINK. The purpose of this was to assess the effectiveness
of the simulated PI controller in the overall system design model. At first, a built-gin PI controller was employed
on the rotor converter to regulate the current and voltages on the d and q axes of both converters. After using the
proposed controller, the rotor speed and electromagnetic torque increases resulting in increasing the generated
Power as shown in Table 6.

Nevertheless, the outcomes indicated that the PI controller failed to attain the desired reference values and
displayed increased oscillations. As a result, the built-in PI controller was calibrated using the Ziegler-Nichols
technique. In addition, an MPPT controller was integrated into both the rotor and grid side converters to enhance
the WECS's response time and attain the targeted power output. The voltage and current waveforms of the stator
were both balanced and sinusoidal. The simulation analysis demonstrated that the proposed system, when
implemented with the control approach, achieved satisfactory performance, and exhibited excellent results and
reduces the rise time, delay time and overshoot percentage.
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