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1. INTRODUCTION

With the world's increasing population, there is a rising need for electrical energy and a rapid depletion
of non-renewable energy sources. This situation has created an urgent need for alternative clean and
sustainable energy sources, such as wind energy. In recent years, wind power has emerged as one of the
most critical and promising sources of renewable energy. It requires additional transmission capacity
and improved methods for maintaining system reliability. Consequently, scientists are increasingly
focusing on generating electricity using renewable energy resources.

This study is derived by the benefits of wind turbines (WT) generators employing a Doubly Fed
Induction Generator (DFIG), comprising maximum power point tracking (MPPT), variable speed
constant frequency (VSCF) operation, management strategies for active and reactive power regulation,
as well as voltage control at the point of common coupling (PCC). The wind energy conversion chain
can be divided into two categories: vertical-axis wind generators and horizontal-axis wind generators
(Andersson et al., 2021).The latter is often preferred due to its advantages (Njiri & Soffker, 2016;
Shourangiz-Haghighi et al., 2020). The horizontal-axis wind turbine structure consists of mechanical
elements (blades, shaft, gearbox) and electrical elements (DFIG, power cable, power electronic
interface, transformer). These devices are designed to transform kinetic energy into electrical energy to
supply the grid (Karimirad, 2014; Mastoi et al., 2022). Wind-powered systems based on doubly-fed
generators are the most common due to their many benefits, including operation over a wide speed range
(Zhou et al., 2023). The operation of variable-speed wind turbines offers several benefits compared to
fixed-speed models, including enhanced energy capture, the ability to operate at the maximum power
point, greater efficiency, and superior power quality (Mdller et al., 2002). Additionally variable-speed
WT is the most popular for extracting maximum energy from the wind (Artigao et al., 2018). However,
Conventional variable-speed WT generators do not regulate frequency, causing variations in the grid
frequency, which underscores the need for frequency control technologies in WT generators (Artigao
etal., 2018; Dao et al., 2019; Li & Li, 2021).

The Doubly Fed Induction Generator (DFIG) is esteemed in the context of wind turbine (WT)
generators. In a DFIG setup, the stator windings are directly linked to the grid, while the rotor windings
connect through slip rings and utilize back-to-back voltage source converters. (Justo et al., 2015). The
DFIG features two voltage sources; one from the stator and another from the rotor, and its control is
more complex than that of other machines due to the ability to operate at range sub-synchronous and
super-synchronous speeds (Kaloi et al., 2016). The DFIG configuration presents several challenges for
the power generation system, and to meet these challenges. To address these challenges, scientists have
developed various algorithms for controlling and monitoring these systems (Tanvir et al., 2015). These
include steady-state analysis, known for its thorough examination, which provides us with data on all
system parameters (Gianto, 2021).

In the study by Boukili et al. (2020), an open-circuit stator negative sequence rotor current control
enables the generated stator voltage to align with the grid system's voltage imbalance, which promotes
an efficient connection of the DFIG to the grid. Moreover, particle swarm optimization and support
vector regression were used to estimate wind speed to improve MPPT control (Eltamaly et al., 2020).

In wind energy conversion systems, various algorithms are utilized, with MPPT algorithm being one of
the most famous. MPPT algorithms are extensively utilized in systems for converting renewable energy,
such as photovoltaic (PV) systems and wind energy conversion systems (WECS).

The primary purpose of the MPPT algorithm is to elicit the maximum power from WECS. The two
fundamental MPPT algorithms are direct power control (DPC) and indirect power control (IPC). The
IPC method pre-estimates the generated power using wind speed graphs, whereas the DPC method
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directly measures electrical power to ensure the wind turbine generator works at maximum power
(Mousa et al., 2021; Pande et al., 2021).

Numerous attempts have been undertaken to conduct steady-state analysis (SSA) of the DFIG reflecting
its growing influence. A detailed SSA, combined with a computer simulation models and performance
analysis, provides a thorough insight into the operational characteristics of DFIG wind turbines.

In 2018, a steady-state mathematical model of the DFIG was determined by employing the spatial vector method for
different facilitates the determination of operating areas of the wind turbine generator (Contreras Quispe et al., 2018).
This technique operating points based on data and parameters of the wind turbine generator. In 2018, (Nora et al.,
2018) implemented stator flux-oriented vector control for DFIG-based wind turbines generators, utilizing space
vector pulse width modulation demonstrating its enhanced performance. Similarly, in 2019, Nam et al. performed
computer simulations of DFIG and implemented vector control for the grid-side converter (GSC) as well as rotor-
side converter (RSC) to deliver active power to the grid.

Following that, the topic of stator field-oriented control (SFOC) for the doubly-fed induction generator
(DFIG) was addressed. (Zerzeri et al., 2019), depending on the sliding mode flux observer algorithm,the
scheme was found to be efficient under parameter variations. In 2020, (I. et al., 2020) presented steady-
state analysis (SSA) of the DFIG alongside various magnetizing strategies tailoredfor specific wind
turbine operating modes. Their mathematical modeling approach utilizing stator flux-oriented vector
control was found effective, utilizing stator terminal quantities (l. et al., 2020). The mathematical
modeling of DFIG in SSA adopting stator flux-oriented vector control was discovered to be effectual as
it uses the quantity of stator terminal. Finally, in 2021, Sharawy et al. discussed a simplified SS modeling
of DFIG and its operational characteristics in an independent wind energy conversion system with rotor
control (Sharawy et al., 2021)

An SSA strategy was later proposed for the synchronous Doubly-Fed Induction Generator (DFIG), focusing on stator
voltage references for the Grid Side Converter (GSC) and rotor flux references for the Rotor Side Converter
(RSC).The analysis concluded that the synchronous DFIGs performs effectively when the speed of the wind are
below their critical values (Li & Li, 2021). In a separate study by Arjun etal. (2021), a discussion centered on DFIG
rotor flux orientation vector control emphasizing machine modeling suitable for a wide range of operating speed.

Karthik et al. (2022) introduced a method to compute steady-state (SS) values of DFIG using a precise
procedure. Results of the simulation in the time-domain indicated that the SS values align with the
initialization values. Building upon this research, the integration of steady-state analysis with a
functional computer simulation model appears promising.

The importance of the paper lies in establishing that, for the DFIG, a unique solution exists for the rotor
control variables—rotor voltage (Vr) and rotor flux (¥)—exists for every SS operating point. This
finding facilitates the derivation of SS aspect from a given torque-speed pattern for a three-bladed wind
turbine, thereby ensuring stability and preventing numerical instability. Additionally, the paper
contributes significantly by presenting parameter-dependent steady-state investigation of the DFIG
within a variable speed wind energy conversion structure. The study's focus on magnetizing the DFIG
through both the rotor and stator enhances understanding of its steady-state performance. The simulation
was employed to examine the DFIG over a broad speed interval from 800 to 2000 rpm. The SSA under
various operating modes provided understanding into the system's behaviour, including variations in
stator, rotor active power, current, and voltage.

2. DESCRIPTION OF INDUCTION GENERATOR

The induction machine can be represented by six coils. With three in the stator as well as in the rotor
which are labelled respectively as; a1, b1, ¢1 and ay, by, c2. The axis of coil a. is utilized as the reference
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frame, which is stationary. The rotor rotates at a speed of >, with angle 6> between the reference and
rotor frames. The six windings result in 36 inductances, representing all possible combinations.

The relationship between voltages and currents provides the basis for deriving the flux linkage A in this
induction machine, as shown in the subsequent expression:

A =i 1)
The voltage is defined as the rate of change of the flux linkage
d d ,. d. d ).
V:axza‘gl:‘galﬁ'(af)l (2)

Here, the wedding voltage is represented by the vector v, while the winding currents are indicated by
the vector i, and ¢ stands for the inductance. Assuming a balanced system and adopting a rotating
reference frame instead of the stator's stationary reference frame, the induction machine connects to a
balanced three-phase system. In a balanced system, the phasor sum of all three currents is zero.

gy +ip1 +icg =0 (3)

Using the relationship in Eq. (3), we can simplify Eqg. (2); For instance, consider the flux linkage of
phase a:

Aa1 = Lgiia1 + Lin1ips + Linicr + f14daz + €1s5inz + f16ice (4)
Aa1 = Lyqiar + f1alaz + €1sipe + €162 (5)

This process is repeated for all three phases. The model of the machine was developed by Robert Park
based on the theory of rotating frame. The objective is to find a relationship between voltage and currents
of all windings. The voltage is a flux linkage change rate, that is,

Vabe = %Aabc = % (B~ Aago) = (%B_l) Aago + B7* (%Adqo) (6)
Because,

Vabe = B aq0 (7
Hence

Vaqo = B (% B_l) Aago + (%Adqo) )

Utilizing the general matrix equation framework, we can define the voltage in the direct-quadrature (d-
q) frames as an equation that incorporates both the stator and rotor voltages.

vqul _ Bl 0 Vabc1
|:de02:| - 0 Bz] [vabcz] (9)
Where; B = [%1 BP] (10)
2

The current and flux linkage can be addressed in the same way. The relationships are given as;
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{idqo = Bigpc (1)

Adqo = BAape

The above analysis in the rotating frame is to simplify the inductance matrix and make it time invariant.
This can be done by further processing Eq. (11)

Adqo = Blave = Blapclape = B[ach_lidqo = quoidqo (12)
[ln 0 0O L, 0 0]
| 0 Lj; O 0 L O |
_ 0 0 L 0 0 0
1 _ 11
baqo =BlarcB" =1 0 0 Ly 0 o] (13)
l 0 L, 0 0 Ly 0]
Lo 0 0 0 0 Lyl

A 0 - O 0 ﬂdl ﬁ“dl
Va| [0 0 0 0 4| d| ”
Vo | 10 0 0 —swl|lA, | dt] A,
Vol 10 0 so 0 | 4, 2op

Where w = 2nf, f represents the frequency of the supply voltage. By utilizing the speed voltage and
transformer voltage, the steady-state model of the induction machine was analysed to understand its
performance characteristics under different operating conditions

2.1 Steady-State Model

The first term in Eq. (14) is called “speed voltage,” and the second term is called “transformer voltage.”
For balanced system, the transformer voltage is zero as,

(Aa1] a1 [ Amax: cos(wt) [Amaxi] [0
Aq1 Ap1 [ Amax1 cos(wt — 120) | | 0 | |0|
d{Ao1|_ d p|Ac1 BlAmaxi cos(wt +120)[ _al o |_]o
|1y |~ 2B |y, = 2B |man ; 1=z : [=|; (15)
qu Ap2 [ : J J
_/102_ —/’152— E
Hence
7% 0 -o O 0 || 4
Var o 0 O 0 || 4
= (16)
de O O 0 _Sa) //LdZ
Vq2 0 0 sw 0 (|4

Substituting A in Egs. (12) and (13) into Eq. (16) yields
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Va1 0 _lel 0 _(Ule idl
Vgr1| _ | wlyy 0 wLly; 0 [iqll (17)
Vaz| | O —swLq, 0 —SwLyy | lig
Vq2 SwLq, 0 SwLy, 0 ig2
The winding resistance can now be added to Eq. (17)
Va1 0 0 o0 [ld1] 0 —wLqq 0 —wLq, [ldq
Vg1 n 0 0 | iq1 | wlqq 0 wlq; 0 |1q1 | (18)
Va2 0 0 np [ldzJ 0 —swl4, 0 —SwlL,, lldzJ
qu 0 O 0 TZ iqz S(A)le 0 S(ULZZ 0 iqz

In this scenario, rl and r2 denote the resistances of the stator and rotor windings, respectively. The
variable S signifies the per-unit representation of the speed difference. L11 represents the difference
between the self-inductance of a stator winding and the mutual inductance between any pair of stator
windings. Likewise, L22 indicates the difference between the self-inductance of a rotor winding and the
mutual inductance between any two rotor windings. Furthermore, L12 is equivalent to 3/2 of the mutual
inductance.

For the four windings in the d—q frames are represented in Eqg. (18). This model is now used to compute any
variable such as torque or power.

In the context of current transformation, the stator voltage exhibits similarities in both the abc frame and
the dqo frame.

lapc1 = Bl_lidqol (19)
lg1 cos wt —sinwt

[im] = [cos(wt —120) -—sin(wt—120) 1] [ ] (20)
J cos(wt +120) —sin(wt +120) 1

Considering the first of these equations and noting that for a balanced system , the zero sequence current
ip1 1S zero this then leads to,

g1 = lg1 COS Wt — igq Sin wt (21)

The root mean square (rms) of these currents (Ig,andlg,) are

[o=
a1 =5
_ idy (22)
Igr = NG
In phasor form, the current in phase a; is
Igg = I + jlg1 (23)

From Eq. (23), the norm of the current in phase as is

lar = ‘/Udoz + (Ig1)° (24)

Similarly, we can develop a phasor relationship for the voltage as
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Vai =Var +qu1 (25)

The complex (apparent) power of the generator is calculated by multiplying all voltages by their
corresponding conjugate current. The use of the conjugate guarantees that the inductor's reactive power
is positive, while for the capacitor, it is negative, adhering to the conventions commonly followed in the
power industry. (Xu et al., 2011) introduced a mathematical model of a DFIG operating in a distorted
grid voltage environment within a positive synchronous reference frame. They offered an in-depth
analysis of the electromagnetic torque fluctuations in the DFIG, along with the active and reactive power
dynamics of the stator in the context of grid voltage harmonic distortion.

The complex power of phase a: in the stator is given as:

—_— —%

§a1 =Vailar (26)
For the three phases, the stator power is

§1 = 3va17a1 (27)
Substituting the voltage and current in Egs. (23) and (24) into Eq. (27)

S1=3(Var +jVq1)Uar = jlg1) (28)

The real component of complex power is associated with real power, whereas the imaginary component
signifies reactive power.

{P1 = 3(Varlar + Vglg1) 29)

Q1 =3Vg1lar — Varlq1)

Similar expressions can be developed for the rotor circuit with real power and reactive power
respectively as,

{PZ = 3(Vd21d2 + qulqz) (30)
Q; = 3(Vq21d2 - VdZIqZ)
From analyses the equations for the induction machine in the steady-state operation are,
{le = 11l1g — WLiqlg1 — WLyl (31)
vql = Tliql + lelidl + (Uleidz

Where; Ly, equals to 3/2L,,, L,, represents the maximum mutual inductance when the two windings
between a, and a, are perfectly aligned. The input and the output physical quantities of the three bladed
variable speed wind turbine generator (VSWT) based on DFIG that operate at the sub-synchronous
mode at wind speed of 8m/s and at the super-synchronous mode at wind speed of 10m/s with the power
of 1.5MW are as follows:

The rotor and stator voltages and mechanical torque are expressed as follows are the input physical
quantities:

T =2HS2 4T, (32)
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qu01 = B1Vabe1 (33)
quoz = By Vabez (34)

The output physical quantities include electromagnetic torque, stator currents, rotor currents and the
stator's reactive and active power, expressed as follows:

Tp = Ty, — 2H 2 (35)
lg1 = lq1 COS Wt + igq cos(wt —90) (36)
laz = gz COS Wt + g, cos(wt — 90) (37)
Q; = 3(Vq11d1 - Vd11q1) (38)
Py = 3(Vailar + Vgilg1) (39)

With electrical and mechanical torque, stability and instability of power injected on the grid at steady
state operation was studied by solving the swing equation. The swing equation, a second order
differential equation, is express as two first-order differential equations:

2Hd

w_sd_(::Pm_Pe (40)
asé

=W W (41)

In this context, w, ws and & and are expressed in electrical units. Here, wg is the synchronous speed in
rad/s. The maximum power that can be transferred for a particular excitation is given by Eﬁ—f at§ = 90°
Where E4 = Generator internal emf, V¢ = Terminal voltage, 8 = Power angle, Xq = Direct axis reactance.
Using Runge Kutta method of order four to solve the Swing equation, Pr is considered a constant, P, =
P, sin & where P, = E;Vi/xq and M = 2H /wg. Then

d?8 _ Ppm—Pysiné

aw = (42)
) =2 )
“_ (44)
C;_(;) _ Pm—FI’sISin(S (45)

In solving the swing equation with the initial conditions. Using matlab in plotting delta in rad/s against
time in second, the system is unstable when P, is less than 1 ( Po <1), because of a fault and is stable
for P, greater than 1 (Po>1), when the fault is cleared. The graph of stable and unstable is as shown
below in Fig (1).
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delta(rads/s)

[¢] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
t[s]

Fig 1. Swing curve (5 against t) for stable and unstable system.

The power stability and instability on the grid during the steady-state operation of a DFIG linked to a
wind farm are significantly impacted by the power extracted from the wind, which is determined by the
performance characteristics of the wind turbine.

2.2 Characteristics of Wind Turbines

A wind turbine captures the kinetic energy of the wind and converts it into torque to rotate the
rotor blades. The relationship between wind energy and the mechanical energy produced by the
rotor is influenced by several key factors, such as air density, wind speed, and the rotor's swept
area. Wind speed and air density are site-specific climatological parameters.

Power captured from the wind P, and converted into electrical converting into electric power, can be
computed using methods described in the literature (Arnaltes et al., n.d.; Haque et al., 2010).

1
By = pCpAvy (46)

According to Equation (46), the air density (p) is measured in kg/m3, the power coefficient is denoted
as Cp, the area covered by the wind turbine rotor (A) is in m2, and the wind speed is represented in m/s.
The mechanical power (Pm) produced by the wind turbine is influenced by the power coefficient (Cp)
and can be expressed as follows in (Arnaltes et al., n.d.; Chan et al., 2004; Haque et al., 2010; Heier,
2006)

By = Cp(4,B)Ry (47)

Here A is the tip-speed ratio (TSR) and the pitch angle is B. If the pitch angle B is kept unchanged, the
relationship between Cpr and A can be stated as as (Chen & Smedley, 2008; Hansen & Michalke, 2008; Haque
et al., 2010)

116
A1-0.2

C,(2) = 0.52 ( - 9) e~21/(=03) 1 0.00681 (48)

C, is often given as function of the tip speed ratio A which is defined by,

Cp=fAHB) (49)
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Where A is

Wy
A=R (E) (50)
In this context, R represents the radius of the wind turbine's aerodynamic rotor measured in meters,
while wr indicates the angular speed of the turbine rotor expressed in rad/s. The mechanical power Pp,
generated by the turbine can be maximized by adjusting the turbine's operating point to an optimal value of the
power coefficient (Cp)opt. This optimal value of Ce can be accomplished by controlling the turbine rotor
speed wris controlled to maintain the highest value of A (Aopt) as discussed by (Hua Geng et al., 2011;
Robinson et al., 2010).

Ao
(wr)opt = Tptvw (51)
Since the wind speed v,, may change, the speed of rotor has to be adjusted so that Aoy and (Cp)op: are
maintained for capturing the maximum mechanical power (Pm)max from the wind. The value of (Pm)max
can be determined from

__pA (wr)optR 3 _ 3
(Pw)max —T(Cp)opt Tpt = opt(wr)opt (52)

As a consequence, the optimal torque (Tm)op: produced by the wind turbine generator can be expressed
as (Dahbi et al., 2016; Fortmann, 2015; Karakasis et al., 2019; Keramat Siavash et al., 2020).

(Tm)opt = Kopt(wr)%pt (53)

Figure (2) shows Cp coefficient of wind turbine generator at different pitch angles. According to
Equation (53), it is possible to control both the rotor-side and grid-side converters of the DFIG to attain
optimal torque.

2.3 The DFIG Rotor Side Control

The rotor variables of the DFIG must be aligned in accordance with the defined orientation parameter.
Algorithms are implemented, for both stator voltage-oriented control and stator flux-oriented control.
After calculating this parameter vector within the rotor orientation framework, the relative angle (d) to
the rotor-side orientation framework is determined, allowing for the conversion of the rotor parameter
into the updated control-reference structure.

Vector control is implemented in the rotor-side converter to manage the active and reactive power of
the stator. The direct axis loop is tasked with regulating reactive power, whereas the quadrature axis is
responsible for controlling active power. The rotor assesses its circuit parameters, monitors the reactive
power transfer between the stator and the power grid, and modifies the generator torque accordingly
Although its input parameters are independent of the stator's orientation structure, accurate measurement
and control of the stator's target parameters are crucial. To ensure the rotor-side control block (RSC)
produces an output compatible with the stator's parameters, the rotor parameters expressed in the rotor's
d-q orientation frame must be transformed to align with the control reference frame.

2.4 The DFIG Grid side converted control

The grid-side converter in DFIG typically employs a three phase, two-level voltage source converter
with insulated-gate bipolar Transistor (IGBT) as a switching device. Its primary function is to regulate
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the linkage DC voltage, achieved through a grid voltage-oriented control scheme. In this configuration,
the rotating reference frame's dg-axis aligns with the grid voltage.

C | —ok—| ’]'Opti Coimax
P ~

S b

0.2

o1

o 2 4 l
Fig 2. Cp for different pitch angle B, with B3 > B2> B1> Bopt.

Within the DC link of the grid-side converter, there is a filter capacitor that delivers energy to a load
resistance. Its primary goal is to maintain a stable DC link voltage, and optionally, it can provide limited
reactive power support. A fundamental assumption in grid converter control is grid stiffness, which
implies minimal grid voltage fluctuations. While achieving 100% stiffness is impractical in most cases,
any grid voltage fluctuations will affect the linkage DC voltage. Variations in the linkage DC voltage
affect the DFIG rotor's reactive power intake through another converter circuit. When the DC link
provides sufficient reactive power, the DFIG draws reactive power from the grid to meet its operational
needs. The fluctuations in reactive power absorption on the rotor side lead to corresponding adjustments
in the stator's reactive power requirements, which in turn causes voltage variations at the point of
common coupling

The MPPT of the wind turbine generator is analysed with coordinated control between the rotor-
side and grid-side transformers of the DFIG.

2.5 Maximum Power Point Tracking of a Wind Turbine Generator

The most commonly utilized wind turbine control approach is shown in Fig (3), which delineates four
operational zones. This figure depicts the maximum power and maximum power coefficient as a
functions of wind speed, resembling operation at full-load conditions. Mechanical power output in this
scenario can be limited by adjusting blade pitch or employing torque control. Typically, the
electromagnetic torque is kept at a negligible value, and pitch angle adjustment is utilized to keep the
wind turbine generator operating at optimal speed and to sustain higher power output during rated wind
speeds.

100? MPPT Region Pitch-control Region

£ , ;
gg" %z Subrated-Power\_\?ﬂ/ Rated-power -E)n
860 :_\’-d‘ s ‘ED
“ E Rated Cp é
E a0 o

20 =
Cut-in Rate Cutiout
25/ S0 1(')0 125 1.

75
Wind speed (%)

Fig 3. The maximum power point tracking for operation zones of wind turbine generator
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To accommodate the irregular nature of wind, it is crucial for the control system to track and maximize
peak power output regardless of wind variations. Model Predictive Control (MPC) methods are
particularly effective due to their adaptive tracking and self-tuning capabilities. Two primary MPC
strategies—direct speed control and indirect speed control—are extensively discussed for their efficacy
in wind turbine processes.

2.6 Mechanical power against turbine speed for different wind speeds for MPPT

Figure 4 illustrates the mechanical power Pm generated by the turbine in relation to the rotor speed w,,
with various wind speeds presented in ascending orde {6 < 8 < 10 < 12 < 14 < 16}m/s. The figure
also includes the curve for (Pm)max.

< 10°

-
A

=
N

=
o}

®

Mechanical power B, (p.u)

= v

— -1 vl

1 1.5
Turbine speed, w,. (p-u)
Fig 4. Mechanical power against turbine speed for different wind speeds.

The (Pm)max curve indicates that for every wind speed, there exist an optimal rotor speed that ensures
the maximum power is captured from the wind. This implies that by controlling the generator's speed to
maintain the turbine's operation at this optimal point, the turbine can achieve (Pm)max at any wind
speed.

In this part, a simulation for maximum power point tracking of a wind turbine generator was conducted
using a 1.5 MW stator power Doubly-Fed Induction Generator (DFIG) model and a three-bladed wind
turbine generator model with a gear ratio n=100 and a blade radius of 42 meters, as elaborated in Fig. 3.

3. MATLAB SIMULINK MODEL OF A THREE-BLADED WIND TURBINE
GENERATOR BASED ON DFIG FOR MPPT

The MATLAB Simulink model of the three-bladed wind turbine generator, based on a Doubly-Fed
Induction Generator (DFIG) for maximum power point tracking (MPPT), takes speed and torque arrays
as inputs. In the super-synchronous operating mode, the torque is lesser than in the sub-synchronous
operating mode. Consequently, due to the increased rotational speed in the super-synchronous mode,
the power output is higher than in the sub-synchronous mode. For both modes, as the torque reduces,
the rotational speed increases.

The simulation outcomes are presented in Figures 5, 6, 9, and 10. The corresponding variations of the
stator current (Is) and rotor current (Ir) for the generator operating in the super-synchronous mode at a
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rotational speed of 10 m/s and a give power output of 1.5 MW are illustrated in Figures 11 and 12,
respectively. Similar results for a rotational speed of 8 m/s are presented in Figures 7 and 8.

At start up, there is significant perturbation because the machine is directly couple to the grid, a scenario
that differs from practical applications. This start up transient is disregarded in this analysis, which
focuses on the machine’s steady-state conditions.
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Fig 5. Variation of torque operating at wind speed of 8m/s against time. At this wind speed, the
generator is functioning in a sub-synchronous mode.
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Fig 7. Variation of Is against time when the WT generator is operating at sub-synchronous mode at
wind speed of 8m/s.
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Fig 8. Variation of Ir against time when the WT generator is operating at sub-synchronous mode at
wind speed of 8m/s.
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Fig 9. Variation of torque operating at the wind speed of 10 m/s against time.
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Fig 11. Graph of Ir against time when the WT generator is operating at super-synchronous mode at
wind speeds of 10 m/s.
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Fig 12. Variation of Is against time when the WT generator is operating at super-synchronous mode at
wind speed of 10m/s.
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4. STEADY-STATE PERFORMANCE OF THE WIND TURBINE GENERATOR
BASED ON DFIG

It can be deduced that the electrical torque and mechanical power (Tem and Pt) are input to the shaft of
the Doubly-Fed Induction Machine (DFIM), making them equal regardless of the magnetizing strategy
employed. The outcome for the DFIG torque, voltage, generated active power, and used reactive power
are plotted for both magnetizing methods. While the influence of the two contrasted generation strategies
does not cause significant differences in variables such as Tem and Pt, stator power (Ps), and rotor power
(Pr), there are notable differences in the amplitudes of other variables such as stator current (lIs), rotor
current (Ir), stator reactive power (Qs), and rotor reactive power (Qr) with respect to rotor speed.

The wind turbine application achieves the highest torques and powers at higher speeds (minimal slips).
It is feasible to derive the steady-state behavior of the wind turbine generator at two different
magnetizing levels, for example, with Qs=0 and with direct rotor current (Idr=0). It is noticed that
magnetizing the machine via the stator (Idr=0) requires higher stator currents and lower rotor currents
compared to magnetizing through the rotor (Qs=0). For this particular machine, efficiency is better when
magnetizing through the stator. The active power of the stator significantly exceeds that of the rotor,
achieving a peak value of around 2 MW. The active power of the rotor fluctuates between positive and
negative values depending on the rotational speed. The steady-state simulation block diagram of the
DFIG is as seen in Figure 13.
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Fig 13. Steady-state simulation block diagram.

The Id and speed references for the DFIG vector control were initially set to zero in the synchronous
reference frame. The DFIG model produced three-phase measurement signals that were employed to
ascertain Ir and Vs. The two inner control loops utilize transformation blocks to convert dgq to DQ, DQ
to abc, abc to DQ, and DQ back to dg. The Pulse width modulation (PWM) generator utilized a
normalized triangular wave (-1 to 1). Therefore, the gain block with value of 1/(Vuus/2) was utilized to
normalized the control block output. A third harmonic injection was applied at the control output to
obtain extra voltage for a specified DC-DC bus voltage. The stator voltage angle 6 and rotor angle
6_m, were used to calculate the transformation angle 6_r, which was then sent into the transformation
blocks.

A speed PI regulator was implemented in the outer loop to ensure that the machine's speed remains
within the specified upper and lower limits set by Tem. In the inner loop, two PI regulators were utilized
to manage the Id and Iqg currents in accordance with their reference values. The transfer function of the
designed system was employed to determine the Kp and Ki constant values. The transfer function of the
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planned system was utilized to calculate the Kp and Ki constant values. Cross-coupling terms were
eliminated using the CC block. The Idr and Igr values were obtained from the output transformation
blocks of the rotor current Ir. The speed Pl regulator's output was adjusted by a gain to generate the Igr-
ref, facilitating stator flux-oriented vector control. This method of stator flux orientation vector control
for the rotor-side converter (RSC) of the DFIG is illustrated below.

i

Fig 14. The stator flux orientation vector control of RSC of the DFIG block diagram
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Fig 15. The torque against speed n (rpm). In this context, the torque is negative and the machine is
operating as a generator.
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Fig 16. The rotor active power (Pr) and stator active power (Ps) as a function of speed (n in rpm).
Green plot; 14=0 and red plot; Qs=0.

The rotor's active power fluctuates between positive and negative values based on the rotational speed
(Fig. 16). The DFIG can function effectively both above and below the synchronization speed for power
generation, with a minimum operational speed of 900 rpm and a maximum of 1800 rpm. Its generation
model accommodates negative torque values, ranging from the negative slip to the positive slip
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condition. The DFIG's generation model is designed to align with negative torque values, encompassing
the range from negative slip to positive slip conditions.
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Fig 17. The active power against speed n (rpm). Green plot; l4 =0 and red plot; Qs=0. This indicates
the mechanical power at the shaft, determined by multiplying torque and speed.
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Fig 18. The stator current Is (A) against speed n(rpm), green plot; 14=0 and red plot Qs=0.
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Fig 19. I, (A) against speed n (rpm). Green plot; I4 =0, red plot; Qs =0. When Qs is set to zero there is
greater I, than when I, is set to zero.
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Fig 20. Qs (VAR) against speed n (rpm), green plot; I;,-=0, red plot; Qs = 0. With I, set to zero more
of Qs is produced.

The reactive power of the rotor Qr =0 at synchronous mode of speed 1500 rpm, with either control
method Qs = 0 and Idr = 0, signifying the reactive power changes in accordance with the wind turbine
speed (Fig. 21).

167



Journal of Renewable Energies 27 (2024) 151 — 171

5i
3 X10

N
T

=Y
T

Q, set to zero

f i O |

14, set to zero
2 . a .
800 1000 1200 n(rpm) 1400 1600 1800 2000

Qr (VAR)
6.

Fig 21. Qr (VAR) against speed n (rpm), green plot; 14=0, red plot Qs=0.

The stator is directly connected to the grid, which guarantees a consistent amplitude of voltage for the
rotor. The magnitude of the rotor voltage changes in accordance with the speed of rotation. At
synchronous mode, it is minimal. There are high voltages at both extremes. Here, the rotor operates
relative to the stator, and these magnitudes represent relative values rather than actual magnitudes. If
they are converted to the rotor side, the voltages will be very close to stator voltages.

The necessary amplitude of the rotor voltage is indicated, while the amplitude of the stator voltage stays
constant due to its direct connection to the grid. Generally, it can be noted that an increase in slip within
the module results in a higher required rotor voltage amplitude, which tends to zero as synchronism is
achieved. At synchronous speed (1500 rpm), the stator is steady and low, with two peak voltage
amplitudes at the minimum and maximum rotor speeds (Fig. 22).
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Fig 22. Vr and Vs against speed n (rpm), green plot : 1;,=0, red plot; Qs=0.

There is maximum efficiency when the generator rotates at a synchronous speed of 1500 rpm. Qr against
speed in rpm is shown where Qs is equal to zero and Idr is equal to zero. With Vr set to zero at this same

synchronous speed, its amplitude is too low (Fig. 23).
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Fig 23. The efficiency of the DFIG at a Steady state.

5. CONCLUSION

This study aimed to explore the steady-state behavior of a Doubly Fed Induction Generator (DFIG) in
relation to power system stability when integrated with a wind farm. Control of active and reactive
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power from the rotor-side converter is accomplished by modulating the rotor current and the DFIG's
speed. The DFIG's steady-state operation is sustained through two separate magnetization techniques:
one applied to the stator and the other to the rotor. This occurs when the system operates in sub-
synchronous mode and super-synchronous mode of wind speeds of 8m/s and 10m/s respectively, for
these steady states, we have, I;.=0 and Qs=0. The two magnetization methods are explained by
developing an equivalent model of the DFIG in a dg reference frame based on mathematical equations.

The simulation results show that when the machine is magnetized through the stator, will result in
constant reactive power and a higher stator current than when the machine is magnetized through the
rotor. It is also noticed that higher efficiency is achieved when magnetized the DFIG through the stator
rather than through the rotor.

The developed PI control unit assesses the grid-side converter by confirming that the generated power
frequency and voltage align with those of the grid. An examination of the computed stator current, stator
voltage, rotor current, and rotor position derived from encoder feedback signals reveals that the active
P1 control approach markedly improves the stability of the control system and bolsters its resistance to
system noise.A notable advantage of this approach is its improved response to sudden load changes and
significantly better torque performance at low speeds.
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